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was designed and fabricated.
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composites was maintained by the
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 The good material properties of
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a b s t r a c t
The waterproof ability of cementitious composites is essentially important for the uses in the aspects of
construction, decoration and repair. Here we reported a waterproof ultra-high toughness cementitious
composite (WUHTCC) that has the function of seepage resistance. The waterproof effect was improved
by incorporating nano reservoir silts (NRSs) into the binders of WUHTCC. The mechanical properties,
microstructures and water resistances of the WUHTCCs with different loadings of NRSs were tested to
assess the affecting factors. The results show that increasing the loadings of NRSs maintains and/or
enhances the toughness of WUHTCCs, but decreases the compressive strength. The water absorption is
decreased, and the penetration pressure and time are increased significantly with increasing the NRS content. While the incorporation of NRS particles into cementitious matrix leads to a slight increase of porosity, it shows no significant changes of micro morphology. The variations of the mechanical and
waterproof properties of WUHTCCs are induced by the hydrophobic and sheet-like NRS particles that
alter the surface properties and microstructures of the material substrate. The WUHTCCs with good
material properties developed in this study for seepage control facilitate their applications in the fields
of construction, decoration and repair.
Ó 2017 Elsevier Ltd. All rights reserved.
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Most cementitious materials (cement paste, mortar and concrete) have relatively low permeability, however, the problems of
water seepage always occur in the roofs, bathrooms and basements
of buildings, the segments of tunnels, and the stations of metros
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[1]. A traditional method for mitigating water seepage is to apply
an organically or inorganically waterproof coating on the material
surface. While this method may be effective, the high volatile
organic compound level is harmful to humans and the waterproof
function of this coating layer may fade rapidly under aggressive
environments, such as, external loads, UV exposing, heating, wetting and drying and freezing and thawing [2–5]. Furthermore, an
elaborate primer is generally needed for the favorable performance
of a waterproof coating, which increases the costs of economy and
manpower. So it is always a challenge to find an easy-to-use, manpower saving and durable way or material to control the water
seepage of buildings and infrastructures. Cementitious composites
modified by fibers and nano additives, like ordinary cement mortar
and concrete, can adhere to most natural and man-made building
materials without specifically elaborate pretreatments [6], which
may pave an alternative path to control the water seepage problems of buildings and infrastructures.
To date, numerous studies have been conducted to investigate
the effects of clay-based nano additives on mechanical and transport properties of cementitious materials. Chang et al. [7] studied
the mechanical properties and water permeability of Portland
cement paste with nano montmorillonite, and found that the positive effect of the nano clay was in a limited loading range. Kafi et al.
[8] reported the positive effect of nano montmorillonite on the
mechanical properties of paste and mortar in a broader loading
range. Hakamy et al. [9] investigated the mechanical property and
water absorption of nano clay and calcined nano clay-cement composites, and found an obvious decrease of water absorption by the
nano clays. Similar studies on the enhancement of mechanical
properties of cementitious materials by nano clays have been
extensively reported [10–13]. Based on systematically experimental studies, Kuo and coworkers [14–17] suggested that the design
strength for normal-strength cement mortars can be attainable
for up to 30% replacement of fine aggregates by surface-modified
nano reservoir silt (NRS) particles that generally show layered nano
structures and are mostly composed of SiO2 , Al2 O3 and Fe2 O3 , and
the permeability of the materials can be essentially decreased.
The hydrophobic nano clays are expected to inhibit water from
entering capillary pores and the space between the layered nano
clays, and in consequence, the water permeability is lowered [18].
It is noteworthy that the relatively brittle feature of ordinary
Portland cement mortar and concrete, although modified by nano
clays, limits their uses. Fiber-reinforced ultra-high toughness
cementitious composites (UHTCCs), under rational design, can show
excellent toughness, impact resistance and durability [19–22]
which thus provides good substrates to design and fabricate the
cementitious composites with the functions of cracking and seepage
controls. Hakamy et al. [23–25] reported a type of NaOH treated
hemp fabric and nano clay-reinforced cementitious nanocomposites with good mechanical and durability. The improvement of
mechanical properties of cementitious composites by nano clays
and fibers has been reported extensively [26,27]. Recently, Yu
et al. [2] reported a type of waterproof engineered cementitious
composites (WECCs) containing a waterproof admixture for seepage
control. It was found that the water absorption of WECCs was
greatly decreased [2]. This thus throws fresh light on the design
and fabrication of waterproof cementitious composites by incorporating surface-modified nano clays into cementitious binders to
control water seepage.
Inspired by the work of waterproof cement mortars by Kuo et al.
[14–17] and the previous studies of UHTCCs in our institute [28–
30], here we reported a type of waterproof ultra-high toughness
cementitious composites (WUHTCCs), where the loadings of NRS
particles used are in a relatively broad range. Comprehensively
experimental measurements of WUHTCCs with indepth analyses
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allow exploring the affecting factors and mechanisms accounting
for the decrease of compressive strength, the maintenance of
toughness, and the enhancement of waterproof. The findings of this
research are expected to optimize the design of WUHTCCs and to
pave a wild path for the uses of the materials in construction, decoration and repair with auxiliary seepage control.
2. Experimental programme
2.1. Materials and mixture design
The WUHCCs designed and fabricated in the present study are based on a
UHTCC with strain hardening behaviors developed by the same research group
(e.g., [19,20,28–30]). To achieve the rapid hardening of WUHTCCs, which is potentially used for emergency repair, a rapid hardening cement classified as P.II 52.5R
according to the Standard of GB175-2007 (China) [31] was used for fabricating
the WUHTCC matrix. The binders also included active fillers (AF) that contain fly
ash and silica fume. A silica sand (SS) was used as an inactive filler; see Table 1
for detailed mixture proportions. The detailed physical properties of the binders
can be found elsewhere [2]. A very high volume of fillers (i.e., AF and SS) other than
cement clinkers based on a green UHTCC mix as reported in Refs. [19,20,28–30]
shows beneficial effects to the reduction of steady state crack width, waterproofing
and the long-term durability of a UHTCC structure. A water-to-powder ratio of
0.326 was used, and a polycarbonate super-plasticizer (SP) was added to control
the rheology of flesh WUHTCCs. Discontinuous PVA fibers (K-II REC15, Kuraray
Co., Ltd) in the volume fraction of 2% were used to enhance the toughness of cementitious composites. The average length, diameter, density, elastic modulus and
strength of the PVA fibres are 12 mm, 39 lm, 1.30 g/ml, 16.9 GPa and 1.28 GPa,
respectively. To tune the waterproof efficiency of UHTCC, a commercial nano reservoir silt (NRS) powder (Lotos, Techome Technology Co. Ltd) was added into the binders. The main components of NRS particles are quartz (around 30%), smectite or
montmorillonite (around 60%) containing SiO2 ; Al2 O3 and Fe2 O3 and other phases
(around 10%). A cation-exchange reaction method was used to modify the surface
properties of NRS particles [14,15]. The NRS particles are thin warped plates with
the mean diameter within 10 to 50 lm and the mean thickness lower than
100 nm; see Fig. 1. The NRS-to-binder ratios of 0%, 1%, 2% and 5% were designed
to obtain different WUHTCC mixes, namely, WUHTCC-0, WUHTCC-1, WUHTCC-2
and WUHTCC-5, respectively; see Table 1.
All binders as well as NRS powders in the proportions presented in Table 1 were
carefully poured into a mixer (Hobart HL200), and were mixed for 60 s to avoid the
possible heterogeneity of the raw materials due to different densities. Later, the
precisely weighed water was added into the mixer, and then a rapid mix lasting
for 3 min was conducted. After that, the PVA fibers were added into slurries with
further 3-min mixing. The mixed slurries were cast in greased steel molds with
short-time vibrations. A polyethylene sheet was used to cover the surfaces exposed
after the surface finishing step. This prevents the possible damages of the WUHTCC
specimens induced by moisture loss. The specimens were placed in a chamber
under room temperature for 24 h prior to demolding. After demolding, all specimens were cured up to 28 days in a room with the temperature and relative humidity controlled at 20  2  C and > 95%, respectively. Different specimens were
prepared for different tests. Specimens in cuboid of 100  100  400 mm3 were
prepared for four-point bending (FPB) test. Cubic specimens with dimensions of
70 mm3 were prepared for the tests of compressive strength and water absorption.
Conic specimens with upside and underside surface diameters of 70 mm and
80 mm, height of 30 mm were prepared for water penetration test. The damaged
specimens from the compressive strength and FPB tests were crushed into small
pieces for pore structure and microstructure tests.

