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Abstract: Tuning microstructures by adding nanoparticles is a promising way of improving the performance of cementitious
composites. In this study, nanoclay was introduced to polyvinyl alcohol (PVA) fiber reinforced ultra high toughness cementitious
composites (UHTCCs). The mechanical properties, crack patterns, water permeation resistance, and microstructures of UHTCCs
with different dosages of nanoclay were studied. The addition of a proper dosage of nanoclay shows few effects on the compres-
sive strength of UHTCCs, however, the compressive strength is decreased when an excessive amount of nanoclay is added. The
flexural deformation capacity of UHTCCs is independent of nanoclay dosage, whereas the flexural strength generally decreases
with an increasing dosage of nanoclay. Different cracking patterns were observed in the ultra high toughness cementitious com-
posites containing nanoclay (NC-UHTCC) specimens subject to bending tests. A UHTCC with 1% (in weight) nanoclay shows the
best water permeation resistance and the lowest water permeability. Variations in the mechanical properties and the water per-
meation resistance of UHTCCs containing different dosages of nanoclay could be ascribed to the synthetic effects of filling and
heterogeneous nucleation of nanoclay at low dosages and the agglomeration effect of nanoclay at high dosages. This study is to
optimize the water permeation resistance of UHTCCs, paving a path for the future application of UHTCCs in the fields of con-
struction, decoration, and repair.
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1 Introduction dant supply of raw materials, good workability, and

good durability. However, due to its quasi-brittle

Concrete is one of the most widely used materi-
als in civil engineering, due to its low cost, an abun-
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nature, concrete always possesses low tensile strength
and low tensile strain capacity, which leads to an ease
of crack formation under tension loading and thus
degradation of waterproofing performance. In order
to enhance the toughness and tensile strain capacity
and to control the cracking behavior of concrete,
many effective methods have been adopted, for in-
stance, adding carbon-nanotube shaped reinforcement
into concrete (Fan et al., 2019), or introducing various
fibers with a high elastic modulus and high strain
capacity into concrete (Li and Leung, 1992; Li and
Obla, 1994; Liand Xu, 2011; Lietal., 2016b; Yuet al.,
2018). In addition to the mechanical properties which
have been widely studied, there is also a need to study
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the waterproof performance of fiber reinforced con-
crete materials.

Clay is a type of mineral with a multilayer
structure with particle sizes ranging from nanoscale to
microscale. It has a large water absorption rate and a
large swelling rate after absorbing water (Nehdi,
2014). Clay is thus generally considered to be harmful
to concrete, as its large water absorption rate would
increase the water demand of fresh concrete and af-
fect the workability and strength of concrete (Norvell
et al., 2007). It is well known that nanoparticles can
modify the microstructure and induce unique per-
formance modifications of cementitious composites
(Sanchez and Sobolev, 2010; Norhasri et al., 2017).
The addition of nanoscale clay into cementitious
composites may also lead to some unique perfor-
mance modifications. Numerous studies have been
conducted to investigate the effects of nanoclay-based
additives on the rheological, mechanical, and transport
properties of cementitious materials (Chang et al.,
2007; Aly et al., 2011; Kafi et al., 2016; Papatzani,
2016; Yu et al., 2017), and many results have shown
the beneficial effects of nanoclay addition with ap-
propriate dosage on the performance of these materi-
als. Norhasri et al. (2016) reported that nano me-
takaolin, as a filler, densifies the microstructure of
ultra high performance concrete and leads to an en-
hancement of compressive strength. In a study con-
ducted by Kuo et al. (2011), it was reported that sur-
face-modified montmorillonite modifies the pore size
distributions of cement mortars, and significantly
improves the waterproof performance of cementitious
composites.

