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In this study, the influences of matrix flowability, fiber mixing procedure, and curing conditions on the
mechanical properties of Engineered Cementitious Composites (ECC) made with High Tenacity Polypro-
pylene (HTPP) fibers are investigated. While the HTPP-ECC examined in this study possesses moderate
compressive strengths (30–70 MPa), their tensile ductility (1.91–3.91%) is similar to that of ECC with
Polyvinyl Alcohol (PVA) fibers. For the purpose of controlling matrix flowability, different dosages of
HRWR admixture were introduced to a matrix with fly ash/cement weight ratio of 2.8 and water/cemen-
titious material weight ratio of 0.23. Dogbone-shaped and 50 mm cube specimens were used to investi-
gate uniaxial tensile and compressive properties of HTPP-ECC, respectively. Test results showed that
control of flowability in a certain range is required to achieve robust tensile ductility. A further improve-
ment in tensile ductility and mechanical properties of HTPP-ECC was achieved through water-curing
instead of air curing typically used for PVA-ECC. The basic mechanisms that enhance tensile ductility
of HTPP-ECC through flowability control, mixing procedure modification, and water-curing are discussed
from the view point of micromechanics underlying ECC design, with supporting evidence from fiber
bridging stress–crack width (r–d) relations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last two decades, Engineered Cementitious Composites
(ECC) have been developed to address the shortcoming of brittle-
ness in conventional plain concrete. Unlike plain concrete and nor-
mal fiber reinforced concrete (FRC), ECC shows a tensile strain
hardening behavior after first cracking and develops a high tensile
ductility in the range of 3–7% [1], while conventional concrete frac-
tures only at about 0.01% tensile strain with a localized crack of
infinite width [2,3]. Due to this reason, successfully tailored ECC
is also referred as strain hardening cementitious composites
(SHCC) [4]. Tensile ductility of ECC is engineered through a
micromechanics-based design framework developed by Li [5]
which is summarized in Section 4. In contrast to the design of ultra
high strength concrete, ECC benefits from the pre-existing flaws by
managing their size range rather than by eliminating them. Typi-
cally, the damage pattern under uniaxial tension is a large number
of closely spaced microcracks of widths less than 100 lm, spaced a
few millimeters apart. During multiple microcrack development,
the tensile load continues to increase. In this manner, localized
catastrophic brittle fracture is suppressed, in favor of strain-
hardening. The ductility of ECC is the sum total of distributed
deformation resulting from the diffused microcrack damage until
the tensile capacity of bridging fibers on one of these microcracks
is exhausted [6].

Using the micromechanics-based conditions for multiple crack-
ing and the pseudo strain-hardening (PSH) indices described in
Section 4.1, ECC with various fiber types have been designed. The
first ECC reported in literature with significant strain-hardening
behavior was prepared with polyethylene (PE) Spectra� fiber. The
interface of PE fibers with the matrix was tailored using plasma
treatment to enhance the fiber/matrix bond [5,7]. However, the
PE fiber is very expensive and alternative polymer fibers, particu-
larly Polyvinyl Alcohol (PVA), were explored for producing ECC
[8–10]. PVA fiber, unlike the PE fiber, forms a strong chemical bond
with the cementitious matrix, in addition to frictional bond. As a
result, instead of plasma treatment used for PE fibers to increase
the fiber/matrix bond, an oil coating is applied on the PVA fibers
to reduce the fiber/matrix bond that may otherwise rupture the fi-
ber during pullout. Such interface tailoring ensures synergistic
interaction between fiber, matrix, and interface, which is the key
for achieving high tensile ductility [11].

Even though the PVA fibers are cheaper than PE fibers, they still
account for approximately 50% of the total material cost of ECC.
Recycled plastic fibers and hybrid fiber reinforcement may also
be employed as cost effective fibers in ECC design, if fiber, matrix
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and interface properties are modified according to micromechani-
cal theory proposed by Li [4]. There are many studies regarding the
utilization of recycled plastic fibers in concrete for the purpose of
ductility improvement and cracking control [12–15]. However,
most of these studies reported tension and/or deflection softening
behavior at low fiber dosages (<2% by volume) mostly due to the
incompatible matrix-interface properties to provide robust multi-
ple cracking behavior. There is no doubt that steel fibers signifi-
cantly improve the ductility, post cracking strength and crack
opening behavior of plain concrete up to a certain dosage (usually
between 20 and 80 kg/m3 for workability reason) [16,17]. How-
ever, this dosage range is not enough to provide multiple cracking
and strain hardening behavior if a sufficient physical modification
on steel fibers’ geometry (such as twisting) is not performed [18].

In order to further decrease the cost of ECC, High Tenacity Poly-
propylene (HTPP) fibers have been studied in the past as alternatives
to other fibers by Yang [3]. Recently, HTPP fibers with tensile
strength of 800–900 MPa and diameters of 10–12 lm diameter
are commercially available. Yang [3] developed HTPP-ECC incorpo-
rating 2% HTPP fiber (by total mix volume) using the micromechan-
ics-based design approach, which exhibited tensile strain capacity
as high as 4% with 2–2.5 MPa ultimate tensile strength.

