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Abstract

The size effect on flexural properties and fracture behavior of polypropylene fiber-reinforced engineered cementitious composite 

(PPFECC) containing local waste materials was investigated. Geometrically similar notched beams with dimensions of 190 × 70 × 70 mm 

(small), 380 × 70 × 140 mm (medium), and 760 × 70 × 280 mm (large) were tested using three-point bending to study the size effect 

on flexural properties, toughness, and fracture behavior in PPFECC and the influence of tensile ductility of PPFECC on the size effect 

parameter. Two PPFECC mixtures containing 1% (PPFECC1) and 2% (PPFECC2) volume fraction of polypropylene fibers were prepared. 

The results indicated clear size effect on ductility, flexural strength, normalized deflection, normalized toughness, and fracture energy 

for both PPFECCs. The flexural properties and fracture behavior in PPFECC1 were more sensitive to the size effect parameter due to 

its lower tensile ductility compared to PPFECC2. Moreover, according to Bažant’s size effect curve, the behavior of notched beams in 

PPFECC2 with higher tensile ductility was closer to the strength criterion compared to PPFECC1.
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1 Introduction

During the last decades, the engineered cementitious com-

posite (ECC) has drawn the attention of many scholars and 

designers in various structures, such as high-rise buildings, 

bridge decks, tunnels, and highways, in different parts of 
the world [1–4]. ECC is a particular class of ultra-high duc-

tile fiber-reinforced cementitious composite, which exhib-

its significant performance in the strain-hardening stage 
due to triggering multiple cracks with width less than 

100 µm while keeping the volume content of randomly 

distributed short fibers no more than 2% [3, 5]. ECC, also 
called bendable concrete, is recognized for its high ten-

sile strain capacity and excellent crack control characteris-

tics because of the micromechanical tailoring and fracture 

mechanics principles used in this material [6–8]. 

The classical ECC comprises common materials such 

as cement binder, fly ash, fine silica sand, polyvinyl-alco-

hol (PVA) fibers, water, and superplasticizer [7, 8]. Most 
studies were focused on determining the mechanical prop-

erties, fracture behavior, durability, ductility, and rheo-

logical characteristics of ECC containing these common 

materials [5, 6, 8]. However, some scholars recommended 
using alternative materials in ECC composition since some 

materials mentioned above are costly and unavailable in 

different areas, particularly in some developing coun-

tries [7–11]. Fischer and Li [12] reported that the tremen-

dous cost of classical ECC restricted its structural applica-

tions. In some studies, the PVA fiber was replaced by other 
types of polymer fibers in ECC due to its high-cost [8, 9]. 
Among these polymer fibers, polypropylene fiber was 
mostly used for reinforcing ECC by many scholars due to 

its low-cost and appropriate properties [8, 9]. 
Moreover, the unavailability, high-cost, and complex 

production of fine silica sand led scholars to use natural 
river sand, sea sand, and stone powder in ECC [13–15]. 
Different pozzolanic materials such as silica fume, ground 
granulated blast furnace slag, metakaolin, electric arc fur-

nace dust, and rice husk ash were also employed in ECC 

not only to improve the quality but result in an economical 

and green ECC [6, 13-16]. According to the experimental 
study conducted by da Costa et al. [8], the incorporation 
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of polypropylene fibers as the replacement for PVA fibers 
and rice husk ash as the replacement for portion of cement 

led to the development of ECC with appropriate mechan-

ical and durability properties. Zhu et al. [9] conducted an 
experimental investigation on the effects of polypropylene 
fibers and superfine river sand as substitutes for PVA fibers 
and fine silica sand, respectively, in ECC. They reported 
that using polypropylene fibers and superfine river sand 
in ECC catered to the demands of many concrete struc-

tures and demonstrated outstanding potential for large-

scale applications of deformable cementitious compos-

ites [9]. Yao et al. [14] reported that adding metakaolin 
could increase the durability of ECC. Additionally, they 

observed that the sea sand showed a highly positive influ-

ence on the mechanical performance of ECC [14]. Overall, 

many efforts have been devoted to numerically and experi-
mentally investigating the mechanical properties, fracture 

characteristics, resistance, and durability of various ECC 

in the last decades, and the significant characteristics of 
this novel structural material have drawn the attention of 

researchers and structural engineers who wish to utilize 

this material in structural applications. 

