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� 5% TiO2 in ECC saturates air-purification ability while preserving tensile properties.
� The optimized TiO2-doped ECC sustains a tensile strain capacity of 4.0%.
� Alterations in tensile properties of ECC by TiO2 are understood by micromechanics.
� Both site effect and dilution effect are operative in ECC when TiO2 is added.
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a b s t r a c t

Engineered Cementitious Composites (ECC) provides a unique platform to develop high-performance and
multifunctional construction materials with strain-hardening properties and exceptional crack control
capability. ECC incorporating titanium dioxide (TiO2) nanoparticles has intrinsically embodied photocat-
alytic properties, such as air-purifying functionality. However, there remains a lack of fundamental
knowledge on how the presence of TiO2 nanoparticles affects fiber/matrix interface and macro tensile
properties of ECC. There is a need to establish a holistic understanding of the role of TiO2 nanoparticles
in ECC at multiple scales. To this end, this study experimentally investigates the effect of TiO2 content (up
to 15% of binder) on the fiber/matrix interface and on the tensile properties of ECC. A micromechanical
model is used to link the multiscale material properties and interpret the test data of the TiO2-doped
ECC. Results show that changes in the macroscopic tensile properties as a result of TiO2 addition can
be traced back to the matrix and fiber/matrix interface properties. The research findings provide insights
into the underlying mechanisms of tensile property modifications by TiO2 nanoparticles, as well as estab-
lishing a reference for the design of photocatalytic ECC for balanced functional and mechanical
properties.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Photocatalytic (PC) oxidation is a promising and sustainable
solution for decomposition of organic compounds and removal of
harmful gases [1–3]. As air pollution becomes a pressing concern
in many major cities worldwide, PC concrete shows great promise
in improving air quality. Titanium dioxide (TiO2) is used as a pho-
tocatalyst in developing PC concrete with embodied functionality
for pollutant abatement [4,5]. PC concrete with TiO2 nanoparticles
has shown high efficiency in reducing NOx [5–9]. Installations of PC
concrete pavement or panel have led to the reduction of NOx
concentration by up to 45% in the Netherlands [9] and up to 82%
in France [8]. Concrete is advantageous as the host material for
TiO2, because of the porous microstructure and alkalinity of con-
crete. The PC efficiency for NOx abatement is dependent on the
microstructure of the cementitious composite [4,5,10,11]. A porous
structure provides an enlarged surface area that facilitates PC reac-
tions [12]. The alkaline matrix of concrete benefits the PC reactions
by consuming HNO3, which is an intermediate reactant that inhi-
bits the PC reactions [4,13]. In addition, as the most widely used
construction material worldwide, concrete provides considerable
exterior surface area exposed to the environment, considering
the large volume of buildings, pavement and bridges in areas with
intensive human activities [14].
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Table 1
Chemical composition and physical properties of cement and fly ash.

Composition and property C FA

SiO2 (%) 19.51 38.35
Al2O3(%) 3.19 17.37
Fe2O3(%) 2.93 7.88
CaO (%) 63.50 24.01
MgO (%) 2.90 3.86
SO3(%) 4.23 3.30
Na2O (%) 0.07 1.23
K2O (%) 0.76 1.20
TiO2 (%) 0.28 1.84
Loss of ignition (%) 2.60 0.88
Density (g/cm3) 3.15 2.71
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Fig. 1. Particle size distribution shows that the mean diameters of the cement and
fly ash are 17.7 lm and 36.2 lm, respectively.
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Despite the benefits, technical challenges impeding further
development and wide application of PC concrete remain. Com-
pared with extensively conducted research on the PC functionality,
there remains a lack of knowledge on the effect of TiO2 nanoparti-
cles on the mechanical properties of concrete. Kurtis et al. [15–18]
and Chen et al. [19,20] reported that TiO2 nanoparticles were inac-
tive and did not participate in any chemical reaction in concrete.
Instead, the nanoparticles provided additional nucleation sites that
facilitate precipitation of hydration products, thus accelerating the
hydration and shortening the setting time. Consequently, the
porosity of concrete matrix was reduced, and the compressive
strength was increased, in particular at early ages [19]. As for the
long-term compressive strength, Jimenez et al. [21] claimed that
adding 2% TiO2 (by mass of cement) slightly reduced the compres-
sive strength (from 64.0 MPa to 61.5 MPa), which was attributed to
the diminution of cement, also known as ‘dilution effect’. Kurtis
et al. [17] summarized the effect of TiO2 nanoparticles on cement
hydration: (1) site effect: the TiO2 nanoparticles provide additional
sites that promote heterogeneous nucleation; (2) dilution effect:
the addition of inert TiO2 nanoparticles reduces the percentage of
reactive cement; (3) filler effect: the TiO2 nanoparticles tend to fill
voids between larger particles and reduce the inter-particle dis-
tance, thus increasing the packing density. The aforementioned
research provided insights into the fundamental knowledge for
conventional concrete containing TiO2.