A major drawback of HTPP-ECC is its difficult processing due to
very high aspect ratio of HTPP fibers. Micromechanical analysis
suggests that a high aspect ratio (length/diameter ratio) is needed
for fibers, such as HTPP, with low interfacial bond with the matrix
to effectively bridge the micro-cracks in ECC. However, due to their
high aspect ratio, HTPP fibers are susceptible to clumping and poor
dispersion in a cementitious matrix. At equivalent fiber dosage
(2%) the number of HTPP fibers (12 lm diameter, 10 mm length)
per cubic meter of ECC is nearly 12.7 times higher than that of
PVA fibers (39 lm diameter, 12 mm length) in PVA-ECC. Due to
this reason, proper mixing of HTPP fibers in a cementitious matrix
even at comparatively low fiber dosages is a challenging task.

The objective of this study is to enhance the magnitude and
consistency of the composite mechanical properties of HTPP-ECC
developed by Yang [3] by investigating the influences of matrix
flowability, fiber mixing procedure, and curing conditions. The ba-
sic mechanisms that enhance tensile ductility of HTPP-ECC through
flowability control, mixing procedure modification, and water-cur-
ing are discussed from the view point of micromechanics underly-
ing ECC design, with supporting evidence from fiber bridging
stress–crack width (r–d) relations.

2. Experimental studies

2.1. Materials and mixture proportions

Type I ordinary Portland cement (OPC) and class F fly ash con-
forming to the requirements of ASTM C150 [19] and ASTM C618
[20], respectively, were used in the ECC matrix. The specific gravi-
ties of OPC and fly ash are 3.15 and 2.45, respectively. The chemical
analysis of fly ash indicates that it is mainly composed of SiO2

(44%), Al2O3 (23%), Fe2O3 (8%), and CaO (14%), with other com-
pounds in trace amounts. 83% by weight of fly ash is finer than
44 lm which indicates high pozzolanic reactivity with the hydra-
tion products of OPC. A polycarboxylate-based high range water
reducing (HRWR) admixture was used to achieve flowability. HTPP
fiber with 12 lm diameter and 10 mm length was used in all mix-
tures. The density, nominal tensile strength, Young’s modulus, and
elongation at rupture of HTPP fibers were 0.91 g/cm3, 850 MPa,
6 GPa, and 21%, respectively.

The mixture proportion of ECC adapted from Yang [3] is pre-
sented in Table 1. The fly ash/cement ratio is 2.8. At the end of ma-
trix mixing procedure (prior to fiber addition) a highly flowable
matrix was obtained. HRWRA content was varied between mix-
tures in order to achieve two different matrix flowability. Flowabil-
ity was indirectly measured with a modified Marsh cone flow test
reported in Li [21]. The orifice diameter of Marsh cone was in-
creased to 15 mm. The targeted flow times were 15–20 s for high
flowability (HF) and 25–35 s for low flowability (LF).

2.2. Mixing procedures

Two different cement–mortar mixers with varying mixing
capacities were used to observe the effects of mixing speed and
bowl volume on the mix quality. The first mixer is a 1/6 hp coun-
tertop mixer with a 4.7 L bowl volume operating at three different
mixing speeds (Table 2). The second mixer is a floor mixer
equipped with a high torque motor (3/4 hp) and more voluminous
bowl capacity (28.4 L) than the first. Three different mixing proce-
dures were investigated. Countertop mixer was used for the first
and second procedures (P1 & P2) with batch volume of 1.5 L. The
floor mixer was used for the third mixing procedure (P3) with
batch volume of 5 L. The mixing procedures are shown schemati-
cally in Fig. 1. Mixing sequence was similar for all procedures prior
to fiber addition. After achieving the desired matrix flowability, as
determined by Marsh cone flow test, fibers were gradually added
and mixed for 2 min at the same rotational speed in mixing proce-
dure P1 (Fig. 1a). In the procedure P2, an additional 1 min of mix-
ing at the highest rotational speed was applied (Fig. 1b). However,
countertop mixer overheated in this case which is an indication of
inadequate motor torque for effective mixing. In procedure P3, an
additional 3 min of mixing at the highest rotational speed was ap-
plied by using the floor mixer with high torque capacity without
any problem (Fig. 1c), suggesting the adequacy of the floor mixer
torque. After the completion of mixing sequence, the flow-spread
diameters of fresh HTPP-ECCs were measured with an ASTM C
230 [22] flow-table.