However, the characteristics of different ECC might 
vary due to the size effect parameter. The study on the 
size effect of ECC is minimal. Several scholars attempted 
to study the size effect on mechanical properties and frac-

ture behavior of classical ECC [1, 3, 17, 18]. Lepech and 
Li [17] experimentally investigated the size effect on the 
flexural strength of ECC containing commonly used mate-

rials with three levels of tensile strain capacity (1%, 3%, 
and 5%). They found that the size effect on ECC is inap-

preciable since the ECC due to the significant tensile duc-

tility and the development of multiple cracks can suppress 

the fracture localization and shift the brittle fracture mode 

to ductile mode within the four-point bending unnotched 

beams [17]. However, they have only investigated the size 
dependency of flexural properties in classical ECC. Asano 
et al. [18] observed that the bending strength increases as 

the size of specimens decreases in ECC containing PVA 

fiber [18]. However, their investigation was only on four-
point bending intact beams. Erdem [1] experimentally 
studied the size effect on the residual properties of classi-
cal ECC subjected to high temperatures up to 800 °C and 

pointed out that as the size of specimens and the expo-

sure temperature increase, the stiffness and compressive 
strength decrease. However, this research only studied 
the mechanical properties, and the size dependency of 

flexural behavior and fracture parameters was neglected. 

Moreover, no-evident study was reported to investigate 
the size effect on ECC with alternative materials such 
as polypropylene fibers, pozzolanic materials, and local 
waste compositions. 

Therefore, considering the insufficient studies in deter-
mining the size effect on flexural properties and fracture 
behavior in ECC, particularly in ECC with local waste and 

low-cost materials, effort has been made in this experimen-

tal study to investigate the size effect on flexural characteris-

tics, toughness, and fracture properties of eco-friendly poly-

propylene fiber-reinforced ECC (PPFECC) with local waste 
constituent materials. Two PPFECC mixtures containing 
1% and 2% volume fractions of polypropylene fibers were 
prepared. The size effect of these two mixtures was studied 
on geometrically similar notched beams with dimensions of 

190 × 70 × 70 mm (small), 380 × 70 × 140 mm (medium), and 

760 × 70 × 280 mm (large) under the three-point bending test.

2 Theoretical review of size effect parameter
Employing the behavior of small-size laboratory speci-

mens in modeling and designing large structures is the 

most compelling reason that shows the importance of the 

size effect parameter. Several scholars proposed methods 
to investigate this parameter [19–24]. Among them, two 
approaches were widely used in various studies to explain 
the size effect on material strength, including statistical and 
deterministic [25–27]. The statistical approach represents 
Weibull's theory, while the deterministic approach, based 

on fracture mechanics, represents Bažant's theory [19, 27]. 
Weibull's theory is simple and easy to use since the 

size effect sources are not explained. However, applying 
this approach to quasi-brittle materials such as concrete 

and cementitious composites faces several objections that 

restrict the further use of this theory [28]. On the contrary, 
Bažant’s theory is proposed especially to investigate the 
size effect on concrete and quasi-brittle materials [19]. 
Bažant presented this theory according to the deterministic 
approach using the fracture mechanics method for concrete 

and cementitious composites [21]. In this theory, one of the 
major influences of the size effect parameter is the decrease 
of strength due to the increase in structure size. A series 

of geometrically similar structures of different sizes were 
used to investigate the size effect parameter based on  
a characteristic dimension (D) of structures (Fig. 1).

This characteristic dimension, D, represents the depth 

(d) in notched beams [20]. In these beams, the width (b) is 

constant. The nominal stress at failure (σ
Nu

), which is also 

called the nominal strength, is described by
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where P
u
 is the peak load, b is the constant width of struc-

tures, and c
n
 is a coefficient that exhibits the type of struc-

ture [20]. Based on the assumption that the dissipated frac-

ture energy at failure is smooth and it is the function of the 

size of fracture process zone and the beam dimensions, 

Bažant [19, 20] demonstrated that the nominal strength for 
distinct sizes could be expressed as follows:
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where f
t
 is the size-independent tensile strength, B is a dimen-

sionless constant parameter based on plastic limit analysis, 

β is the brittleness number and equal to the ratio of D/D
0
, 

D is the size of specimen, and D
0
 is the characteristic length 

based on structural geometry [20, 27]. The nominal stress 
is constant regardless of structural size in classical theories 

such as strength and yield criteria. Based on these criteria, 

all geometrically similar structures fail at the same nominal 

strength and exhibit no size effect [29]. As shown in Fig. 2, 
the size effect is not considered in the strength criterion, 
and the horizontal dashed line depicts it. This criterion is 

appropriate for ductile and small-size laboratory specimens. 