2.2. Microstructural analysis
For pore structure measurement, we employed a mercury intrusion porosimetry (MIP) (Autopore IV 9510, Micromeritics Instrument Corporation, Norcross, GA,
USA). The measurement of MIP can provide the pore structure and material informations of samples (e.g., porosity, mean and medium pore sizes, and pore size distribution). The mercury intrusion and extrusion were performed with the pressure
from 3.7 kPa to 414 MPa with the equilibrium time for each applied pressure level
of 10 s. For the evaluation of the pore size distributions of the WUHTCC samples, the
contact angle between mercury and pore surface and the surface tension between
vapor and liquid mercury were set as 130° and 485 N/m respectively [32,33]. The
intrusion-extrusion hysteresis [34,35] was not considered in this study.
The micro morphology of WUHTCCs was observed and analysed using an FEI
Quanta FEG650 field emission environmental scanning electronic microscopy
(ESEM). The samples for ESEM analysis were prepared from the crushed specimens
after mechanical tests. In order to preserve the original topography of fracture surfaces, all the samples were only cut into an appropriate size without polishing the
observation surfaces. The accelerating voltages within 10 kV to 20 kV were used,
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Table 1
Mix proportions of WUHTCCs in reference to the total weight of powders. RHC: Rapid hardening cement, AF: Active filler, SS: Silica sand, NRS: Nano reservoir silt, SP:
Polycarbonate superplasticizer, PVA: Kuraray K-II REC15 polyvinyl alcohol fiber, W: Water, B: Binder and P: Powder.
Mix ID