In recent years, Engineered Cementitious Composites (ECC), a
high-performance fiber reinforced strain-hardening cementitious
composites, have attracted attentions due to its potentials for
infrastructure durability and resilience enhancement [22]. ECC
possesses outstanding fracture resistance, superior tensile ductility
(3–7%), and autogenous crack width control (up to about 60 lm)
[23]. ECC has been applied in various civil infrastructure [22,24].
A PC ECC studied by Yang et al. [25] demonstrated self-cleaning
functionality while retaining strain-hardening properties. The air-
purification functionality of PC ECC was experimentally studied
by the authors [26]. Other than [25], knowledge of the effect of
TiO2 nanoparticles on the composite tensile properties of ECC is
scarce. Such knowledge gap hinders further development and wide
applications of PC ECC in civil infrastructure.

The present research studies in detail the effects of TiO2 content
on the tensile properties of ECC and the underlying mechanisms
via a multiscale investigation. To this end, experiments were con-
ducted to evaluate the effect of TiO2 content (up to 15% of binder)
on fiber/matrix interface (meso-scale) and tensile properties
(macro-scale) of ECC. A micromechanical model is used to link
the multiscale material properties and to interpret the test data
of the TiO2-doped ECC.
Fig. 2. TEM image shows morphology of TiO2 nanoparticles (ellipsoidal spheres
with a 21 nm mean diameter).

Table 2
Nominal properties of PVA fibers.

Length
(mm)

Diameter
(lm)

Elongation
(%)

Density
(kg/m3)

Young’
Modulus
(GPa)

Normal
Strength
(MPa)

12 39 6 1300 42.8 1600
2. Experimental program

2.1. Raw materials and mix proportions

The raw materials include Type I Portland cement (C), fly ash
(FA), TiO2 nanoparticles, finely ground quartz sand (S), PVA fiber,
and tap water (W). The cement and fly ash were used as the binder
(B), and their chemical and physical properties are listed in Table 1.
The cement has a specific surface area of 376 m2/kg. Particle size
distribution of cement and fly ash is shown in Fig. 1. The finely
ground quartz sands (F75) were adopted as the fine aggregate.
The TiO2 nanoparticles (Aeroxide P25) consist of 81% of anatase
and 19% rutile, with an average particle size of 21 nm. The micro-
morphological structure of TiO2 nanoparticles was examined using
a transmission electron microscope (TEM, model: JEM-2100F), as
shown in Fig. 2. The PVA fiber (Kuraray Co. Ltd) has a surface oil
coating of 1.2% by weight; its detailed properties are shown in
Table 2.

Table 3 lists the investigated mixture proportions. An ECC mix-
ture without any TiO2 is designated as C-ECC and used as the con-
trol mixture [27,28]; in the mixtures of T-1, T-5, T-10 and T-15, the
binder was partially replaced with TiO2 nanoparticles at a percent-
age of 1%, 5%, 10%, and 15% (by mass), respectively. Figs. 1 and 2



Table 3
Mixture proportions.