On the other hand, the nominal strength demonstrates sig-

nificant size effect based on linear elastic fracture mechanics 
(LEFM). This approach is illustrated by the inclined dashed 
line with slope –1/2 in Fig. 2. This criterion is appropriate 
for brittle and large structures [19, 20]. The curved line in 
Fig. 2 shows nonlinear fracture mechanics (NLFM).

This curved line indicates the transitional behavior 

of quasi-brittle materials such as concrete. According to 

this curve, when the size of structure is large, its behavior 

approaches the LEFM, and when the size of structure is 
small, its behavior is close to the strength criterion [29]. 
Apart from the size effect on strength, there is another size 
effect, which is on the ductility of the structures, and it can 
be characterized by the deformation at which the structure 

fails under a given type of loading [19]. This size effect 
primarily influences the descending branch or the post-
peak response of the load-deflection curve. Fig. 3 illus-

trates the stress-relative deflection curves of geometrically 
similar structures with different sizes. In this curve, the 
relative deflection can be explained by u/D ratio, in which 

the  is the deflection and D is the characteristic dimen-

sion of the structures [19]. It can be seen in Fig. 3 that the 
post-peak response for small structures descends slowly. 

In comparison, it descends steeper as the size of specimens 

increases. It has even shown a snapback for sufficiently 
large structures [21]. Since the large structures have more 
considerable strain energy to propagate the failure zone 

and overcome the fracture process zone compared to small 

structures, the large structures show smaller ductility than 

the small ones [20].
The other parameter which is size-dependent is the flex-

ural behavior (f) of concrete that alters with the dimensions 

of the structures (D) [27, 30]. This size effect was studied 

by investigating equivalent bending strength, normalized 

Fig. 1 Geometrically similar notched beams (k
1
 and k2 are constant) [20]

Fig. 2 Size effect for a series of geometrically similar structures

Fig. 3 Load-deflection curves of geometrically similar structures
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deflection, and normalized toughness of notched beams 
[30, 31]. The size variations in these parameters with the 
dimensions of the structures are such that the equivalent 

bending strength, normalized deflection, and normalized 
toughness reduce when the size of specimens enhances. 

To investigate the size effect on flexural behavior, the 
equivalent bending stress-normalized deflection curves 
should be determined [27, 31]. The equivalent bending 
strength ( f

j
) could be explained as follows:

f
P S

b d a
j

j
�

�� �

3

2
0

2
, (3)

where P
j
 is the applied load, S is the span of the notched 

beams, b is the beam width, d is the beam depth, and a
0
 is 

the length of notch. Two important points in describing the 

equivalent bending strength are the limit of proportional-

ity (LOP) and the modulus of rupture (MOR). The LOP 
is defined as the point corresponding to the highest load 
value in the deflection interval of 0.08 mm, and the MOR 
is the point corresponding to the maximum equivalent 
bending strength [27]. The normalized deflection can be 
defined by δ/S ratio, in which δ is the deflection, and the S 

is the span of the notched beams. Moreover, the normal-
ized toughness (T

N
) can be determined as the area below 

the equivalent bending strength ( f
j
) versus normalized 

deflection (δ/S) up to a specified point [30].
The fracture energy (G

F
) of concrete also depends on the 

shape and the size of specimens [32–35]. This size depen-

dency may be due to the existence of fracture process zone 
in front of the extending crack and the unwanted energy 
absorption outside the fracture process zone [20, 36]. This 
unwanted energy absorption increases as the size of struc-

tures enhances. The G
F
 could be determined as follows:

G
w P

b d a
F

w�
�
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0 0

0
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, (4)

where w
0
 is the total area below the load-deflection curve, 

the equivalent force P
w
 represents the influence of con-

crete beam self-weight, and δ
0
 is the displacement at zero 

loading [20]. Additionally, the parameters b, d, and a
0
 are 

the beam width, the beam depth, and the notch depth, 

respectively. The b(d – a
0
) is the initial ligament area. 

In the current study, the equation, w
0
 + 2P

w
δ

0
, is illustrated 

with w
t
. Some scholars reported that experimental errors 

such as testing equipment, friction of supports, weight of 

specimens, bulk energy dissipation, and cutting the tail 

of load-deflection curve are the reasons for the unwanted 

energy absorption [36–38]. By considering these errors in 
calculating fracture energy, the fracture energy may be 

more or less size independent [20]. However, the fracture 
energy is still size dependent [20].