Powder

NRS/B

SP/P

PVA

W/P

0%
1%
2%
5%

0.25%
0.25%
0.25%
0.25%

2%vol
2%vol
2%vol
2%vol

0.326
0.326
0.326
0.326

Binder

WUHTCC-0
WUHTCC-1
WUHTCC-2
WUHTCC-5

RHC

AF

SS

NRS

0.200
0.200
0.200
0.200

0.600
0.592
0.584
0.561

0.200
0.200
0.200
0.200

0
0.008
0.016
0.039

An FPB test was employed to assess the toughness of WUHTCCs; see Fig. 2. The
machine used was the same to the compression test. Before testing, the WUHTCC
specimens were loaded in a home-made steel frame with LVDT meters for the measure of mid-span deflection. The loading span was 100 mm and the support span
was 300 mm. During testing, the moving speed of the loading head was maintained
at 0.2 mm/min. At least 3 samples for each mix were tested. The measured data
were recorded simultaneously by an integrated measurement and control system,
which provides the loading-deflection curves of WUHTCC specimens.
After the FPB tests, the high resolution images of all the WUHTCC specimens
were taken from the bottom surfaces by a commercial camera. An open-source software, ImageJ [37], was used to analyse the cracking patterns of WUHTCC specimens. An Otsu threshold algorithm was used to segment the cracks from the
WUHTCC matrix. Then the geometric information of cracks, such as, size, roundness
and distribution, can be obtained directly from the particle analysis in ImageJ. Further statistical analysis can be performed to acquire the mean or median values of a
quantity (e.g., crack width). Although the Otsu threshold algorithm has been
debated for its accuracy in image processing, it has been suggested that this method
could, at least semi-quantitatively, characterize the cracks and/or pores of cementbased materials [38]. Here we did not consider the possible distortion effect of the
2-D images on the real 3-D spacial structures of cracks. More of the relevant content
can be found in the pertinent research elsewhere [39].
2.4. Water absorption and penetration tests

Fig. 1. Micro morphology of sheet-like nano reservoir silts.
because the higher voltages may damage the microstructure of the samples, while a
lower voltage may lead to grainy results [36]. The working distances were in the
range of 15 mm to 35 mm and the spot was controlled as 3.
2.3. Mechanical measurement
A compression test was used to assess the strength of cubic WUHTCC specimens. The compression test was operated with a 25 kN Instron full-functional test
machine. By aid of its electro-hydraulic servo system, the loading rate was maintained at 0.3 MPa/s. A spherical bearing was installed between the specimen and
lower loading head to keep uniaxial loading. The load was measured by a force sensor attached to the upper loading head. As the test proceeded, the forces were
recorded, and the maximum values were adopted to calculate the compressive
strength.