Designation C FA TiO2/B W/B S/B SP PVA fiber (vol.%) Compressive strength at 28 days (MPa)*

C-ECC 1 2.2 0.00 0.25 0.36 0.006 2 52.6 ± 2.9
T-1 1 2.2 0.01 0.25 0.36 0.011 2 53.9 ± 2.0
T-5 1 2.2 0.05 0.25 0.36 0.029 2 45.5 ± 0.9
T-10 1 2.2 0.10 0.25 0.36 0.059 2 43.7 ± 2.3
T-15 1 2.2 0.15 0.25 0.36 0.093 2 44.8 ± 1.1

* Cube specimens measuring 50 mm on each side were prepared to evaluate the compressive strengths of the ECC mixtures, in accordance with [30].
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show that the particle size of TiO2 is much finer than fly ash and
cement, suggesting that the TiO2 nanoparticles have larger surface
area and are more difficult to disperse. To ensure a good dispersion
of TiO2 nanoparticles and PVA fibers, a polycarboxylate-based
superplasticizer (SP) was used. The SP content was adjusted to
achieve a slump spread of (165 mm ± 5 mm) for all mixtures using
a flow table test [29]. The PVA fiber content was fixed at 2% by vol-
ume of the mixture. Except the fiber content, the other ratios in
Table 3 are all by mass.

2.2. Specimens and tests

Dry ingredients (cement, fly ash, TiO2 and sand) were first
mixed in a mortar mixer (model: HL800, capacity: 19 L) at 1 rps
for 5 min. The mixture of water and superplasticizer was then
added and mixed at 2 rps for 5 min to ensure that the fresh mortar
reaches a uniform state. Finally, the PVA fibers were manually
added to the mixture and mixed for 5 min until fibers were evenly
distributed in the mixture. After mixing, the mixture was exam-
ined by hand, and no fiber agglomeration was found. Immediately
after casting, specimens were covered with plastic sheets to pre-
vent moisture loss. After 24 h, the specimens were demolded and
then air cured at 20 �C ± 1 �C and the relative humidity of
55% ± 5% until 28 days.

Dog-bone shaped specimens were prepared for uniaxial tensile
test in compliance with the JSCE recommendations [31]. Four spec-
imens were fabricated and tested for each test. The uniaxial tensile
test was performed using a load frame (model: Instron 5969) at a
constant displacement rate of 0.5 mm/min, in accordance with
[31]. Two linear variable displacement transducers were deployed
at two sides of the specimen to measure length change in the
gauge length (about 80 mm). The exact gauge length was mea-
sured using a caliber. The applied tensile force was measured by
a load cell (capacity: 50 kN) embedded in the load frame. The uni-
axial tensile test results are used to determine the Young’s modu-
lus of the matrix (Em), first cracking strength of the matrix (rfc),
tensile strength and tensile ductility. The slope of the linear-
elastic part of the tensile stress-strain curve represents Em; the ten-
sile stress of the point where the slope of the tensile stress-strain
curve drops represents rfc. It is assumed that presence of 2% PVA
fibers does not significantly affect Em and rfc.

To further investigate the mechanisms behind the influence of
TiO2 on the tensile properties of ECC, a series of tests were con-
ducted on the matrix (ECC without fibers) and fiber/matrix inter-
face using specimens cured for 28 days. Prism specimens were
prepared to evaluate the fracture toughness (Km) of the matrix in
compliance with ASTM E399 [32]. The prism specimens measured
304.8 mm � 76.2 mm � 38.1 mm. In each specimen, a notch was
cut at the mid-span using a saw before the testing, and the
notch-to-depth ratio was 0.4. The specimens were tested under
three-point bending with a span length of 254 mm. Single fiber
pullout test was conducted to quantify fiber/matrix interfacial
properties as a function of TiO2 content [33]. Chemical bond (Gd)
and frictional bond (s0) were determined through the single fiber
pullout test. Specimen preparation, test set-up, and data process-
ing are detailed in [33]. Typically, the single fiber pullout test
results exhibit large scatter [34–37]. Thus, 30 specimens were
duplicated for each test, and the results were averaged. The inter-
facial parameters are used to calculate the r-d relationship using a
micromechanical model developed by Yang et al. [38].
3. Results and discussions

3.1. Tensile properties

Fig. 3 shows the tensile stress-strain curves of the investigated
ECC mixtures. The tensile stress is calculated using the measured
tensile force and cross-sectional area of the dog-bone specimen
within the gauge length; the tensile strain capacity is the strain
corresponding to the peak load. Densely distributed microcracks
were observed within the gauge length of the dog-bone specimens.
The tensile test results represent the macroscale material proper-
ties of the ECC.