Adding nanoclay into fiber reinforced cementi-
tious composites (FRCC) is also found beneficial to
the performance enhancement. Hakamy et al. (2016)
reported a type of NaOH treated hemp fabric and
nanoclay reinforced cementitious nanocomposite
with good mechanical properties and durability.
Shoukry et al. (2013) reported a type of engineered
cementitious composite containing surface-modified
nanoclay, which has good waterproof capability. Wei
and Meyer (2014) found that replacing Portland ce-
ment with metakaolin and nanoclay leads to an in-
crease of flexural strength and an enhancement of
interfacial bonding between fibers and the cement
matrix of a sisal fiber-reinforced cement composite.
The focus of above studies was on the hybrid effects
of nano powders and fibers on the performance of

cementitious composites (Morsy et al., 2011). How-
ever, it still remains unclear how nanoclay modifies
the microstructure of the cementitious matrix of
FRCC, and how the nanoclay modified cementitious
matrix affects cracking behavior under loading and
waterproof performance under pressure. In order to
address the above issues, ultra high toughness ce-
mentitious composites (UHTCCs) containing differ-
ent dosages of nanoclay were designed and investi-
gated in this study. UHTCCs are a kind of strain
hardening and multiple cracking cementitious com-
posites reinforced with no more than a 2.5% volume
fraction of short random fibers, which are also known
as engineered cementitious composites (ECCs) or
strain hardening cement-based composites (SHCCs)
(Liu et al., 2012; Huang et al., 2019; Wang et al.,
2019). UHTCCs show strain hardening and multiple
cracking behaviors under loading. Comprehensive
experimental research and in-depth analysis were
conducted to study the mechanical properties, water-
proof performance, and cracking patterns of UHTCCs.
These research findings are expected to be used to
optimize the design of UHTCCs and to pave paths for
practical applications of UHTCCs.

2 Experimental
2.1 Materials and specimen preparation

The mix proportions of the ultra high toughness
cementitious composites containing nanoclay
(NC-UHTCCs) studied are shown in Table 1. In order
to prepare the UHTCC, 52.5R ordinary Portland ce-
ment conforming to Chinese standard GB175-2007
(AQSIQ, 2007) was used. The silica fume used was
Elkem 920U Microsilica®™. The fly ash used was class
F and grade I conforming to GB/T 1596-2005
(AQSIQ, 2005). Previous studies (Li et al., 2016a,
2016c¢) suggested that the addition of a high volume of
fillers could benefit the workability of fresh compo-
sites and improve the ductility and durability of
UHTCCs and bring a reduction of steady state crack
width after cracking. The silica sand (100—200 meshes)
was used as the fine aggregate. Polycarbonate type
superplasticizer (SP) was employed to adjust the
workability of the fresh UHTCC. The chopped poly-
vinyl alcohol (PVA) fibers (2% in volume) (K-II
REC15, Kuraray Co., Ltd., Japan) were added to im-
prove the ductility of cementitious composites.
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Table 1 Mix proportions of NC-UHTCCs (unit: kg/m®)

Mix ID Cement Fly ash Silica fume Silica sand Nanoclay Polycarbonate superplasticizer Polyvinyl alcohol fiber Water
NC-UHTCC-0 250 975 25 250 0 0.3125 26 407.5
NC-UHTCC-1 250 962.5 25 250 12.5 0.3125 26 407.5
NC-UHTCC-2 250 950 25 250 25 0.625 26 407.5
NC-UHTCC-3 250 925 25 250 50 1.25 26 407.5
NC-UHTCC-4 250 900 25 250 75 2.5 26 407.5

The PVA fiber has a nominal tensile strength of
1600 MPa, a diameter of 40 um, a length of 12 mm, a
density of 1.3 g/mL, Young’s modulus of 40 GPa, and
an elongation capacity of 6%. The main minerals of the
nanoclay (from Xingcheng City, Liaoning Province,
China) used are kaolinite (Al,05-2Si0,-2H,0), hal-
loysite (Aly(OH)4[Si,05]-#H,0), and montmorillo-
nite ((Al, Mg),(OH),[Si40;¢](Na, Ca),'nH,0). The
nanoclay used is comprised of thin flakes with a mean
diameter within 1 to 10 um and a mean thickness
lower than 10 nm (Fig. 1). As shown in Table 1, five
nanoclay dosages, namely 0%, 1%, 2%, 4%, and 6%
(in weight) of powdery materials corresponding to
mix NC-UHTCC-0 to NC-UHTCC-4, respectively,
were studied. In this study, nanoclay was added to
replace a small fraction of fly ash. This is because
when the dosage of fly ash is too high, a pozzolanic
reaction of part of the fly ash will not occur and this
part of the fly ash will only act as filler.