12 cubic WUHTCC specimens in total were used to test their water absorption
according to the criteria DL/T 5126G2001 (China) [40]; see Fig. 3(a). The initial cubic
specimens (with the curing age of 28 days) were first placed in an oven with
80  2  C for drying. After 48 h, the specimens were transferred to a chamber,
cooled to the room temperature and weighed ðmd Þ. Then the specimens were
immersed in water with 20  2  C for water absorption. After 48 h, the specimens
were removed from the water, and the surfaces were dried by blotting papers. Once
a surface-dried condition was obtained, the specimens were weighed immediately
ðms Þ. Three independent absorption tests were performed to make sure the reproducibility and reliability of the absorption data. The absorption of WUHTCCs can
be calculated as: ðms  md Þ=md . Unlike the sorption test ASTM C 1585 [41], the
water immersion test can not give the sorption rate of the specimens, however,
the obtained absorption is a reliable (and at least semi-quantitative) parameter to
determine the waterproof efficiency of WUHTCCs.
A water penetration test was performed to assess the waterproof efficiency of
WUHTCCs according to the Standard JGJ/T 70-2009 (China) [42]; see Fig. 3(b). 6
specimens for each mixture, and 24 specimens in total, were firstly placed into steel
cones. The interfacial spaces between the steel cones and the round surfaces of the
specimens were sealed with wax, while both the down and up surfaces were free.
During testing, a water pressure of 0.2 MPa was applied slowly to equilibrium. After
2 h, the water pressured was increased by 0.1 MPa, and the equilibrium time was
controlled to be 1 h. In the Standard JGJ/T 70-2009 [42], tests must be stopped when
the water pressure reached 1.5 MPa within 8 h [43]. Here we modified this test by
prolonging the testing time and changed the criteria to justify the waterproof efficiency of WUHTCCs accordingly. The procedures of pressure-applying and
equilibrium-keeping were processed until 3 of the 6 specimens leaked. The
water-leaking pressure was recorded as P l , and the maximum survival pressure
for water penetration is P s ¼ P l  1. Accordingly, the time for water penetrating
through the WECCs is ts ¼ 10  P s þ 1. Both the survival pressure and penetrating
time were used to assess the waterproof efficiency of WUHTCCs.

3. Results and discussion
3.1. Pore structure and microstructure

Fig. 2. An in-situ image of an FPB test.

Using appropriate interpretations the mercury intrusion measurement can provide the pore-and micro-structure information
of a porous material, including the skeleton density, porosity,
specific surface area, mean pore diameter, pore size distribution
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Fig. 3. Schematic illustration of water absorption and penetration tests.

and fractal dimension [44]. Fig. 4 shows the accumulative and differential pore size distributions of the WUHTCC samples. As is
seen, the mercury first penetrates through a small amount of space
with the size larger than 1 lm, which can be open pores, voids,
cracks and/or cavities [45], then a large amount of space in the
meso and micro scales < 1 lm, which can be small capillaries,
gel pores and/or the confined spaces between hydrates and NRS
particles. Apparently, the shapes of pore size distribution have no
significant differences (Fig. 4), which tells that NRS particles have
not changed the overall pore structures of WUHTCCs essentially.
However, one must note that the assumption of cylindrical pores
for the evaluation of pore size distribution by MIP test may cause
somewhat deviations of the measured data from the real pore
structure [44].
Table 2 summarizes the pore-and micro-structure properties of
the WUHTCC samples extracted from the MIP tests. The average
skeleton density of WUHTCCs is in the range of 2.2 to 2.3 g/ml, in
accordance with the results reported in Ref. [33] despite of the different mixes. Nevertheless, the value is higher than the calculated
low density (LD) C-S-H (1.44 g/ml) and high density (HD) C-S-H
(1.75 g/ml) according to the Jennings C-S-H model [46], but lower
than the real C-S-H globules (around 2.6 g/ml) measured by