3 Experimental program
3.1 Materials and mix proportions
Type II Portland cement supplied from Mashhad Cement 
Co. (Mashhad, Iran) was used in the mixtures. Silica fume 
supplied from Zhikava Co. (Mashhad, Iran) was employed 
as a replacement for 10% of the weight of cement. Stone 
sludge powder from Kara Powder Co. (Mashhad, Iran) 
with a maximum particle size of 0.2 mm was used as fine 
aggregates instead of fine silica sand. Moreover, elec-

tric arc furnace dust collected from the Khorasan steel 

complex (Neyshabur, Iran) was utilized as a replace-

ment for 26% of the weight of cement in both mixtures. 
To reduce the water content, keep the workability, and 

achieve a proper performance, a carboxylate-based super-
plasticizer supplied by Zhikava Co. (Mashhad, Iran) with 
a specific gravity of 1.08 g/cm3 was employed. The poly-

propylene fibers from Zhikava Co. (Mashhad, Iran) were 
used in the mixtures. The chemical and physical proper-
ties of cement, silica fume, and sludge stone powder were 

provided by the suppliers. The properties of electric arc 

furnace dust were provided by Sabzi et al. [39]. These 
material properties are shown in Table 1. In addition, the 

characteristics of polypropylene fibers provided by the 
supplier are illustrated in Table 2. Fig. 4 shows each of the 
materials used in the mixtures.

Two ECC mixtures were prepared, including 1% 
(PPFECC1) and 2% (PPFECC2) volume fractions of poly-

propylene fibers. Table 3 depicts these two mix designs.

3.2 Preparation
For the production of ECC mixtures, the water and the 
superplasticizer were mixed. Then the silica fume was 
gradually added to the blend of water and superplasticizer 

for 2 minutes. Afterward, the stone sludge powder, elec-

tric arc furnace dust, and cement were employed in the 

blend and mixed for 4 minutes. Finally, the polypropylene 
fibers were gradually employed in the mixture for 2 min-

utes, and the mixing continued for 5 minutes to have uni-
form dispersion of polypropylene fibers. After the produc-

tion, the ECC mixtures were cast in the molds. Then the 
samples were demolded within 24 hours. All the speci-
mens were cured for 28 days.
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3.3 Test methods
Three-point bend notched beams with geometrically simi-

lar dimensions were made following the RILEM TC-89 [40] 
to study the size effect on flexural properties, toughness, 
and fracture behavior in the mixtures. For each mix design, 
three notched beams from each dimension were made. 

Three sizes were used for the depth of notched beams (d), 

70, 140, and 280 mm. The width (b) was constant and equal 

to 70 mm in all notched beams. In these beams, the width 
of notches was 3 mm. Other beam geometries, such as the 
notch depth (a

0
), the beam span (S), and the beam length 

(L), are illustrated in Fig. 5.
All notched beams were loaded based on RILEM 

TC-89 [40], in which the maximum load should reached 
nearly about 5 minutes. Therefore, the loading rate was 
set to 0.25 mm/min. The size effect on strength and duc-

tility was investigated through Bažant's size effect law 
and Bažant's stress-relative deflection curve, respec-

tively [19, 21]. The size effect on flexural behavior and 
toughness was investigated through BS EN 14651 [41] and 
ASTM C1609 [42]. The size effect on fracture energy was 
studied using RILEM TC-50 FMC [43]. The test setup is 
shown in Fig. 6. To determine the mechanical parame-

ters, the compressive strength ( f
c
) was examined on the 

cubic specimens with dimensions of 100 × 100 × 100 mm, 
according to BS EN 12390 [44]. The flexural strength ( f

r
) 

was tested on 300 × 100 × 50 mm beams according to 
ASTM C78 [45]. Also, the splitting tensile strength ( f

t
) 

was studied on 100×200 mm cylindrical specimens based 
on ASTM C496 [46]. Both specimens are shown in Fig. 7. 
Three specimens for each of mechanical tests were pre-

pared and tested.