In order to prepare the UHTCCs, all required
powdery materials, weighed according to Table 1,
were first mixed in a planetary mixer (Hobart HL200,
USA) for 60 s to avoid the possible heterogeneity of
raw materials. The required amount of water was then
added into the mixer followed by 3 min of fast mixing
to obtain the cementitious slurry. The required amount
of PVA fibers were then gradually added into the
slurry followed with 3 min of further mixing. The
obtained fresh cementitious composites were then
cast into greased steel molds. After vibration and
surface finishing, the exposed surfaces of the fresh
specimens in the moulds were covered with polyeth-
ylene sheets to eliminate the rapid evaporation of
water within the specimens. After a 24-h curing at
(20+£5) °C in moulds, all the specimens were
demoulded and placed into a curing chamber for
standard curing up to 28 d (temperature (20+2) °C and
relative humidity >95%). Various specimens were
prepared for different tests. The prism specimens of
100 mmx100 mmx400 mm were prepared for a

Fig. 1 Scanning electron microscope (SEM) image of
nanoclay

four-point bending (FPB) test. The cubic specimens
with a side length of 70.7 mm were prepared for a
compression test. Conic specimens with a top side
diameter of 70 mm, a bottom side diameter of 80 mm,
and a height of 30 mm, were prepared for a water
permeability test. The tested specimens from the
compression and the FPB tests were crushed into
small pieces for pore structure and microstructure
observation.

2.2 Materials characterization tests

The compression test was performed according
to the Chinese standard JGJ/T70-2009 (MOC, 2009)
with a 250 kN Instron full-functional test machine at a
loading rate of 0.3 MPa/s. The FPB test was con-
ducted to assess the flexural properties of the
NC-UHTCC (Fig. 2a). A tailor-made steel frame with
linear variable differential transformers (LVDTs) was
set on the specimens to measure the mid-span de-
flection. The loading and support spans were set to
100 mm and 300 mm, respectively. During the test,
the loading rate was maintained at 0.2 mm/min, and
an integrated measurement and control system was
used to record the loading-deflection data. After the
test, a pure bending section of the specimen was se-
lected for crack analysis. The bottom surface of the
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NC-UHTCC specimens was photographed with a
high-resolution camera, and the cracking patterns
were then analyzed with the software Image J
(Schneider et al., 2012). The crack analysis proce-
dures are described in the following. First, the RGB
pictures obtained with the camera were transferred to
8-bit grey pictures (Fig. 3a). An Otsu threshold algo-
rithm (Wang et al., 2016) was then used to segment
cracks from the NC-UHTCC substrate (Fig. 3b).
Generally, the segmented cracks also include pores

Fig. 2 Setup of the FPB test (a) and the water permea-
bility test instrument (b)
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and cavities that cannot be filtered through the
threshold operation. To exclude these pores and cavi-
ties, circuits in the range of (0, 0.5) were used
(Fig. 3¢), which assure that the objects for imaging
analysis were cracks. The width of cracks could then
be measured by the gray level distribution method for
a line crossing the image at a certain height (Fig. 3d).
The geometric information for cracks, such as crack
width distribution, could also be obtained directly
from the analysis in Image J. It should be noted that
the width of cracks measured with the software was
significantly larger than the actual width value, since
the cracks were treated with a colored solution before
being photographed. The crack width comparison
among different NC-UHTCCs may be meaningful but
may become meaningless when compared with data
from other studies.

In order to evaluate the water permeation re-
sistance of the NC-UHTCCs, water permeability tests
were conducted according to the Chinese standard
JGJ/T70-2009. Conic specimens were first set into
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Fig. 3 Imaging analysis of the cracks in NC-UHTCC specimens subject to FPB tests
(a) Photo of a cracked NC-UHTCC specimen; (b) Image after threshold operation; (c) Exclusion of the pores from the objectives
by setting the circuity in the range of (0, 0.5); (d) Gray level distribution of a line crossing the cracks shown in the panel (b)
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steel cones (Fig. 2b). Both the bottom and top sides of
the specimen were left free, while the gap between the
steel cone and the side face of the specimen was
sealed with wax. This was to ensure water could not
penetrate through the gap between the steel cone and
the side face of the specimen. To perform the water
permeability test, a water pressure of 0.2 MPa was
applied slowly to equilibrium. After 2 h, the water
pressure was increased by 0.1 MPa increments each
time followed with an equilibrium time of 1 h. When
water leakage was found for three or more specimens,
testing ceased. The minimum water-leakage pressure
at which water leakage was found was recorded as P,
and the maximum survival pressure for water per-
meability was P=P—0.1. The water penetrating time
t, was equal numerically to 10 times the value of the
minimum water-leakage pressure.