The test results of the tensile properties at 28 days are summa-
rized in Table 4. All the investigated mixtures show strain-
hardening behavior and their tensile ductility all exceeded 3.5%.
As the TiO2 content increases from 0 to 1%, first cracking strength
slightly increases but decreases with further increase in TiO2 con-
tent. Conversely, tensile strain capacity and ultimate tensile
strength show a continuous drop with increase TiO2 content but
appear to reverse at TiO2 contents of 5% and 15% respectively.
Given the experimental data noise, the trend is not distinct.

To understand the macroscale tensile test results, mesoscale
test results are analyzed using the micromechanical model [38],
as discussed in the following section.
3.2. Micromechanical analysis

3.2.1. Fracture toughness Km

Fig. 4 shows the measured matrix fracture toughness Km varia-
tion with TiO2 contents. Matrix fracture toughness is a material
property that characterizes the resistance of a material to crack
extension. It can be seen that specimen with 1% TiO2 nanomaterials
has the highest matrix fracture toughness, and therefore highest
resistance against crack propagation. This can be ascribed to ‘site
effect’ of TiO2 nanoparticles. Nanoparticles are capable of acceler-
ating the degree of hydration by providing additional sites for
hydration products precipitation [39]. However, use of over 1% of
TiO2 nanoparticles decreases the fracture toughness. This may be
due to the ‘dilution effect’ of the chemically-inert TiO2 nanoparti-
cles, which decreases the binding forces between hydrated prod-
ucts [40].

Matrix fracture toughness and flaw size at a given cross-section
determine the cracking stress of the matrix at that section (first
cracking strength), according to Irwin’s fracture criterion. As the
workability of all ECC mixtures are controlled at 165 ± 5 mm based
on flow table test [29], the flaws introduced during mixing are
assumed to have similar size. If so, the first cracking strength is
mainly controlled by matrix fracture toughness. This is supported



Fig. 3. Uniaxial tensile stress-strain curves of ECCs with a TiO2 content of: (a) 0%, (b) 1%, (c) 5%, (d) 10%, and (e) 15% at 28 days. All mixtures show strain-hardening behavior.

Table 4
Measured tensile properties at 28 days.

Designation Young’s modulus (GPa) First cracking strength (MPa) Ultimate tensile strength (MPa) Tensile strain capacity (%)

C-ECC 10.73 ± 1.95* 4.10 ± 0.24 6.81 ± 0.44 3.95 ± 0.09
T-1 11.65 ± 0.70 4.22 ± 0.07 6.17 ± 0.87 3.48 ± 0.20
T-5 9.52 ± 0.69 3.54 ± 0.38 5.67 ± 0.06 4.01 ± 0.07
T-10 8.81 ± 1.98 3.23 ± 0.25 5.31 ± 0.38 3.90 ± 0.24
T-15 8.46 ± 0.71 2.98 ± 0.26 5.79 ± 0.27 4.55 ± 0.15

* Average ± standard deviation.
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by the consistent trend of first cracking strength and matrix frac-
ture toughness with 0–15% TiO2 contents (Fig. 4).