Table 1 Chemical and physical properties of materials

Chemical compositions (wt. %)
Materials

PC SF SSP EAFD

SiO2 21.0 93.6 0.65 4.5

Al2O3 4.6 1.3 0.14 0.3

Fe2O3 3.9 0.3 0.11 53.3

CaO 62.5 0.49 53.48 10.5

MgO 2.9 0.97 0.95 4.0

SO3 2.0 0.1 - 0.6

Na2O 0.5 0.31 0.13 3.4

K2O 0.45 1.01 0.01 5.7

L·O·I 1.4 - 43.88 15.5

SiC - 0.5 - -

C - 0.3 - -

P2O5 - 0.16 0.029 -

TiO2 - - 0.016 0.1

MnO - - 0.001 -

Physical properties

Specific gravity (g/cm3) 3.15 2.21 2.7 4

Compressive strength, 28 days 
(MPa) 49.5 - - -

Autoclave expansion (%) 0.08 - - -

Fineness, Blaine test (cm2/g) 3200 - - -

Notes: PC: Portland cement; SF: silica fume; SSP: stone sludge powder; 
EAFD: electric arc furnace dust

Table 2 Characteristics of polypropylene fibers

Specific 
gravity

(g/cm3)

Elastic 

modulus

(GPa)

Tensile 

strength

(MPa)

Elongation 

(%)
Length
(mm)

Diameter

(mm)

0.91 6.0 400 80 12 0.035

Fig. 4 Materials: (a) Portland cement, (b) silica fume, (c) stone sludge powder, (d) electric arc furnace dust, and (e) polypropylene fibers

Table 3 Mix proportions of ECC mixtures

Mixtures PC

(kg/m3)

SF
(kg/m3)

SSP
(kg/m3)

EAFD
(kg/m3)

SP
(kg/m3)

Water

(kg/m3)

Volume contents 

of fibers, V
pf

 (%)
Unit weight

(kg/m3)

Slump flow
(mm)

PPFECC1 496 264 596 132 21 452 1 1962 380

PPFECC2 496 264 596 132 25 452 2 1967 340
Notes: PC: Portland cement; SF: silica fume; SSP: stone sludge powder; EAFD: electric arc furnace dust, SP: superplasticizer
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4 Results and discussion

4.1 Analysis of mechanical properties
Table 4 demonstrates the average values of mechanical 

properties of PPFECCs. Besides, the load-deflection curves 
of 300 × 100 × 50 mm beams are demonstrated in Fig. 8. 
As shown in Table 4, although the compressive strength 

( f
c
) of PPFECC2 was lower than that of PPFECC1, the 

tensile strength ( f
t
) and flexural strength ( f

r
) of PPFECC2 

were higher than PPFECC1. This result shows that the 
tensile ductility of PPFECC2 was higher than that of 
PPFECC1. It can also be seen in Fig. 8 and Fig. 9 that the 
strain-hardening response accompanied by multiple micro 

and macro cracks was developed on both PPFECC mix-

tures. However, the PPFECC2 sustained greater deflections 
and showed higher load-bearing capacity than PPFECC1. 
Therefore, the tensile capacity of PPFECC2 was more than 
that of PPFECC1.

4.2 Analysis of size effect on strength
One of the major influences of size effect parameter is the 
decrease of strength due to the increase in structure size. 

Bažant exhibited this parameter by presenting the nomi-
nal strength (σ

N
) according to the size effect law [19, 21]. 

The maximum applied loads on both PPFECC mixtures 
are demonstrated in Table 5. Table 6 shows the results of 
σ

N
 derived from Bažant's size effect law for both mixtures.
As shown in Table 6, the σ

N
 in both PPFECC mixtures 

decreased when the size of notched beams increased from 

small (d = 70 mm) to large (d = 280 mm). This decrease in 
the amount of σ

N
 due to the increase in beam size indicated 

the dependence of strength on the size effect parameter. 
According to Bažant's size effect theory [19, 21], the larger 
structures release more strain energy to propagate the 

Fig. 5 Dimensions of geometrically similar notched beams

Fig. 6 Test setup of geometrically similar notched beams

Fig. 7 Specimens under testing: (a) compressive, (b) flexural, and 
(c) tensile 

Table 4 Mechanical properties of PPFECC mixtures

Mixture V
pf

(%)

28-days
unit weight 

(kg/m3)

f
c

(MPa)
f
t

(MPa)
f
r

(MPa)

Slump 
flow 
(mm)

PPFECC1 1 1953 51.3 3.3 3.9 380

PPFECC2 2 1915 44.9 4.3 6.8 340

Fig. 8 Load-deflection curves of 300 × 100 × 50 mm beams

Fig. 9 Multiple micro and macro cracks on the bottom side of PPFECCs
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failure and overcome the fracture process zone compared 

to the smaller ones; this is the source of size effect on 
strength. Additionally, it can be seen that the reduction of 

average value of σ
N
 due to the increase in the beam size in 

PPFECC2 with higher tensile ductility was 4% lower than 
that in PPFECC1. As mentioned earlier, the tensile ductility 
of PPFECC2 was higher than that of PPFECC1. Therefore, 
the PPFECC mixture with greater tensile capacity showed 
a lower size dependency of nominal strength than the one 

with lower tensile capacity.