A mercury intrusion porosimeter (MIP) (Auto-
pore IV 9510, Micromeritics Instrument Corporation,
Norcross, GA, USA) was employed to study the pore
structure of the NC-UHTCC. The minimum and
maximum intrusion pressures were set to 0.54 psi
(3.7 kPa) and 60000 psi (414 MPa), respectively, and
the equilibrium time for each applied pressure level
was set to 10 s. An FEI Quanta FEG650 field emis-
sion environmental scanning electronic microscopy
(ESEM, SU-8010, HITACHI, Japan) with an energy
dispersive spectrometer (EDS, X-max80, HITACHI,
Japan) was used to observe the morphology of the
NC-UHTCC. The samples for the ESEM-EDS anal-
ysis were prepared with pieces from the tested FPB
specimens. They were cut into an appropriate size
without surface polishing to preserve the original
topography of fracture surfaces. To avoid possible
damage to the microstructure under high accelerating
voltages and grainy images under low accelerating
voltages (Zeng and Li, 2015), an accelerating voltage
of 10-20 kV was applied. The spot was set to 3 and
the working distance was set to 15-35 mm.

3 Results and discussion
3.1 Mechanical properties

Fig. 4 shows the compressive strengths of the
28-d measured NC-UHTCCs with various dosages of

nanoclay. Each group of data in Fig. 4 is the average
of three specimens. As can be seen, the UHTCC
without nanoclay has a compressive strength of ap-
proximately 20 MPa, lower than that of normal con-
crete with a similar w/b ratio (water to binder ratio).
This is because a high volume of fillers with a rela-
tively low mechanical properties contribution was
included in the UHTCC, leading to a decrease in
compressive strength (Li and Xu, 2011). When a low
dosage of nanoclay, for example 1%, was added, the
compressive strength of the UHTCC showed almost
no change. However, the compressive strength of
the UHTCC decreased when more nanoclay was
added.

Figs. 5a—5e show the flexural stress versus
mid-span deflection curves of NC-UHTCC-0 to -4,
respectively. Fig. 5f takes the median value of the
flexural stress versus mid-span deflection curves of
each specimen for comparison. Flexural strengths of
all NC-UHTCC specimens are shown in Fig. 5g.
Strain hardening behavior can be clearly observed for
all specimens, indicating that nanoclay addition does
not reduce the toughness of UHTCCs. The maximum
mid-span deflections of all specimens are almost the
same, approximately 5 mm. However, the flexural
strength of NC-UHTCCs generally decreased with
increasing nanoclay dosage (Figs. 5f and 5g). One
possible reason is the agglomeration of nanoclay
flakes (Zeng et al., 2012), which yields numerous
flaws in the cementitious matrix and tends to weaken
the microstructure of UHTCCs (Bastos et al., 2016;
Calabria-Holley et al., 2017; Jin et al., 2017).
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3.2 Cracking patterns

Fig. 6 shows the images, crack patterns, and
crack width distributions of NC-UHTCC specimens
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Fig. 5 Flexural stress versus mid-point deflection plots
and flexural strengths of NC-UHTCCs

(a) NC-UHTCC-0; (b) NC-UHTCC-1; (c) NC-UHTCC-2;
(d) NC-UHTCC-3; () NC-UHTCC-4; (f) Comparison of the
stress-deflection plots of all NC-UHTCC specimens; (g)
Flexural strengths of all NC-UHTCC specimens
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after FPB tests. It can be clearly seen that all
the specimens show two types of cracks: main tor-
tuous cracks and crowded cracks. The geometric
characteristics of cracks were evaluated via image
analysis.