2.3. Specimens preparation, curing and testing

After the completion of fresh tests, all mixtures were cast into
dogbone-shaped and 50 mm cube molds moderately vibrated on
a vibration table. Four dogbone-shaped specimens and three cubes
were prepared for each mixture. The geometry of dogbone-shaped
specimens used in this study is shown in Fig. 2, which is in accor-
dance with the JSCE recommendations for HPFRCC specimens [23].
Specimens were demolded one day after mixing and subjected to
the following curing regimes:

1. Air curing (A): Specimens stored in laboratory conditions
(23 ± 3 �C, 45 ± 5% RH) for 28 days, which is the usual practice
for PVA-ECC specimens.

2. Mixed curing (WA): Specimens kept in water (23 ± 3 �C) for
7 days and then stored at room temperature until the age of
28 day, at a RH of around 45 ± 5%.

3. Water curing (W): Specimens kept in water (23 ± 3 �C) for
28 days.

Uniaxial tensile tests were performed with a servo-hydraulic
test system under displacement control. The rate of displacement
was 0.5 mm/min, chosen to simulate a quasi-static loading condi-
tion. Two external linear variable displacement transducers
(LVDT), with a gage length of approximately 100 mm, were at-
tached to the specimen (Fig. 2). Stress–strain curves were then re-
corded to determine the behavior of specimens under direct
tension. First crack strength is determined from the point where
the stress–strain relation becomes non-linear [23]. Peak stress
and the corresponding strain value are accepted as ‘‘tensile
strength’’ and ‘‘tensile ductility’’, respectively. In the cases where
slight stress decrease after peak stress is observed, tensile ductility



Table 1
The mixture proportions of HTPP-ECCs (kg/m3).

Mixture codea Cement (kg/m3) Fly ash (kg/m3) Water (kg/m3) HTPP fiber (kg/m3) HRWR (kg/m3) Target Marsh cone flow time (s)

HF 412 1150 362 18 10.7 15–20
LF 7.4 25–35

a HF: matrix with high flowability, LF: matrix with low flowability.

Table 2
Properties of mixers used in this study.

Mixer type Motor torque (hp) Mixer bowl volume (L) Speed-1 slow (rpm) Speed-2 medium (rpm) Speed-3 high (rpm)

Hobart countertop mixer 1/6 4.7 60 124 255
Hobart floor mixer 3/4 28.4 54 100 183

Fig. 1. Mixing sequence of procedures applied in this study: (a) P1, (b) P2, (c) P3 (see Table 2 for mixer speed in rpm).
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is defined as strain at 95% of the peak stress, instead of ‘‘at peak
stress’’. Compressive strength tests were performed at a loading
rate of �0.28 MPa/s (40 psi/s).

As multiple cracking is the indicator of tensile strain hardening
capacity of ECC specimens, crack patterns were investigated in this
study. A high resolution camera was used for photo documentation
of damage evolution during uniaxial tensile testing. Photos were
captured at the beginning of the test and at 1–2–3–4% strain values
if specimen reaches these strain values. As shown in Fig. 3, the
crack pattern of the focused region (gage length L – 15 mm) was
used in analysis. 15 mm is the width of a holder bar in the LVDT
fixture. Pixel resolution varied between 20 and 45 lm depending
on the gage length (L). The number of cracks is counted with the
following assumption: If a crack is visible for more than half of
the specimen width, it is counted as a separate crack. Crack widths
(CW) were calculated using the following formula:

CWðmmÞ ¼ ðL� 15Þ�cpixel

ypixel
ð1Þ

where L is gage length in mm, cpixel is the average crack width of
each crack in pixels; ypixel is the height of captured area between
LVDT attachments in pixels. cpixel is measured by counting the ver-
tical pixel number of each crack image. The cracks formed out of
gage length were not taken into consideration. This method is only
applicable to specimens that exhibit crack widths larger than 20 lm
due to resolution restraints. Crack widths smaller than 20 lm may
not be detected with this method.



Fig. 2. Dimensions and loading configuration of dogbone-shaped specimen for
uniaxial tensile testing.

Fig. 3. Methodology of average crack width determination from crack pattern
analysis.

362 B. Felekoglu et al. / Composites: Part B 60 (2014) 359–370
3. Results and discussion

3.1. Fresh state tests

The spread-flow diameters of fiber reinforced HF and LF mix-
tures prepared with mixing procedure P1 and P2 were photo-
graphed and presented in Fig. 4. In general, spread flow
diameters of fiber reinforced mixtures are proportional to the ma-
trix flowability. This is observable in Fig. 4 as the HF mixtures show
larger spread flow diameters than LF mixtures for both mixing
procedures P1 and P2. Although better flowability is generally pref-
erable for moldability and practical use, visual observations
showed that HF mixtures are more susceptible to bleeding and fi-
ber clumping. With P1 mixing procedure, significant amount of fi-
ber clumping was observed in case of HF mixtures. The degree of
fiber clumping was reduced (although not completely eliminated)
in case of LF mixture, when the same mixing procedure (P1) was
employed. With the application of additional 1 min of high speed
mixing in procedure P2, the degree of fiber clumping was further
reduced for both HF and LF mixtures. In spite of the improvements
in fiber dispersion in procedure P2, the high speed mixing was not
enough to fully breakdown the fiber clumps as the torque capacity
of countertop mixer is limited. Thus, the proper matrix cohesion
obtained in LF mixtures along with fast mixing speed seems to re-
sult in the best fiber dispersion among the above.