4.3 Analysis of size effect on ductility
The size effect on the ductility of structures is another 
parameter, and Bažant presented this effect through the 
stress-relative deflection curves for quasi-brittle materi-
als, such as concrete, regarding the energy criterion [19]. 
Fig. 10 exhibits the load-midspan deflection curves of each 
geometrically similar notched beam, while Fig. 11 demon-

strates stress-relative deflection curves of geometrically 
similar notched beams for each mixture. Moreover, the 
crack patterns of these geometrically similar notched beams 

of PPFECCs are shown in Fig. 12. As shown in Fig. 12, 
a zone of multiple micro and macro cracks was triggered as 

the critical crack propagated towards the top of notch, and 

fine cracks were formed instead of a single crack.
Fig. 10 shows that the resistance and the load-bear-

ing capacity enhanced when the size of notched beams 

increased from small to large. However, it can be seen in 
Fig. 11 that each mixture sustained lower stress values and 

Table 5 Maximum applied loads on the PPFECC mixtures

Mixtures d

(mm)
Size

Maximum applied loads (N)

Beam 1 Beam 2 Beam 3

PPFECC1

70 Small 2830 2680 3020

140 Medium 4720 4580 4910

280 Large 8110 7300 7670

PPFECC2

70 Small 3330 3280 3190

140 Medium 5110 5620 4840

280 Large 9310 8770 9240

Table 6 Nominal strength (σ
N
) in each mixture

Mixtures f
c
 (MPa) f

t
 (MPa) Bf

t
Size d (mm) d/d

0
σN1

 (MPa) σN2
 (MPa) σN3

 (MPa) σNave
 (MPa) C.V. (%)

PPFECC1 51.3 3.3 0.7

Small 70 0.6 0.58 0.55 0.62 0.58 0.14

Medium 140 1.1 0.48 0.47 0.51 0.49 0.06

Large 280 2.3 0.42 0.38 0.4 0.4 0.07

PPFECC2 44.9 4.3 0.8

Small 70 0.4 0.68 0.67 0.65 0.67 0.02

Medium 140 0.8 0.52 0.58 0.5 0.53 0.22

Large 280 1.6 0.48 0.45 0.48 0.47 0.04

Fig. 10 Load-midspan deflection curves for geometrically similar 
notched beams

Fig. 11 Stress-relative deflection curves for geometrically similar 
notched beams
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exhibited less relative deflections as the size of notched 
beams increased from small to large. This mechanism 

demonstrates the size effect on the ductility and pre- 
and post-peak behavior in both PPFECC mixtures. This 
result is because larger structures release more signifi-

cant amounts of strain energy to drive the propagation of 

the failure zone compared to smaller ones [19, 21]. Thus, 
larger structures exhibited high brittleness and poor duc-

tility compared to small ones in both PPFECC mixtures. 

4.4 Analysis of size effect on flexural performance
The equivalent flexural stress versus normalized deflec-

tion curves are demonstrated in Fig. 13. The flexural 
parameters, including equivalent bending strength, deflec-

tion, normalized deflection, toughness, and normalized 
toughness, were averaged from each test result and sum-

marized in Table 7. The toughness and normalized tough-

ness results in Table 7 in each size of notched beams were 
measured up to the specified deflections for each mixture 
according to ASTM C1609 [42]. These parameters were 
measured up to the deflection of S/50 for both PPFECC 
mixtures due to their significant deflections. 

The size effect on the equivalent bending strength at 
LOP and MOR is illustrated in Fig. 14. It can be seen 
that the f

LOP
 and f

MOR
 decreased in each PPFECC mix-

ture when the size of notched beams increased. This 

result indicates that the bending strength is sensitive to 

the size of structures and depends on it. The main reason 

for this mechanism is the amount of released strain energy 

to propagate failure in structures, which is more signifi-

cant in large structures compared to small ones [21, 27]. 
Although both f

LOP
 and f

MOR
 decreased as the size of 

notched beams increased, this reduction in f
MOR

 was 

greater than f
LOP

 in both PPFECC mixtures. The same 
result was reported by Nguyen et al. [27] for ultra-high 

Fig. 12 Crack pattern of geometrically similar notched beams

Fig. 13 Average equivalent bending stress ( f )-normalized deflection 

(δ/S) curve

Table 7 Average values of flexural parameters and toughness results

Mixtures f
c
 (MPa) f

t
 (MPa) Size d (mm)