Figs. 6f—6j show the patterns of crowded cracks
in areas of concern. It can be seen that a clump of
micro cracks generated from the bottom to the upside,
forming crack bushes. The densities of cracks formed
in the NC-UHTCC
nanoclay dosage from 0% to 4% but decreased when

increased with increasing
6% nanoclay was added. This can also be shown with
the numbers of cracks at the middle height of the
specimens (A=50 mm) (Table 2). The statistic widths
of the crowded cracks in the bushes were in a range
from 0.2 to 3 mm. The median widths of the crowded
cracks were approximately 0.42 mm for NC-
UHTCC-0, 0.35 mm for NC-UHTCC-1, -2, and -3,
and 0.81 mm for NC-UHTCC-4 (Table 2).

The patterns of macro cracks are shown in Fig. 7.
For samples NC-UHTCC-0 to -3 (Figs. 7a—7d), a
single large crack (one coarse cracking tree for each
specimen) can be found at the middle spans of the
specimens; while for sample NC-UHTCC-4 (Fig. 7e),
a cracking grove can be found in the middle area of
the specimen. The cracks in the grove are thicker than
those in the bushes (micro cracks) but thinner than
those in the tree (coarse cracks). The obtained flex-
ural behaviors and crack patterns of the
NC-UHTCCs can be partly attributed to the interac-
tions among the matrix, fibers, and fiber/matrix in-
terfaces. Generally, the strain hardening feature of
fiber-reinforced cementitious composites comes
from the delicate balance of material parameters and
their interactions (Li and Leung, 1992). The fibers
can sustain the total load and transfer the load back to
the matrix through interfacial shear, and cracks gen-
erate and grow in the matrix. In this way, the crowded
cracks are most likely to generate in the middle span
of the NC-UHTCC flexural specimens. The nanoclay
addition does not seem to change the delicate balance
of material parameters and their interactions, and so
multiple cracking and strain hardening behaviors
took place for all NC-UHTCC specimens under
loading (Figs. 5 and 6). However, if the matrix is too
weak, a bundle of large cracks penetrating through
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the width are more likely to form. This is why rela-
tively less crowded cracks, but more coarse cracks,
are observed in the NC-UHTCC-4 specimen after the
FPB test.

Table 2 The number and median width of the crowded
cracks at /=50 mm for all NC-UHTCCs

Mix ID Number of Median width
cracks (mm)
NC-UHTCC-0 33 0.420+0.030
NC-UHTCC-1 61 0.374+0.043
NC-UHTCC-2 84 0.34240.052 Fig. 7 Macro cracks in different specimens
(a) NC-UNTCC-0; (b) NC-UHTCC-1; (c) NCUHTCC-2; (d)
NC-UHTCC-3 91 0.369+0.046

NC-UHTCC-3; (e) NC-UHTCC-4. Here the vertical dashed
NC-UHTCC-4 43 0.808+0.097 lines represent the middle lines of NC-UHTCC specimens

Fig. 6 Micro cracks and the results of imaging analysis
(a)—(e) Original pictures of specimens NC-UHTCC-O0, -1, -2, -3, and -4 after FPB tests; (f)—(j) Figures of the areas with crowded
cracks after imaging analysis of specimens NC-UHTCC-O, -1, -2, -3, and -4
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3.3 Water permeability