Due to above observations, only LF mixtures are prepared fol-
lowing the third mixing procedure (P3). A more homogeneous LF
mixture was obtained by using a floor mixer with high torque
capacity and mixing speed. A spread-flow value as high as
170 mm was recorded with a LF matrix despite its low HRWR
admixture dosage (Fig. 4 P3-LF). Thus, effective mixing provided
by procedure 3 enhanced the flow-diameter of LF mixture and
eliminated fiber clumping with an additional advantage of HRWR
admixture saving.
3.2. Uniaxial tensile performance

3.2.1. Specimens prepared with mixing procedure P1
The tensile stress–strain curves of specimens prepared with P1-

HF and P1-LF mixtures subjected to mixed curing (WA) and water
curing (W) are presented in Fig. 5. Due to significant fiber clumping
in all mixtures produced with procedure P1, air curing (A) was not
considered in this part of the study as it tends to worsen the
mechanical performance compared to WA and W curing regimes
(discussed below). Average crack widths (CW) along with standard
deviations, and average crack number (CN) of 4 specimens at 1%,
2% and 3% strains are shown at the top of all figures (Fig. 5). In gen-
eral, all specimens showed more than one crack. However, the
crack density (number of cracks per unit length) is very low. The
number of cracks is limited to 5 (HF) and 7 (LF) in case of mixed
curing, and 6 (HF) and 12 (LF) in the case of water curing. Average
crack widths at 1% strain are also large (�230 lm and �150 lm for
mixed curing) compared to typical PVA-ECC, which typically
exhibits average crack widths smaller than 60 lm [3].

Test results in terms of first crack strength, ultimate tensile
strength, tensile ductility and average crack width at 1% strain
are shown in Table 3. First crack strength values of HF mixtures
are lower than LF mixtures, which points towards the possibility
of larger maximum flaw size in the HF mixtures compared to LF
mixtures. The ultimate tensile strength values of HF mixtures
are lower than that of LF mixtures due to non-homogenous fiber
dispersion (results with fiber clumping) in HF mixtures. High ma-
trix cohesion was found to be advantageous for improving the
tensile ductility in the case of LF mixtures. For LF specimens,
entrapment of air bubbles due to low flowability may possibly in-
crease the number of flaws for crack propagation in the right size
range.

Water cured specimens also performed better than the speci-
mens with mixed curing in terms of tensile ductility. The highest
average ductility value (2.64%) among this set of specimens is ob-
tained from water cured specimens prepared with a cohesive ma-
trix. The coefficients of variation in tensile ductility are very high
for all specimens (15–53%), which can be attributed to the fiber
clumping as a result of insufficient mixing (Table 3). Overall, LF
mixtures with water curing had better tensile performance, partic-
ularly tensile ductility, compared to HF mixtures with mixed
water–air curing.



Fig. 4. The spread-flow diameters of fiber reinforced HF and LF mixtures prepared with different mixing procedures (see Fig. 1 for P1, P2 and P3 procedures).
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3.2.2. Specimens prepared with mixing procedure P2
As explained above, mixing procedure P2 is essentially P1 plus

additional 1 min of mixing at high speed (Fig. 1), which signifi-
cantly improved the fiber dispersion in both high and low flowable
mixtures. Two curing regimes, air curing (A) and water curing (W)
(explained in Section 2.3), were applied to the mixtures cured with
procedure P2. Similar to P1, both mixtures with high (HF) and low
(LF) flowability were produced for each curing regime, resulting in
a set of four mixtures.

The tensile stress–strain curves and results of crack pattern
analysis for mixtures produced with procedure P2 are presented
in Fig. 6. Compared to the P1 series, improvements in the ultimate
tensile strength values of all P2 series specimens are observed,
which indicates better fiber dispersion in P2 specimens than P1
specimens according to the principles of micromechanics. Another
important difference between the tensile performances arises from
different curing regimes. Water curing significantly improved the
multiple cracking performances and tensile ductility of specimens
compared to air-cured ones. The average number of cracks in-
creased from 4 (Fig. 7b) to 25 (Fig. 7d), the average crack widths
at 1% strain decreased from 258 to 74 lm in LF mixtures when
the curing regime was changed from air to water. Similar improve-
ments are observable in HF mixtures. Overall, additional mixing
time at fast speed in P2 compared to P1 and water curing instead
of air curing improved the multiple cracking performance of
HTPP-ECC.