3.2.2. Fiber/matrix interface properties
Fig. 5 shows the fiber/matrix interfacial properties (Gd and s0)

obtained from the single fiber pullout tests. Although the results
show large scatter, which is typical for single fiber pullout test
[34–37], clear trends of Gd and s0 are observed, as the TiO2 content
increases from 0 to 15%. Fiber/matrix interface is modified by TiO2

nanoparticles. As the TiO2 content increases from 0% to 1%, the
chemical bond increases from 0.85 J/m2 to 1.30 J/m2, followed by
a decrease to 0.59 J/m2 as the TiO2 content increases from 1% to
15%. The frictional bond follows a different trend. As the TiO2 con-
tent increases from 0% to 10%, the frictional bond increases from
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2.2 MPa to 3.3 MPa, followed by a decrease to 2.4 MPa as the TiO2

content increases from 10% to 15%.
Chemical bond is dependent on the metal cations Al3+ and Ca2+

in hydration products, while frictional bond is closely related to the
packing density and stiffness [41,42]. Due to the site effect of
nanoparticles, the hydration process is accelerated, and more
hydration products are generated [43]. This potentially produces
hydrates with Al3+ and Ca2+ cations that can increase the chemical
bond at the fiber/matrix interface. Similarly, the site effect, as well
as the filler effect of nanoparticles refines the pore structure and
reduces the overall pore volume [44]. In this sense, the denser pore
structure produces more contact surfaces during the fiber sliding
and therefore increases the frictional bond. However, the dilution
effect and agglomeration issue associated with excessive addition
of TiO2 nanoparticles could suppress the site effect and filler effect,
generating a structure with less hydration products and higher
pore volume. Therefore, chemical bond and frictional bond are sup-
pressed accordingly.
3.2.3. r-d curves
Based on the results of fiber/matrix interfacial properties (Gd

and s0), matrix Young’s modulus and tensile strength (first crack-
ing strength), the micromechanical model [38] is used to deter-
mine the r-d relationship of the investigated ECC mixtures, as
shown in Fig. 6. As the TiO2 content increases from 0 to 10%, the
magnitude of peak increases from 8.9 MPa to 9.5 MPa; the corre-
sponding crack opening decreases from 83.6 lm to 57.1 lm. As
the TiO2 content increases from 10% to 15%, the magnitude of peak
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Fig. 5. Effect of TiO2 content on the interfacial properties: (a) chemical bond (Gd) reaches
the standard deviation of 30 specimens.
decreases from 9.5 MPa to 9.1 MPa; the corresponding crack open-
ing increases from 57.1 lm to 83.6 lm.

Based on the r-d curves, three indices are introduced to charac-
terize the fiber bridging behaviors, including the complementary
energy (J0b), the crack tip toughness (Jtip), and their ratio (J0b/Jtip)
[45], as listed in Table 5. The J0b/Jtip ratio is considered a strong indi-
cator of the propensity of robust tensile ductility in ECC materials
[45]. The complementary energy is calculated through integration
using the r-d data, as detailed in [45]; the crack tip toughness is
calculated by Jtip = Km

2 /Em.
The complementary energy and frictional bond are compared in

Fig. 7. As the TiO2 content increases from 0 to 15%, the complemen-
tary energy and frictional bond follow opposite trends. A high fric-
tional bond is favorable in maintaining an adequate load-carrying
capacity across cracks during the fiber pullout process [35]. How-
ever, an excessively-high frictional bond is undesirable, because
it leads to a stiffer r-d relation (Fig. 6), and may cause fiber rup-
ture, thus suppressing the complementary energy [34]. The ten-
dency of fiber rupture is corroborated by the visual observation
of the fracture surfaces of the specimens, as shown in Fig. 8. The
protruding fiber lengths of T-10 are shorter than the lengths in
other specimens overall, because T-10 has the highest frictional
bond. In Fig. 6, for mixes with less than 10% TiO2, increasing TiO2

leads to higher stiffness in the r-d relation and peak bridging
stress due to increased frictional bond, accompanied by decreasing
crack opening at peak load due to fiber ruptures. The r-d curve
therefore shift to the left with higher TiO2 contents resulting in a
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Table 5
Strain-hardening performance indices.

