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ABSTRACT: Due to the existence of cracks in concrete structures, the conventional strength criteria
may not be able to predict their failure. It has been shown that the theories of fracture mechanics can
predict the behavior of these structures appropriately. In this experimental and analytical study, by using
fracture mechanics theories, fracture parameters of flexural different specimens made of Engineered
Cementitious Composites (ECC) are investigated. 24 flexural specimens with the notch at their mid-
length were manufactured and tested. Six of these specimens with the dimensions of 350x100x100 mm
were conducted under Work of Fracture Method (WFM) and other 18 specimens with the dimensions of  Keywords:
190x70x70 mm, 380x140x70 mm and 760x280x70 mm were studied under Size Effect Method (SEM).
The materials used for ECC included polypropylene fibers, cement, iron furnace slag, silica fume and
stone powder. Two ratios of fibers (1% and 2%) were used in different mixtures of ECC. It was observed
that by increasing fibers from 1% to 2%, the amount of flexural strength, fracture energy and fracture
toughness (K,.) of the specimens increased. On the other hand, compressive strength, characteristic
length (L) and brittleness number of specimens decreased. The Bazant’s size effect law was also
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1- Introduction

The Engineered cementitious composite (ECC) is
a particular class of high-performance fiber-reinforced
concrete (HPFRCC) and has an important Characteristic
of strain hardening [1]. This property causes high energy
absorption in the ECC [2]. Fracture energy in materials with
strain hardening behavior can be divided into two parts, an
off-crack-plane matrix-cracking component that include
the expanded area of the microcracks, which surrounds the
crack tip before the crack spreads, and an on-crack-plane
fiber-bridging component, that is the mechanism of bridging
the fibers.[4-3]. In this study, due to the lack of adequate
laboratory studies on ECC fracture parameters, the fracture
toughness and fracture parameters of ECC were investigated
by using WFM and SEM from various available methods in
fracture mechanics [5-9].

2- Materials and Methods

Contrary to the initial mixing of ECC provided by Li [10],
local materials were used to produce ECC. In this study, two
mix designs ECC 1-10 and ECC 2-10 with 1% and 2% fiber
content, were produced (Table 1). To evaluate the mechanical

*Corresponding author’s email: esfahani@um.ac.ir

properties of ECC, compressive strength, tensile strength and
flexural strength, 100 x 100 mm cubic specimens, 100 x 200
mm cylindrical specimens and 300x100x50 mm prismatic
specimens were prepared, respectively. According to ASTM
1609 [11] and RILEM TC 89 [12], ECC notched beams were
prepared to study WEM and SEM, respectively (Figure 1).
The notch depth in beams for WFM was 33 mm. For SEM,
in three beam sizes, the notch depths were 14, 28 and 56 mm.
Also, the width of the notch of beams in WFM and SEM was
equal to 3 mm. The details of the experiment are shown in
Figure 1.

3- Experimental Results and Discussion

Increase of the fiber content from 1% to 2% decreased
the compressive strength and elastic modulus and increased
the flexural strength of ECC. In WFM, fracture energy
(G,) and characteristic length (L ) were calculated based
on RILEM 50-FMC [13] and the area under the load-
displacement relationship of the notched beam. Xu and Zhu
[14] state that as the tail of load-displacement relationship
is flat, the test is usually finished when the displacement of
the beam center reaches a certain value. In this study, due
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Fig. 1. Details of Fracture Test

to the large displacement of ECC notched beams, the area
of the load-displacement relationship was calculated up to
the displacement of 11 mm at the beam center. Test results
show that ECC has a larger G, compared to other concretes
such as ordinary concrete [15] and self-compacting steel
fiber reinforced concrete [16]. The values of G, in ECC 1-10
and ECC 2-10 were 3059 N.m and 3749 N.m, respectively.
Fracture parameters in SEM were calculated based on
RILEM TC 89 [12] and the existing statistical parameters
were in accordance with the criteria of this standard. The
results show that by increasing the fibers content, the fracture
energy (G), the length of the fracture process zone (C) and
the fracture toughness (K .) increased. According to Figure 2,
it can be seen that the data obtained for ECC are in accordance
with the Bazant’s size effect curve, which means that the
specimen size is effective in ECC and is in accordance with
the nonlinear fracture mechanics (NLFM). In addition, the
brittleness number (8) of ECC 1-10 and ECC 2-10 indicates
that these two mixtures follow the principles of nonlinear
failure mechanics and 8 of these two mixtures was between
0.1 and 10.
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Fig. 2. Size effect of ECC specimens with various Fi-
bers content

4- Conclusions

An increase in fiber content from 1% to 2% decreases the
compressive strength by about 12.5%, increases the tensile
strength by about 29.4% and increases the flexural strength
by about 72%.

The increase of fiber content by 1% increased G, by
22.5% and G/ by 69.6%. Also, L, decreased by about 36%.
The other fracture parameters such as ¢ and K, . increased by
21.4% and 21.3%, respectively.

The G,/ G, ratio for notched beams made with ECC 1-10
and ECC 2-10 were 171.9 and 124.1, respectively. According
to previous studies, this ratio for ordinary concrete was
approximately 2.5. The large values of G,/ Gf in the case of
ECC are due to the large displacement of ECC specimens.