(a)

0.20
WUHTCC-0
WUHTCC-1
WUHTCC-2
WUHTCC-5

0.20

Differential Intrusion Volume (ml/g)

Cumulative Intrusion Volume (ml/g)

0.25

neutron and X-ray scattering techniques [47]. The limited measuring scales of the MIP technique and the different components of
the hydrates of WUHTCCs from the pure C-S-H may account for
the density differences. The results of MIP porosity reveal that
around one third of the WUHTCC volumes are pores; see Table 2.
The NRS additive seems to augment the total porosity of
WUHTCCs, but the augmenting extents are very limited. This suggests that the microstructure of WUHTCCs becomes looser when
NRS particles are used. This conclusion was also evidenced by
the experimental results obtained in Ref. [16], where the authors
reported that the total volume of accessed pores is increased as
the loading of NRS particles is higher than 0.5%. Both the pore area
and the median pore size of WUHTCCs have no appealing relationships with the loading of NRS particles; see Table 2. Note that the
pore area and the median pore size of WUHTCCs may be, again,
biased by the assumption of cylindrical pores [44] as the spaces
between the sheet-like NRS particles and the WUHTCC hydrates
are rather complex.
The fractal dimension of WUHTCCs based on an assumption of
self-similar structures repeated in limited measuring scales was
also evaluated [44]. Generally, there are two fractal regions from
the MIP data of cementitious materials [48–50], i.e., the micro
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Pore diameter (nm)
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(b)

0.16

0.12

0.08

0.04

0.00
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Pore diameter (nm)

Fig. 4. The (a) cumulative and (b) differential pore size distributions of WUHTCCs from the intrusion phase of MIP test.
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Table 2
The pore-structural characteristics of WUHTCCs.
Sample

Skeleton density (g/ml)

Porosity (%)

Pore area ðm2 =gÞ

Median pore 4V=A (nm)

Fractal dimension (–)

WUHTCC-0
WUHTCC-1
WUHTCC-2
WUHTCC-5

2.231
2.228
2.324
2.306

32.18
32.31
33.28
33.73

32.27
26.36
29.76
31.10

25.4
31.7
28.9
28.4

2.704
2.748
2.769
2.759

fractal region resulted from the complex natures of hydrates and
nano additives, and the macro one from the spacial packings of
clinkers and fillers. Here we only considered the micro fractal
dimensions as we were more concerned about the microstructures
and the interactions between the hydrates and the NRS particles in
WUHTCC matrix. Table 2 shows the fractal dimensions of
WUHTCCs from the MIP tests. The fractal dimensions are in the
range of 2.70 to 2.77, which are comparable with the data reported
in Refs. [48,49,51]. It shows that the fractal dimension increases
roughly as the loading of NRS particles increases. A very slight
decrease of fractal dimension can be observed when NRS content
is increased from 2% to 5% due to the possibly microstructural
heterogeneities of the specimens and the variances of MIP test.
The augmentation of fractal dimension by layered nano particles
was also observed in Ref. [7]. This, to some extent, indicates that
NRS particles enhance the complexity of WUHTCC matrix due to
the fact that the NRS particles, like other micro admixtures
reported elsewhere [33,52,53], possibly act as the foreign fillers

to make the matrix more heterogeneous and as the nucleating
agents to accelerate or depress the hydration of active binders.
To examine the morphology of the fresh fracture surfaces of
WUHTCCs, massive ESEM images in different magnifications were
acquired. Generally, there are no obvious differences in micro morphology between the WUHTCC samples, which is consistent with
the MIP results discussed above. Due to the limited NRS loadings,
it is difficult to figure out the NRS particles in WUHTCC matrix.
Here we specially focused on the interactions between fibers and
matrix. Fig. 5 shows the typical ESEM pictures of the fibers and/
or matrices of WUHTCCs. As is seen, some grooves with the traces
of fibers appear in the matrices of WUHTCCs, which is caused by
the slip of the fibers during the FPB tests. Matrix can encapsulate
fibers with the typical thickness of dense binders within the range
of 420 nm to 720 nm; see Fig. 5. This suggests that the interactions
between fibers and matrix are relatively weak so the fibers can be
pulled out from the matrix. Otherwise, fibers must be broken after
the mechanical tests. These relatively weak interactions between