TiO2 content (%) J0b (J/m2) Jtip (J/m2) J0b/Jtip

0 162.2 39.4 ± 7.4 4.1 ± 0.8
1 134.7 42.3 ± 7.3 3.2 ± 0.6
5 127.1 35.3 ± 7.3 3.6 ± 0.7
10 101.9 27.3 ± 8.8 3.7 ± 1.2
15 148.9 23.9 ± 3.6 6.2 ± 0.9
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lowering of complementary energy (Table 5). Beyond 10% TiO2, the
frictional bond drops (as observed in Fig. 5(b)) due to the dilution
and agglomeration effects, shifting the o-d curve to the right and
resulting in higher complementary energy.

Fig. 9 shows the tensile strain capacity plotted against J0b/Jtip.
The linear correlation between J0b/Jtip and the tensile strain capac-
ity is evident. This implies that the tensile strain capacity is largely
governed by the variation of J0b/Jtip which evolves with TiO2 con-
tents that impacts both J0b and Jtip in a complex manner. Specifi-
cally, at 1% TiO2 content, the low complementary energy (J0b)
affected by high frictional bond and high crack tip toughness (Jtip)
affected by high matrix fracture toughness lead to the lowest
J0b/Jtip, and result in a lower tensile strain capacity. Beyond 1%
TiO2, the J0b /Jtip rebounds due to the decrease of crack tip tough-
ness Jtip or increase of complementary energy J0b as affected by
matrix and fiber/matrix interface bond properties, and the tensile
strain capacity correspondingly rises to over 4.0%. Therefore, the
macroscale tensile strain capacity is traced back to the mesoscale
fiber/matrix interface that governs J0b and matrix properties Jtip.

Ultimate tensile strength is determined by the peak fiber bridg-
ing stress and is expected to be governed by the weakest section
with lowest fiber content. In this study, the ultimate tensile
strength in Table 4 is not consistent with the peak bridging stress
in Fig. 6. A possible reason for this discrepancy is the fact that the
computed r-d curve assumes uniform fiber distribution. Although
superplasticizer is adopted to produce a matrix suitable for TiO2
Fig. 8. The pulled-out fiber length is the shortest in the mixture with
and fiber dispersion, the actual fiber dispersion in hardened ECC
could be different. Further investigation on the fiber distribution
in the failure section is needed.

Based on the above results and previous study, mix proportion
of ECC with 5% TiO2 content as binder replacement provides a ref-
erence for the design of photocatalytic ECC. From a functional point
of view, 5% TiO2 in ECC reaches a saturation level for photocatalytic
air-cleaning function [26]. From a mechanical point of view, 5%
level of TiO2 addition does not introduce excessive degradation
in mechanical properties. This result is based on the particular
composition of the ECC used in this study. In general design of pho-
tocatalytic ECC, an optimum TiO2 incorporation content that bal-
ances the mechanical property and photocatalytic exists but the
exact value could vary with the specific ECC composition.

4. Conclusions

This study investigates the effect of TiO2 nanoparticles on the
microstructure, fiber/matrix interface, and tensile properties of
ECC. Based on the experimental and analytical results, the follow-
ing conclusions can be drawn:

� All ECC mixtures exhibits tensile strain capacity over 3.5%,
regardless of the TiO2 content. The first cracking strength of
ECC were observed to degrade at TiO2 content beyond 1%. The
ultimate tensile strength and strain capacity show a tendency
to decrease initially and then increase with higher TiO2 content,
but this trend is not distinct given the experimental data noise.

� The site-effect and dilution effect are both present and compete
in influencing the matrix and fiber/matrix interface properties,
leading to complex changes in micro and macro properties with
increase in TiO2 content.
10% TiO2. The images have the same magnification factor (20�).
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� The micromechanical model links the mesoscale and macro-
scale properties and helps understand the tensile test results
of the ECC specimens. A correlation between the (complemen-
tary energy / crack tip toughness) ratio and the tensile strain
capacity can be detected. Similarly, the trend of the first crack-
ing strength is consistent with the trend of the fracture tough-
ness as modified by TiO2 content.

� ECC with 5% TiO2 as binder replacement in this study optimizes
the photocatalytic function without excessive degradation in
mechanical properties particularly the first cracking strength.
The optimal TiO2 content, however, may be influenced by the
exact composition of the ECC.
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