Fig. 8 shows the water permeability test results
of NC-UHTCC with different dosages of nanoclay.
For NC-UHTCC-0, the maximum survival pressure
P and the time ¢, needed to penetrate through the
specimen with a thickness of 30 mm are 0.8 MPa and
9 h, respectively. When 1% nanoclay was added, both
P and t, increased significantly, reaching 1.8 MPa
and 19 h, by 125% and 111.1%, respectively. This can
be attributed to the densification of the microstructure
as a result of the filling and of the heterogeneous
nucleation effects of nanoclay flakes (Chang et al.,
2007; Kafi et al., 2016). It is well known that the
solidification process of UHTCCs is a complicated
physicochemical process, which includes the process
of nucleation and the growth of hydrated products.
During this process, the heterogeneous phases, like
nanoclay, can provide nuclei sites and effectively
reduce the interface energy barrier for the growth of
hydration products. The hydration products hence
form more easily on the surface of heterogeneous
phases. Moreover, the tortuous path model—due to
the flaky particles—also contributes to an increase in
water permeation resistance (Nielsen, 1967; Tan and
Thomas, 2016). However, when more nanoclay was
added, for example 2%—6%, the P and ¢#, of the
NC-UHTCC decreased. For instance, compared with
NC-UHTCC-0, the P and £, of NC-UHTCC-4 de-
creased to 0.2 MPa and 3 h, by 75% and 66.7%, re-
spectively (Fig. 8). This indicates that the addition of
a large amount of nanoclay degrades the water per-
meation resistance of NC-UHTCC, as a result of the
agglomerations of nanoclay which is a common
phenomenon in nano-sized materials. This is because
nanoparticles are usually in a thermodynamically
unstable state and easily agglomerate due to their
relatively large surface energy. The results suggest
that an appropriate dosage of nanoclay addition is
beneficial to the waterproof performance of UHTCCs,
but the agglomeration of nanoclay is detrimental to
the waterproof performance of UHTCCs.

3.4 Morphology and microstructure

The ESEM images of the fracture surfaces of
NC-UHTCC specimens are given in Fig. 9, showing
the microstructure and morphology of the specimens.
It can be seen that NC-UHTCC-O0, -1, and -2 have a
relatively dense microstructure, whereas NC-UHTCC

-3 and -4 possess a porous microstructure. These
observations are consistent with the change trends of
compressive strength of UHTCCs, that is to say, low
dosages of nanoclay addition show no effect on
compressive strength, but further nanoclay addition
leads to a decrease in compressive strength (Fig. 4).
The particularly dense microstructure of NC-
UHTCC-1 also accounts for its particularly high
water permeation resistance (Fig. 8).

Massive amorphous xCaO-SiO,-yH,O (CSH)
gels can be observed around the spherical fillers (the
large spherical fillers are fly ash and the tiny ones are
silica fume). Calcium hydroxide crystals with plate-
like structures were rarely observed due to the poz-
zolanic reactions of fly ash and silica fume. It is very
difficult to identify the nanoclay from the UHTCC
matrix, even at a dosage of 6% (Figs. 9b—9e). This can
be ascribed to the high specific surface area and the
hydrophilic nature of nanoclay that facilitate the nu-
cleation of CSH. This statement can be validated by
the ESEM-EDS results of NC-UHTCC-2 (Figs. 9¢
and 9f), where a nanoclay flake is covered with
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massive needle-like CSH gels. As monodispersed
nanoclay flakes submerge in the nanoclay-CSH gel
composites, they are thus difficult to observe directly.
However, the agglomerations of nanoclay embedded
in the UHTCC matrix can still be observed in the
image with large magnification, as shown in Fig. 9e.
The agglomerations of nano particles are caused by
high superficial charges and van der Waals forces,
which makes it difficult for the nano additives to be
uniformly dispersed into the cementitious matrix
without a dispersing agent. Studies indicate that the
viscosity of natural nanoclay in an alkaline solution
with a pH approximately 13 (the typical pH values of
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cement slurry) is much higher than that of modified
ones at relatively low shear rates. High viscosity leads
to strong interactions between the particles and makes
particles able to sustain great shear forces (Salmas
and Androutsopoulos, 2001). If no extra forces break
the strong interactions, nanoclay particles agglomer-
ate together and form clusters of nano particles in the
cementitious matrix (Kafi et al., 2016; Papatzani,
2016), as shown in Fig. 9e. The agglomerations can
be enhanced for their high aspect ratios (Bastos et al.,
2016). The formed nano particle clusters act as flaws
in the cementitious matrix, decreasing the strength
and waterproof performance of the NC-UHTCC.
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Fig. 9 ESEM-EDS results of NC-UHTCC
(a)—(e) SEM images of NC-UHTCC-0, -1, -2, -3, and -4 (the subfigures of (c) and (e) are specially investigated to illustrate the
dispersion patterns); (f) and (g) EDS results of nanoclay for NC-UHTCC-2 and NC-UHTCC-4
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3.5 Pore structure and its characteristics