Fig. 5. Typical SEM images of the WUHTCC samples with the different loadings of NRS particles: (a) 0% (WUHTCC-0), (b) 1% (WUHTCC-1), (c) 2% (WUHTCC-2) and (d) 5%
(WUHTCC-5).
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fibers and matrix are a necessary condition for the strain hardening
behaviors of UHTCC [21,28–30]; see the following section for more
detailed discussions.
3.2. Mechanical properties
The measured 28-day compressive strengths of cubic WUHTCC
specimens with various loadings of NRS particles are shown in
Fig. 6; in each case, three WUHTCC specimens were measured
and then averaged. As is seen, the compressive strength of
WUHTCCs is decreased by around 10% for the material with the
low loadings of NRS (WUHTCC-1 and WUHTCC-2), and by more
than 20% for the one with 5% NRS (WUHTCC-5). The decrease of
compressive strength can be due to the loose pore structure when
a cementitious matrix contains hydrophobic NRS particles as
depicted in Fig. 4. Furthermore, it has been evidenced that
hydrophobic particles can depress hydration, and consequentially
cause a slower compressive strength gain of cementitious materials [54]. Although a rapid hardening cement was used in this study,
the NRS particles coated with hydrophobic surfactants would
lower the compressive strength of WUHTCCs. Similar strengthdecreasing effect of hydrophobic admixtures or hydrophobic

Compressive strength (MPa)

24
22

11.0%
12.8%

20

22.3%

18
16
14
12
10
WUHTCC-0

WUHTCC-1

WUHTCC-2

WUHTCC-5

Fig. 6. Average compressive strength of WUHTCCs.
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surface treatments has been well recognized, e.g. [3,55]. Indeed, a
premier study by Kuo et al. [14] suggested very slight decreases of
compressive strength when the loading of NRS is 6 5%. Later, however, it was reported that the 28-day compressive strength of
cement mortars containing 5% NRS particles is 15% higher than
that of plain cement mortars [15]. The compression results of
cement mortars containing organo-modified montmorillonites
showed some fluctuations, but when the particle loading is higher
than 1%, compressive strength always decreases [7,8,16,17]. Recent
study by Yu et al. [2] showed almost the constant compressive
strengths of WUHTCCs with the limited dosages of binders
replaced by organically modified nano particles ð< 0:5%Þ. The fluctuations of the compressive strength of NRS modified cementitious
composites suggest that the effects of NRS particles on the
mechanical properties of cementitious composites remain to be
advanced. However, compressive strengths higher than 16 MPa
(see Fig. 6) make WUHTCC be an appropriate decorating material
and even structurally constructing material with the additional
function of waterproof.
The typical FPB plots of flexural strength versus mid-span
deflection for WUHTCCs are displayed in Fig. 7 (left half). Apparently, with the increase of NRS particles, WUHTCCs show better
resistance against flexural deformation. The flexural strengths of
WUHTCCs increase from 9.64 MPa to 12.73 MPa (by around 30%),
while the corresponding maximum deflections show scattering
data; see Table 3. A coarse vision examination was performed to
assess the cracking patterns of WUHTCCs immediately after the
FPB tests. All the WUHTCC specimens show a main tortuous crack
and a population of crowded and closely spaced cracks around the
main crack; see Fig. 7 (right half).
The geometric characteristics of cracks were evaluated by an
image analysis. Fig. 8 shows the cracking patterns of WUHTCCs
in the areas of concern. The widths of the main cracks are in the
range of 0.6 mm to 3.6 mm. The crowed cracks of WUHTCC-5 are
less obvious than those of the other WUHTCC specimens; see
Fig. 8(d). The statistic widths of the crowded cracks of WUHTCCs
are distributed in the range of 10 to 120 lm with the means size
of around 20 lm; see the statistic histograms of the analysed areas
displayed in the sub panels of Fig. 8. In addition, all the width distributions of the crowd cracks follow a log-normal type. The lognormal distribution was also reported to capture the air void and
pore size distributions of cementitious porous materials [58,57].