By Considering the test results of ECC notched beams in
SEM, it can conclude that the size of specimen is effective in
ECC and the principle of nonlinear fracture mechanics should
be used to analyze the fracture in ECC.

Table 1. Mix proportions

Mix proportions of ECC mixes (kg/m?)

Mix - -
- Limestone Blast furnace Fibers ..
Cement Silica fume powder slag (%) Water Superplasticizer
ECC 1-10 496 264 596 132 1 452 21
ECC 2-10 496 264 596 132 2 452 25
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Fig. 3. (a) Fracture in compressive test (b) Four-point bending test
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Table 3. Test results of compressive and flexural strengths
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Fig. 4. Flexural stress-displacement relationship under four-point bending
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Fig. 5. Fracture pattern and microcracks in bending test
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Table 5. Mechanical properties of ECC mixture
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Fig. 7. Load - displacement relationships in WFM

O 5T s 1505 (g 3 sl pio 395 WV e e
Ol o el ol wyy (99Y 8 LI il sy wiliSiaw oy [YY]
YL s (5l el 0 i YL g S8 cle 4 iag
ECC byl .ol o i)li5 WEM. g, )3 o p 9598 Vooe
W) (oS S s &S Jseme i diiled by 3l (S0 b dwolde jo
YL i JSs p olge 1) gase cpl cde )l 58,50 G
S WEM gy 3 St (65,0 (il 8] cum oS cosly bglsee oyl
sl GBUI &5 53, cde 4 BCC aslon BUI lyls clabglses

2 Giineyisi

JSo ol 3 &8 jehailen .l s 03,9l ECC 2-10 s ECC 1-10
25) G JSs G ECC (plale = gy loges 03,5 oo dlasMe
ol 25 Sloww 03lo g5 (pl 13 laged 5 Calue g 035 oYL (0
S AT Jade 4 AN 5 GUI aal53l b a8 amd e Ui £ Jeds ol
YO/ i 5l gl Lial5al VY0 (e 4 (1) dlal) ges ConSid
ECC 5 sio p 05590 YVFUA Jlaie 4 ECC 1-10 )5 oy 5590
OB Sy 2 355 s 3 [YV] oy lSen o' Jjg) sl 0,87 15,2-10
G, b (s byl w)S oy ) o cass gbajiol)y o Jooxe
VooxVoo lalgiol diges) JSwblKe ¥Y (6)lid Cooglio b Joomo 4

1 Roesler

YAAo



YARY B YAVY docio VF ) Jlo A o,loud OF 093 ¢S ol (ol pos susdio 4yl

(WEM) Cunsds |15 g, 41 Consld Silse (i lojl gl . Joas

Table 6. Results of fracture mechanics of specimens in WFM
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Fig. 8. Fracture pattern of WFM specimens and microcracks formation

P9 Fidr pizned g (B) dtpmno¥] o jlaie (1392 a8 )3 olgiien
ECC ¢k 4 cows ECC 2-10 g b (f) oS caoglio i
de il cusyd g5 cle & ECC (IS job & el 1-10
3 OB SO 3905 cd 9 a8 iy s &) Cond AoVl Joae
7S B e bgle cnl iy IS8 (Rl b g ol gpide 5 58
S Canglio g (g iy IS BN (Rl L S Bk 5l agd e s
5 B oab o8 (V) dal)) L, aboly & 4255 b Jbo b0 Gl 30
2 dasuie Job el yidlS o 8L e islsél L ft oMb obj
Pl oiek onl b alie (gug) [YF] oSt 5 cowld 2550 ECC
Soingh g Gimgh opl dulie g owyp b 08 oalie L) 390
AW S 605150 1 YY] ) Ked § (cuisS 5 idgh dles dLsIS
Sy o0k 9 E (as o8 186 29y (ame jlie jl 25k 93 0 G

Do L il o G ial3al 5 00 oS

@b ooy canl <ol jl a5 (Jbb )3 208 00 o JU8, ()
s by cde 4 ECC Lol 5,05 )b 5l 090 bl diges 1
8l o U 4 (g CunSid g 00d @ 0lgd AT (G (Sad
S5 S S B S ) aidl (bt adlaia dlge pl )3 (pinen
Esome Do S by GV e a5 03)S bbbl S5 Sy
4 Copmd iy CanSs (5581 4 )3 9 Vb (s IS5 o 3050 ]

30 WEM g, 53 1803 oy
(L) aaseie Job yal)ly =Y =V —¥
o) oo YU sl oo (605 I adlih dasuie Job gyl
e aSGI L F Jgas 50 g dled odlo (g0 33y IS5 &ilis a3 lis
<l BCC 1-10 pb jl st ECC 2-10 pb canks (55,

) alie o e cusly als Z¥F 3o ke 4 dnseie Jsb Ll

YAA



YARE B YAVY dis V¥ ) Jlo A o)loud @F 0,93 ey sl (ylpos swigen 4 s

L &b sl ZMo! ZSTas LY Jaas

Table 7. Maximum corrected loads of specimems
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Fig. 10. Results of all specimens with different sizes on Bazant size effect curve
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Fig. 11. Fracture pattern and microcracks in SEM specimens
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