An MIP test is always conducted to obtain in-
formation for porous materials, such as skeletal den-
sity, porosity, specific surface area, threshold pore
diameter, pore size distribution (PSD), and fractal
dimension (Leon y Leon, 1998). In order to evaluate
the PSD of an NC-UHTCC, an MIP test was con-
ducted. The contact angle between mercury and the
pore surface, and the surface tension between vapor
and liquid mercury were set to 130° and 485 N/m,
respectively. According to the Washburn equation and
the assumption of cylindrical pores, the minimum and
maximum pore sizes corresponding to the maximum
and minimum applied pressures are approximately
3 nm and approximately 300 um, respectively. Fig. 10
shows the accumulative and differential PSD of the
NC-UHTCC specimens. During the MIP test, mer-
cury first penetrated through the spaces with rela-
tively large size, which can be open pores, voids,
cracks, or cavities. This generated the first peak of the
differential PSD curves at approximately 100 um.
With the increase of applied pressure, large amounts
of mercury invaded into the meso and micro spaces
with a size of <1 um, which could be small capillaries,
gel pores, or confined spaces between hydrates and
nanoclay. These contribute to the multi-peaks of dif-

ferential PSD curves at the nanometer scale (Fig. 10b).

It can be clearly seen that the PSD curves of all the
UHTCC specimens show a similar pattern (Fig. 10a),
which reveals that nanoclay addition did not essen-
tially change the overall pore structures of the
UHTCCs. The characteristic pore parameters of the
NC-UHTCC extracted from the MIP tests are sum-
marized in Table 3. The average skeletal density of
the NC-UHTCCs was approximately 2.3 g/mL, lower
than that of the CSH globules (approximately
2.6 g/mL) measured by neutron and X-ray scattering
techniques (Allen et al., 2007). This can be attributed
to the limited measurement scales of the MIP tech-
nique (>3 nm) and the differences in the components
of hydrates between the NC-UHTCC and pure CSH.
According to Table 3, approximately one third of the
volume of the NC-UHTCC is pores. However, the
specific pore area and threshold pore size of
NC-UHTCCs vary from each other. NC-UHTCC-1
had the largest specific pore area and the lowest
threshold pore size due to the densest microstructure
as shown in Figs. 9 and 10. The threshold pore size is
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Fig. 10 Cumulative (a) and differential (b) pore size dis-
tributions of NC-UHTCCs from the intrusion phase of the
MIP test

Table 3 Pore characteristics of NC-UHTCC

Skeletal . Pore  Threshold
. . Porosity .
Specimen density %) area  pore size
()
(g/mL) (m*/g) (nm)
NC-UHTCC-0 2.31 32.96 33.55 350.49
NC-UHTCC-1 2.32 31.75 36.14 183.13
NC-UHTCC-2 2.29 32.09 32.89 350.06
NC-UHTCC-3 2.31 32.72 29.69 350.56
NC-UHTCC-4 2.31 31.75 30.28 350.06

strongly relevant to the hydraulic permeability of the
porous medium. No clear relationships between the
characteristic pore parameters and the dosage of
nanoclay can be found. It should be noted that the
characteristic pore parameters of an NC-UHTCC may
be biased by the simple assumption of cylindrical
pores, as the microstructure of cementitious compo-
sites are rather complicated (Leon y Leon, 1998). In
order to wunderstand the complexity of the
NC-UHTCC matrix, the fractal properties of the
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NC-UHTCC were assessed. Fractal structure is the
degree of occupancy of a pattern of self-similarity
over a range of length scales, and this structure can be
characterized by a non-integer value, named fractal
dimension D (Mandelbrot, 1983). Fractal structure
can influence the heterogeneous nucleation on the
surfaces (Yan et al., 2016). An energy-based method
was employed to evaluate the fractal dimensions
based on the mercury intrusion data (Zhang and Li,
1995). In this model, a logarithm proportionality
between the accumulated intrusion work W, (J) and
the accumulated mercury intrusion surface Q, (J) was
proposed, and the equation is given as follows:

In(W,)=C+In(Q,), (1

where C is a constant and the subscript # stands for a
certain intrusion step. According to the equation
W,=> " PV, and Q, =r>"V/"”  where P; (Pa) is
the pressure, ¥; (m’) is the volume of mercury in-
truded into the porous media, D is the surface fractal
dimension of the pore surface, and 7, (m) is the pore
radius. If the accumulated mercury intrusion volume
V,, and the corresponding smallest radius 7, are known,
the intrusion work W, and intrusion surface Q, can be
obtained. Then, according to the following equation,

1/3
1{%}:&1)1{’2 ] ©)

the fractal dimension D can be obtained by plotting

In(W, / ’) against In(V"* / r,), as shown in Fig. 11a.