Fig. 7. Typical FPB plots of flexural strength versus mid-span deflection for WUHTCCs (left) and the images of bottom sides after the FPB tests (right).

776

H. Li et al. / Construction and Building Materials 155 (2017) 770–779

Table 3
The flexural strength, maximum mid-span deflection and toughness of WUHTCCs.
Sample

Flexural strength
(MPa)

Maximum deflection
(mm)

Toughness
ðkJ=m2 Þ

WUHTCC-0
WUHTCC-1
WUHTCC-2
WUHTCC-5

9:64  0:84
10:70  1:28
11:49  0:10
12:73  0:49

4:30  0:18
7:71  0:87
5:74  0:34
4:75  0:55

37.6
72.9
59.5
53.6

The occurrences of crowded cracks for a WUHTCC during a FPB test
cost a large amount of fracture energy, and cause the material to
show an excellent toughness [21,28–30]. The flexural toughness
of WUHTCCs was estimated from the FPB tests and displayed in
Table 3. It shows that the values of toughness are in the range of
38 to 74 kJ/m2, which are higher than the data of ECCs (15 to
25 J/m2) reported in Ref. [56]. Considering the fact that the incorporation of NRS particles into cementitious matrix tends to lower

the compressive strength as shown in Fig. 6, the maintenance or
even enhancement of toughness by the NRS particles may suggest
their benefits to the multiple cracking of WUHTCCs under loading.
The flexural characteristics of WUHTCCs displayed in Figs. 7 and
8 come from the delicate balance among the properties of matrix,
fibers and fiber/matrix interfaces. Neither the too strong nor the
too weak interactions between fibers and matrix can generate
the multiple cracking of cementitious composites under loading
[21]. The steady state of the multiple cracking in UHTCCs has been
proved by numerous experiments [28–30]. While the WUHTCC
matrix becomes weaker when NRS particles were used (see the
compressive results of Fig. 6), the adhesions between the PVA
fibers and the WUHTCC matrix seem to have no obvious changes
as displayed in Fig. 5. Therefore, the fibers are always able to sustain the total load and to transfer the load back to the matrix
through interfacial shear, and cracks takes place in the matrix. This
process may repeat itself, and eventually, creates a population of
crowded cracks in the middle span of WUHTCC. However, if the

Fig. 8. Cracking patterns of (a) WUHTCC-0, (b) WUHTCC-1, (c) WUHTCC-2 and (d) WUHTCC-5 by imaging analysis.
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Fig. 10. Water penetration properties of WUHTCCs: (a) the pressure and (b) the
time required for water penetrating through the WUHTCC samples.