Tensile properties of HTPP-ECCs (Fig. 6) produced with proce-
dure P2 are summarized in Table 4. Higher first crack strengths
and ultimate tensile strengths (up to about 4.25 MPa for LF speci-
mens) were recorded for the P2 series in comparison to the P1 ser-
ies. From Table 4, it can be observed that curing causes no
significant difference between ultimate tensile strength values of
ECC. On the other hand, the average tensile ductility of water-
cured specimens (1.96% and 3.23%) is significantly higher than that
of air-cured specimens (0.80% and 0.81%). While high matrix cohe-
sion (comparatively low flowability) enhanced the tensile ductility
of water-cured specimens (from 1.96% to 3.23%), no such improve-
ment was observed in the case of air-cured specimens. The benefi-
cial effect of curing on tensile ductility can be attributed to the
improved bond between HTPP fiber and matrix due to the forma-
tion of additional hydration products in the vicinity of HTPP fibers.
Loss of internal curing water at low humidity in the case of air cur-
ing may interrupt the formation of hydration products at the tran-
sition zone between matrix and HTPP fibers. According to Table 4,
coefficients of variation in tensile ductility are lower for specimens
prepared with low flowable matrix compared to ECC with high
flowable matrix. Thus, longer mixing time (at higher speed) in pro-
cedure P2 (than P1), relatively high matrix cohesion, and water
curing have positive effects on the tensile performance of HTPP-
ECC.

3.2.3. Specimens prepared with mixing procedure P3
Unlike the aforementioned procedures (P1 and P2), in which the

batch volume was approximately 1.5 L and the mixer torque
capacity was limited, a batch volume of 5 L with additional mixing
time and greater torque were used in Procedure P3 (Fig. 1). In this
procedure, only high cohesion matrix (low flowability) was pre-
pared. 12 dog-bone specimens were prepared and subjected to
three different curing conditions: air curing (A), mixed curing
(WA) and water curing (W) (explained in Section 2.3).

The tensile stress–strain curves and crack pattern analysis of
the P3 series of specimens are presented in Fig. 7. In addition to
the stress–strain curves, crack pattern photograph of P3-LF-W-4
specimen at 4% strain is also shown in the same figure. In this pho-
tograph, 28 cracks are counted on this specimen with an average
crack spacing of about 3 mm under 3.5 MPa tensile stress. This
specimen represents the highest crack density achieved in this
study. According to crack pattern analysis, average number of
cracks successively increase from 7 to 13 to 23 and the average
crack width at 1% strain decreases from 95 lm to 88 lm to
62 lm as the curing regime is changed from A to WA to W. In most
cases, crack width variability at any given strain is also reduced
with water curing. Tables 3 and 4 clearly show the decrease in
coefficient of variations of crack width by water curing. These re-
sults reaffirm the conclusion from P1 and P2 series of specimens
that extending the water curing stage enhances the robust multi-
ple cracking performance of HTPP-ECC.

Tensile properties of HTPP-ECC prepared with P3 procedure are
summarized in Table 5. Tensile ductility tends to increase with
longer water curing; however, tensile strength remains nearly
the same. Tensile strain capacity as high as 3.91% was recorded
from specimens (P3-LF-W) cured in water, while average tensile
strength of these specimens was 3.6 MPa. A slight decrease in ulti-
mate tensile strength of P3 specimens compared to P2 specimens
was observed, which may be attributed to air entraining effect of
fibers and HRWR due to prolonged mixing. Coefficients of variation
in tensile ductility of P3 specimens were equal or relatively lower
than that for the specimens prepared with P2 mixing procedure
(Table 5). Overall, P3 procedure enhanced the tensile performance
of HTPP-ECC particularly in terms of tensile ductility and consis-
tency of properties.

3.3. Compressive strength performance

Average compressive strength values of 50 mm cube specimens
prepared with various matrix flowability, mixing procedure, and



Fig. 5. Tensile stress–strain curves of specimens prepared with P1-HF and P1-LF mixtures subjected to mixed curing (WA) and water curing (W) (CW: average crack width
and CN: average crack number at designated strain).
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curing conditions are plotted in Fig. 8. LF mixtures showed slightly
lower compressive strengths than HF mixtures (for P1 and P2 ser-
ies), which is attributable to air entrainment during mixing of a rel-
atively cohesive mixture, similar to the observations in a previous
research [21] on PVA-ECC.

Among various curing conditions, the lowest compressive
strength values were recorded for the specimens (P2 and P3 series)
cured in air (between 30 and 40 MPa). The degree of cement hydra-
tion is limited in the absence of water curing, as the mixtures have
a low water/cementitious material (w/cm) ratio of only 0.23. In
addition, micro-cracking induced by drying shrinkage negatively
affects the compressive strength values. It is interesting to note
that, in spite of a decrease in compressive strengths of air-cured
mixtures, their tensile strength was approximately similar to that
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of the water-cured mixtures (Tables 3–5); however the tensile duc-
tility of air-cured mixtures was significantly lower than that of
water-cured mixtures for the reasons discussed in detail in the
numerical micromechanics-based analysis proposed in Section 4.