δ
LOP

 

(mm)

δ
LOP

/S 

(%)
f

LOP
 

(MPa)
δ

MOR
 

(mm)

δ
MOR

/S 

(%)
f

MOR
 

(MPa)
T

(N.m) T
N
(Pa)

PPFECC1 51.3 3.3

Small 70 0.078 0.045 1.7 1.89 1.081 3.4 8.39 57.41

Medium 140 0.078 0.022 1.39 2.38 0.683 2.83 22.72 38.84

Large 280 0.076 0.01 1.16 1.98 0.257 2.3 54.43 23.25

PPFECC2 44.9 4.3

Small 70 0.076 0.044 1.74 1.85 0.847 3.85 9.87 67.41

Medium 140 0.074 0.021 1.66 2.77 0.79 3.1 28.59 48.84

Large 280 0.079 0.011 1.21 2.81 0.4 2.72 65.13 27.81
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performance fiber-reinforced concrete. It can also be seen 
in Fig. 14 that the reduction of  due to the increase in the 
specimen size from small to large in PPFECC1 was 10.2% 
higher than that in PPFECC2. It can be concluded that the 
PPFECC2 with higher tensile ductility showed lower size 
dependency of bending strength at modulus of rupture 

compared to PPFECC1 with lower tensile capacity.
The size effect parameter is not only observed for the 

flexural strength but also for the normalized deflection in 
Fig. 15. According to Fig. 15, the larger notched beams 
sustained lower normalized deflections than smaller ones. 
This is because more strain energy in a larger structure 

will be released into the crack front than in the smaller 

one [19]. This strain energy caused the post-peak response 
to drop steeper and sustain lower amounts of deflec-

tion in larger structures than in smaller ones. Moreover, 

it is observed in Fig. 15 that the reduction of normalized 
deflection due to the increase in the notched beam size in 
PPFECC2 with higher tensile ductility was 30.8% lower 
than that in PPFECC1. Therefore, the significant tensile 
capacity and development of multiple cracks in PPFECC 
mixtures showed considerable influence on reducing the 
severity of size effect on normalized deflection.

According to Table 7, although the toughness (T) 

increased when the size of notched beams increased to large 

from small, the normalized toughness (T
N
) decreased as the 

beam size increased from small to large in each mixture. 
This mechanism in the results of T

N
 illustrates that the tough-

ness was sensitive to the size of specimens and decreased 

as the size of specimens increased. The same trend was 

also reported in the study conducted by Nguyen et al. [27]. 

4.5 Analysis of size effect on fracture energy
The total fracture energy (G

F
) is usually considered 

a material constant representing the fracture process, 

including the aggregate interlocking, the bridging mech-

anism of fibers, and the dissipation mechanism ahead of 
the notch tip. However, the size effect on G

F
 has limited it 

from being considered a material property [32, 47]. In the 
current study, the determination of size effect on G

F
 fol-

lowed RILEM TC-50 FMC [43]. The results of G
F
 for 

each mixture are shown in Table 8. According to Table 8, 
the amounts of G

F
 in PPFECC1 and PPFECC2 generally 

increased by 20.6% and 13.8%, respectively, as the size of 
notched beams increased from small to large. This increase 

in the amounts of G
F
 revealed that the fracture energy 

depended on the size effect parameter. This increase may 
be attributed to the unwanted absorbed energy out of the 

Fig. 14 Size effect on the average equivalent bending stress: (a) at MOR ( f
MOR

) and (b) at LOP ( f
LOP

)

Fig. 15 Size effect on the normalized deflection at MOR (δ
MOR

/S)
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fracture process zone and the energy dissipated in the bulk 

of notched beams, which are much greater in large struc-

tures than in small ones [21]. It can also be seen from Table 
8 that when the size of specimens enhanced from small to 

large, the increase in the average value of G
F
 in PPFECC2 

was 33% lower than that in PPFECC1. This result may be 
due to the higher tensile capacity of PPFECC2 and the 
development of more multiple cracks in PPFECC2 com-

pared to PPFECC1. Therefore, the tensile ductility and 
development of multiple cracks effectively decreased the 
size dependency of fracture energy in PPFECC.