2011) [60], both WUHTCC-2 and WUHTCC-5 can be ranked as
seepage-resistant concretes.
The observed reductions of absorption and the increases of
seepage-resistance are resulted from the coupled effects of
microstructure and surface property changed by the incorporation
of NRS particles into cementitious matrix. Firstly, NRS particles
tune the microstructure of WUHTCC matrix, i.e., inducing more
pores in WUHTCCs and enhancing the complexity of cementitous
matrix as evidenced by the fractal dimensions presented in Table 2.
The increases of porosity and microstructural complexity seem to
promote the water absorption by capillary forces [61] but decrease
the strength of material as displayed in Fig. 11 and evidenced in
the literature [14]. Secondly, the plate-like structure itself may
act as a barrier against the penetration of water into the matrix.
This barrier comes from the ordered arrayed structures in the
cementitious matrix induced by the sheet-like nano particles
[59]. Thirdly and more importantly, NRS particles with surface
modification tune the surface property of WUHTCC matrix, i.e.,
increasing the hydrophobicity; see Fig. 11. A study by Kuo et al.
[14] indicated that 10% surface-modified NRS particles blended
into cementitious binders can increase the contact angles between
water drops and substrate from around 10° to more than 60°,
which, according to Kelvin equation, lowers the capillary pressure
by around 50%, or promotes the seepage-resistance by the same
extents. As a result, both the spontaneous water absorption and
the forced water penetration of WUHTCC are depressed.
Overall, the relatively high strength and excellent waterproof
ability of WUHTCCs provide a way for their extensive uses in the
aspects of construction, decoration and repair in the future.
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Fig. 9. (a) Statistic results of the water absorption of WUHTCCs by immersing
absorption test, and (b) average volume fraction of absorbed water to the total
porosity.
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The experiment results of water absorption tests on WUHTCCs
with various percentages of NRS particles are shown in Fig. 9. Only
5.8 g water can be absorbed by 100 g dried WUHTCC-0 specimen
within 48 h, indicating that the WUHTCC matrix is relatively dense
so that water can hardly be absorbed into the material spontaneously. No obvious changes of water absorption take place when
1% NRS particles were added into the binders. However, when the
loading of NRS particles is increased to 2% and 5%, the water
absorption of WUHTCCs is decreased significantly to 3.2 g and
4.0 g per 100 g dried WUHTCCs, respectively; see Fig. 9(a). By
assuming that the volume intruded by mercury at the maximum
pressure of a MIP test represents the total pore volume, we can
estimate the volume fraction of the water absorbed into the open
pores of WUHTCCs to the total pores. It shows that around 28%
pore volume can be occupied by water for the WUHTCC-0 and
WUHTCC-1 specimens, and only around 16% pore volume for the
WUHTCC-2 and WUHTCC-5 ones; see Fig. 9(b). This indicates that
the spontaneous absorption of water into the WUHTCC matrix is
depressed by the NRS particles. The absorption rates were not
tested in this study, but the relevant studies suggested that organically modified nano particles can reduce the absorption rates of
WUHTCCs essentially [2].
Fig. 10 shows the experimental results of water penetration
tests on WUHTCCs with different loadings of NRS particles. For
WUHTCC-0, the maximum survival pressure P s and the time t p
required to penetrate through the specimens in the thickness of
30 mm are 0.8 MPa and 9 h, respectively. As the loadings of NRS
particles increase, both P s and t p are increased essentially and continually. For instance, for WUHTCC-5, the Ps and t p are augmented
to 1.5 MPa and 16 h by 87.5% and 77.8%, respectively; see Fig. 10. It
indicates that NRS particles enhance the anti-penetration capacity
of WUHTCCs remarkably, and akin results are also reported for
WUHTCCs [2], cement mortars blended with nano clays [14–17]
and self-compacted concrete with nano montmorillonite [59]. As
a matter of fact, according to a Chinese standard (GB 50164-

18 (b)

Water Penetrating Time (hour)

3.3. Waterproof property

1.6 (a)

37.5%

matrix is too weak, it prefers to form a large crack penetrating
through the material. This is why less crowed cracks can be
observed for the WUHTCC-5 specimen after the FPB test; see
Fig. 8(d). In summary, our study reveals that the incorporation of
NRS particles into WUHTCC matrices in a limited loading ð< 5%Þ
maintains and/or enhances the multiply cracking and toughness
of WUHTCCs.
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Fig. 11. Mechanisms of waterproof effect by NRS.
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4. Conclusions
In the present study, we investigated a type of cementitious
composites with the function of waterproof, namely WUHTCCs.
By the tests of MIP, strength, FPB, water absorption and penetration, the mechanical properties, micro- and pore structures, waterproof abilities were evaluated and discussed. The obtained results
yield the conclusions as follows:
 The porosity of cementitious composites blended with NRS particles increases slightly but the microstructure becomes more
complex. The WUHTCCs show similar micro morphology.
 NRS particles tend to decrease the compressive strength of
WUHTCCs due to the hydrophobic surfactant, but maintain
and even promote their toughness because the multiple cracking of the composites is kept and/or enhanced.
 Both the spontaneous water absorption and the forced water
penetration are depressed due to the coupled changes of the
microstructure and surface property of WUHTCC matrix by
the sheet-like and hydrophobic NRS particles.
 The excellent waterproof property of WUHTCCs facilitates their
applications in construction, decoration and repair.
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