The influence of mixing procedure on compressive strength val-
ues can be compared under constant matrix flowability and curing
conditions. For instance, improvement of mixing effectiveness
(from P1 to P3) successively increased the compressive strength
values from about 40 MPa up to 70 MPa in case of LF-W specimens
(Fig. 8). Mix homogeneity through more effective mixing and im-
proved bond between HTPP fiber and matrix by water curing
(which stabilizes the axial splitting crack) were found to be the
most dominant factors influencing the compressive strengths.

4. Micromechanical modeling and application of fiber bridging
model to HTPP-ECCs cured at different conditions

4.1. Basics of micromechanical modeling

According to the micromechanics based design theory of ECC
two necessary conditions must be satisfied to ensure strain-hard-
ening [24,25]. The first condition (Strength Criterion) requires that
(a)

(b)

(c)

Fig. 7. Tensile stress–strain curves of specimens prepared with P3-LF mixtures subjected
LF-W-1 specimen at 4% strain.
the fiber bridging capacity r0 should be greater than the matrix
cracking strength rcr on any given crack plane. The second
condition (Energy Criterion – Eq (2)) requires that the crack tip
toughness Jtip should be less than the complementary energy J0b
of fiber bridging (Fig. 9):

Jtip 6 r0d0 �
Z d0

0
rðdÞdd � J0b ð2Þ

Due to the random nature of preexisting flaw size and fiber distri-
bution in ECC, a large margin between J0b and Jtip is preferred for high
tensile ductility. Additionally, from the view point of strength crite-
rion a larger r0/rcr(fc) ratio is required for saturated multiple crack-
ing. rcr(fc) is the cracking stress required for the initiation of the first
crack in the ECC matrix. As a result, pseudo strain-hardening (PSH)

performance indices (defined as PSHenergy ¼
J0b
Jtip

and PSHstrength ¼ r0
rc

)

have been used to quantitatively evaluate the two margins
[26,27]. Materials with larger PSH indices have better chance of sat-
urated multiple cracking.

The PSHstrength can be improved by increasing the fiber bridging
capacity r0 through the use of a higher fiber dosage; however, it
leads to higher cost, potentially poor workability, and inhomoge-
(d)
to (a) air curing (A), (b) mixed curing, (c) water curing (W), (d) Crack pattern of P3-



Table 4
Tensile properties of specimens prepared with mixing procedure P2 and subjected to air curing (A) and water curing (W) conditions.

Mixture code First crack strength (MPa)a Ultimate tensile strength (MPa)a Tensile ductility (%)a Average crack width at 1% strain (lm)a

P2-HF (A) 3.26 ± 0.52 (16%) 4.05 ± 0.30 (7%) 0.81 ± 0.52 (64%) 116 ± 33 (28%)
P2-LF (A) 2.74 ± 0.58 (21%) 4.29 ± 0.33 (8%) 0.80 ± 0.31 (39%) 258 ± 146 (57%)
P2-HF (W) 1.98 ± 0.43 (22%) 3.79 ± 0.15 (4%) 1.96 ± 1.05 (53%) 95 ± 24 (25%)
P2-LF (W) 2.67 ± 0.62 (23%) 4.25 ± 0.13 (3%) 3.23 ± 0.53 (16%) 74 ± 14 (19%)

a Average ± standard deviation (coefficient of variation).

Table 5
Tensile properties of P3-LF specimens exposed to air, air–water and water curing.

Mixture code First crack strength (MPa)a Tensile strength (MPa)a Tensile ductility (%)a Average crack width at 1% strain (lm)a

P3-LF-A 2.37 ± 0.32 (13%) 3.64 ± 0.26 (7%) 1.91 ± 0.47 (25%) 95 ± 22 (23%)
P3-LF-WA 1.52 ± 0.49 (32%) 3.81 ± 0.30 (8%) 2.95 ± 0.35 (12%) 85 ± 15 (18%)
P3-LF-W 2.19 ± 0.24 (11%) 3.64 ± 0.07 (2%) 3.91 ± 0.67 (17%) 63 ± 13 (21%)

a Average ± standard deviation (coefficient of variation).

Fig. 8. Average compressive strength values of 50 mm cube specimens exposed to
different curing conditions (Fig. 1 and Section 2.3 for notation details).

Fig. 9. Typical r(d) curve for strain-hardening material (dark shaded area repre-
sents right-hand side of Eq. (1), light hatched area represents complementary
energy of composite) (adapted from Wang [2]).
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neous fiber dispersion. Using a fiber with high tensile strength can
also improve r0 but it increases the cost of the composite. Control-
ling the fiber/matrix interfacial bond properties in a manner that
utilizes the fibers most effectively seems to be a more appropriate
solution [4].

The PSHenergy can be improved by decreasing Jtip through the
reduction of matrix fracture toughness Km or by using a larger flaw
size c. However, excessive lowering of Km or large flaw size c may
lead to low compressive strength and low first crack strength un-
der tension [4].