4.6 Size effect parameters of Bažant's size effect theory
Fig. 16 shows Bažant's size effect plot constructed from the 
experimental data of PPFECC mixtures. Based on Bažant's 
size effect plot, the behavior of concrete approaches the 
strength criterion when the ductility of concrete increases 

and the behavior of concrete approaches the LEFM state 
when the brittleness of concrete increases [20]. As shown 
in Fig. 16, the behavior of small size notched beams was 
closer to the strength criterion, while it approached the 

LEFM as the size of notched beams increased to large. 
Thus, the behavior of small size specimens was ductile, and 

the strength criterion was more appropriate to be utilized for 

investigating the behavior of small laboratory specimens, 

while the behavior of large specimens was brittle for each 

mixture and the LEFM was more rational for designing and 
analyzing large structures in both PPFECC mixtures. 

Moreover, as shown in Fig. 16, the results of geometri-
cally similar notched beams in PPFECC2 were located in 
a more ductile zone than those in PPFECC1. It was appar-
ent that PPFECC2 with higher ductility and tensile strain 
capacity was closer to the strength criterion and exhib-

ited a lower size effect than PPFECC1 with a lower tensile 
capacity. Therefore, the tensile ductility in PPFECC sup-

pressed the severity of size effect and shifted the failure 
mode from brittle fracture to multiple ductile micro and 

macro cracking.

5 Conclusions

In the current experimental research, the size effect on 
flexural properties and fracture energy of polypropyl-
ene fiber-reinforced engineered cementitious composite 
(PPFECC) containing local waste materials such as sil-
ica fume, electric arc furnace dust, and stone sludge pow-

der was investigated. Two types of PPFECC were pre-

pared: PPFECC1 and PPFECC2, which consist of 1% and 
2% dosages of polypropylene fibers, respectively. Both 
PPFECCs exhibited strain-hardening responses accompa-

nied by multiple micro and macro cracks for geometrically 

similar notched beams under three-point bending tests. 

Accordingly, the following conclusions were obtained:
• The nominal strength (σ

N
) obtained from Bažant's 

size effect law for both PPFECC mixtures decreased 
with the increase in the notched beam size. This 

decrease in the amount of σ
N
 indicates the dependence 

of strength on the size effect parameter in PPFECC. 
The PPFECC2 with higher tensile ductility produced 
relatively smaller reductions in σ

N
 due to the increase 

in specimen size than PPFECC1. 

Table 8 Average values of fracture energy in each mixture

Mixtures f
c

(MPa)
f
t

(MPa)
f
r

(MPa) Size d

(mm)

wt1

(N.m)
wt2

(N.m)
wt3

(N.m)
wtwave

(N.m)
C.V.

(%)
GF1

(N/m)
GF2

(N/m)
GF3

(N/m)
GFwave

(N/m)

PPFECC1 51.3 3.3 3.9

Small 70 12.39 12.99 14.23 13.2 4.45 3162.1 3313.1 3629.9 3368.5

Medium 140 29.06 24.68 28.27 27.34 13.3 3706.2 3147.6 3606 3486.6

Large 280 62.38 59.16 69.47 63.67 29.1 3978.1 3772.8 4430.2 4063.6

PPFECC2 44.9 4.3 6.8

Small 70 17.33 15.68 15.31 16.11 4.79 4420.9 4000 3905.6 4109.3

Medium 140 33.69 35.28 32.06 33.68 5.13 4297.2 4500 4089.3 4295.7

Large 280 72.25 71.33 76.43 73.34 6.72 4607.8 4549.1 4874.4 4677.8

Fig. 16 The size effect plot constructed for PPFECC mixtures
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• According to the stress-relative deflection curves of 
notched beams, each PPFECC sustained lower stress 
values and exhibited less relative deflections as the 
size of notched beams increased. This mechanism 

shows the severity of size effect on ductility and 
post-peak softening response in PPFECC. 

• Both PPFECC mixtures in flexure exhibited appar-
ent size effect not only on the flexural strength at 
the limit of proportionality (LOP) and modulus of 
rupture (MOR) but also on the normalized deflec-

tion and the normalized toughness. The higher ten-

sile capacity in PPFECC2 suppressed the severity of 
size effect on flexural strength more than PPFECC1.

• The fracture energy (G
F
) of both PPFECC mixtures 

was enhanced when the size of notched beams 

increased. This increase indicates that the values of 

G
F
 are size dependent in PPFECCs. On the other hand, 

the G
F
 in PPFECC1 with lower tensile capacity showed 

higher sensitivity to the size effect parameter than 
PPFECC2. 

• According to Bažant's size effect curve, the small size 

notched beams were close to the strength criterion, 

while the large ones were close to LEFM in both 
PPFECCs. However, various sizes of notched beams 
in PPFECC2 were closer to the strength criterion and 
were further away from LEFM compared to PPFECC1.
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