4.2. Application of fiber bridging model to HTPP-ECCs cured at
different conditions

The fiber-bridging constitutive law r(d) describes the relation-
ship between the bridging stress r transferred across a crack by
the fibers and the opening of this crack d. The construction of the
fiber-bridging constitutive law starts from micromechanics-based
modeling a single fiber pull-out behavior against the surrounding
matrix. The r(d) relationship can then be obtained by averaging
the contributions from fibers with different embedment lengths
and orientations across the crack plane [7,28]. This relationship re-
lates the material microstructure (micro-scale) to the composite
tensile strain hardening behavior (macro-scale). Therefore, con-
trolling the r(d) curve through tailoring material microstructure
is the key to successfully design ECC material properties in general,
and tensile properties (tensile strain capacity, ultimate tensile
strength, and steady-state crack width) in particular [3].

As observed in the experimental results in the previous section,
different curing conditions can modify the composite mechanical
behavior of HTPP-ECC which is further dependent on the fiber
bridging performance (r(d)). In this section, the influence of curing
conditions on the r(d) relationship of HTPP-ECC is analytically
investigated.

A MATLAB code using the numerical procedure for computing
the r(d) relationship of ECC developed by Yang [3] was used for
this micromechanics-based analysis. The micromechanical param-
eters used as model input for HTPP-ECCs cured at different condi-
tions are listed in Table 6. Fiber properties; df, lf, Ef and rf are
provided by the manufacturer. Interface parameters; s0, Gd and b
were measured by single fiber pull-out tests [29]. In that investiga-
tion, P3-LF matrix and three curing regimes (A, WA and W) were
used. The coefficients of variations of s0 were 34%, 31% and 26%,
for air, mixed and water cured specimens respectively. Gd and b
values were very low compared to PVA fibers, however, they were
also introduced to the model. The snubbing coefficient (f) and
strength reduction factor (f0) are closely related to fiber/matrix fric-
tional bond, which is low for HTPP fibers. The values proposed by
Yang [3] as f = 0.39 and f

0
= 0.1 are used in this study. The Cook-

Gordon parameter was determined by using the assumption of
a = 15.df (15 � 12 lm = 180 lm), which is appropriate for polypro-
pylene fiber-reinforced concrete [30]. Matrix parameters Em and
rm were determined from tensile tests of dogbone shaped speci-
mens. The initial slope of the tensile stress–strain curve of the
composite was used as an approximate estimate for Em. Matrix
spalling coefficient k = 500 is chosen similar to that used in [3],
as the observed micro-spall size was under 30 lm during the direct
tension tests. These parameters were used as inputs in the micro-



Table 6
The micromechanics parameters used as model input for HTPP-ECCs cured at different conditions.

Fiber parameters

df(lm) lf(mm) Ef(GPa) rf(MPa)

12a 10a 6a 850a

Curing condition Interface parameters Matrix parameters

s0(MPa) Gd(J/m2) b f f
0

a(lm) Em(GPa) rm(MPa) k

Air curing 0.48 b 0.0070 b 0.0043b 0.39c 0.1c 180c 12.7 b 1.0 ± 0.3b 500c

Mixed curing 0.99b 0.0051b 0.0020b 13.0b 1.5 ± 0.3b

Water curing 1.27b 0.0032 b 0.0044 b 13.3b 2.3 ± 0.7b

a Test results provided by manufacturer.
b Test result values.
c Assumed values.

Fig. 10. Model predicted r(d) curves of HTPP-ECCs cured at different conditions.
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mechanical model to determine the r(d) relation of HTPP-ECC
cured under various regimes.

Relevant results of this numerical analysis consist of r(d) curves
between 0-600 lm crack opening (Fig. 10), computed complemen-
tary energy of fiber bridging: J0b (J/m2), crack opening at bridging
capacity: d0 (lm), and fiber bridging capacity: r0 (MPa) (Table 7).

According to these analytical results, r0 ranges between
4.1 MPa and 5.2 MPa, which is larger than the experimental ulti-
mate tensile strength values (Table 4: P2 series: and 3.8–4.3 MPa,
Table 5: P3 series: 3.6–3.8 MPa). Due to the inherent inhomogene-
ity of fiber dispersion in the ECC and other fiber reinforced mix-
tures, various specimen cross sections are bridged by different
number of fibers [31,32]. As a result, the final failure occurs at
the crack with least number of effective fibers. One of the condi-
tions of multiple cracking, therefore, requires the stresses at which
cracks initiate to be smaller than the maximum bridging capacity
of the least bridged crack [33]. Thus, the difference between the
values of r0 and experimental ultimate tensile strengths of
HTPP-ECC may be attributed to the difference between the actual
Table 7
Calculation of energy and strength criterion from model output and relevant test results.

Specimen
curing
condition

Model output

Fiber bridging
strength: r0

(MPa)

Crack opening at
bridging capacity: d0

(lm)

Fiber bridging
complementary ene
(J/m2)

Air curing 4.16 216 217
Mixed curing 5.00 115 145
Water curing 5.22 93 121

a From Table 5.
fiber distribution and the assumptions of uniform 2D distribution
and a uniform fiber volume fraction of 2% used in the model.

Crack opening at bridging capacity decreased with water curing
according to r(d) curves presented in Fig. 10. The main reason of
this improvement can be attributed to the fiber/matrix interfacial
frictional bond (s0). From Table 6, it can be observed that
s0 = 0.48, 0.99 and 1.27 MPa for A, WA, and W curing regimes,
respectively. In general, similar decreasing trend for crack widths
was experimentally observed (Figs. 6 and 7).

In order to calculate the crack tip toughness (Jtip ¼ K2
m=Em) for

evaluating the PSHenergy index for multiple cracking, matrix frac-
ture toughnesses (Km) of P3-LF matrices cured at different condi-
tions were determined experimentally according to ASTM E399
[34] standard. Although this standard based on Linear Elastic Frac-
ture Mechanics (LEFM) is proposed for metal testing, it is also
applicable for testing brittle mortar matrices due to small scale
yielding near the crack tip [35]. Matrix phase of P3-LF mixture
without fiber was prepared by using the same procedure described
in previous sections. Four beam specimens with dimensions
305 � 76 � 38 mm3 were prepared for each curing regime. Beam
specimens were notched with notch-depth to total beam height ra-
tio of 0.60 prior to flexural loading and the span length was
254 mm. The matrix fracture toughness of air, mixed, and water
cured specimens were determined equal to 0.44 ± 0.02,
0.36 ± 0.03, and 0.32 ± 0.05 MPa m0.5 respectively, using the ASTM
E399 calculations (Table 7).

PSH indices of specimens subjected to different curing condi-
tions were calculated with the model output data and the fracture
toughness test data, and the results are shown in Table 7. The com-
puted PSH indices are plotted against observed tensile ductility in
Fig. 11. Kanda [27] proposed threshold PSH index values for
achieving robust strain hardening accounting for the inhomogene-
ity in the material. Based on experimental data, Kanda [27] pro-
posed these practical thresholds for PVA and PP fibers:
PSHstrength = 1.45 (PVA), and 2 (PP), PSHenergy = 3 (for both). Accord-
ing to Table 7 all specimens pass the PSHenergy threshold (Table 7 –
marked in bold) which means that they have the potential of mul-
tiple cracking. However, air cured specimens failed to pass the PSH
Jtip(J/
m2)

First crack
strengtha rfc

(MPa)

PSH Index
(energy)
J0b=Jtip

PSH index
(strength) r0/
rfc

Tensile
ductilitya

(%)
rgy J0b

15.2 2.37 14.3 1.8 1.90
10.0 1.52 14.5 3.3 2.95

7.8 2.19 15.5 2.4 3.91
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Fig. 11. Relationship between PSH indices and tensile ductility of HTPP-ECCs cured at different conditions.
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strength index threshold due to their comparatively high first crack
strength. Low tensile ductility of air-cured specimens from direct
tension tests confirmed the applicability of these index limits.

Results of experimental and analytical studies showed that
water curing, compared to air curing, increased the fiber bridging
capacity and decreased the matrix toughness. The larger gap be-
tween first crack strength and ultimate strength, in the case of
water curing, enables the activation of more smaller flaws within
the matrix and results in an improved multiple cracking behavior
and tensile ductility.
5. Conclusions

� This study showed that the processing details of ECC are as
important as the selection of proper ingredients and mix pro-
portions. Control of matrix flowability, efficient mixing, and
water curing are key factors for achieving robust strain harden-
ing and multiple cracking in HTPP-ECC.
� According to the test results, matrix cohesion should be high

enough to facilitate fiber dispersion. Modified Marsh cone flow
time of 25–35s is found more appropriate. Matrix with high
flowability (15–20s) causes fiber clumping and resulted in poor
strain hardening performance. However, cohesive matrix itself
does not guarantee homogenous material production and ten-
sile ductility, as inefficient mixing and improper curing condi-
tions may negatively influence the performance of HTPP-ECC.
� Ultimate tensile strength and ductility values of HTPP-ECC

improved in magnitude and consistency with changes in mixing
procedure. Fiber clumping was significantly reduced with
longer mixing time, higher mixing speed, and a mixer with
higher torque.

Unlike PVA-ECC, water curing is beneficial for tensile ductility
in HTPP-ECC due to the improved HTPP fiber–matrix interfacial
frictional bond strength (s0). Micromechanical analysis showed
that higher s0 causes an increase in fiber bridging strength (r0).
Although the increase in s0 also reduces the complementary en-
ergy (J0b), the PSHenergy is still high enough (due to low Jtip) for
ensuring strain hardening.
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