Macro and micro fractal regions from the MIP data of
cementitious materials can be observed (Chen et al.,
2014; Li et al., 2014; Tang et al., 2017). The macro
fractal region results from the special packings of
clinkers, fillers, and aggregates, and the micro fractal
region comes from the complicated natures of hy-
drates and fine admixtures. A transition zone that does
not follow a fractal nature bridges the micro and
macro fractal regions. Fig. 11b shows the fractal di-
mensions of the NC-UHTCC, which are in the range
of 2.63 to 2.71. The obtained fractal dimensions ap-
proach the fractal values of ideal CSH globules ac-
cording to the Jennings’ CM model (D=2.67)
(Jennings, 2008), although both the chemical element
ratios and mineralogical components of the
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NC-UHTCC containing a high volume fraction of
pozzolanic fillers are significantly different with the
ideal CSH globules.
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Fig. 11 Schematic illustration of the determination of the
fractal dimension by the intrusion phase of the MIP test

(a) and calculated fractal dimension based on the meas-
ured data (b)

3.6 Further discussion

In the above sections, except for the water per-
meation resistance of the NC-UHTCC that showed a
significant fluctuation against the dosage of nanoclay,
the strength, cracking pattern, and pore structure of
the NC-UHTCCs obeyed the general rules of com-
posites. For UHTCCs without nanoclay, there are
voids among the particles of powdery materials
(Fig. 12a). With appropriate mixing and dosage of
nanoclay, both the filling and the heterogeneous nu-
cleation effects of nanoclay densify the structure of
cementitious matrix significantly, as shown in
Figs. 10b and 12b and the threshold pore size in Ta-
ble 3. Increasing the dosage of nanoclay makes the
structure of cementitious matrix less dense and
changes the pattern of main cracks in specimens
subject to FPB tests, as a result of the agglomeration
of nanoclay which increases the number of harmful
large pores (Figs. 10b and 12¢). While the effects of
nanoclay addition on the mechanical properties and
microstructure of NC-UHTCCs have been qualita-
tively understood, it is still unclear how the pore
structures of NC-UHTCCs affect their water perme-
ation resistance. As shown in Fig. 12d, the permeation
of fluids through a cylindrical capillary and a slit
cavity with the same width sees different resistance as
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a result of the differences in constriction. The spaces
between nanoclay flakes would hence alter the
transport properties of an NC-UHTCC. In this study,
the hydraulic permeability of an NC-UHTCC was
estimated, which was helpful in explaining the ob-
served water permeation resistance (Fig. 8). Gener-
ally speaking, the hydraulic permeability of a porous
medium is dependent on the pore structure of the
porous medium. Further, the relation between the
hydraulic permeability K (mz) and the threshold pore
diameter d. (x107° m) can be described by the Katz—
Thompson equation (Katz and Thompson, 1986), i.e.

_Fd;
226°

)

where F is the permeability formation factor repre-
senting the connectivity of complex pore space. The
fundamental characteristics length d. can be directly
obtained from the MIP results. The formation factor
can be determined by

T

F=1, 4
p 4

where ¢ is the porosity and 7 is the tortuosity of po-
rous materials that is defined as the distance of con-
tinuous path between two points in the pore structure
divided by their straight-line length. The tortuosity is
a fundamental property for mass transfer through both
the diffusion and permeation processes, as this value
reflects the difficulties of mass transport in the

No nanoclay

Small volume of nanoclay

Hydrate Silica

fume

(a) (b)

Nanoclay

connected pore structure (Vervoort and Cattle, 2003).
Generally speaking, it is difficult to determine the
value of tortuosity directly, as the real microstructure
of a material and the transport paths of a fluid are
unknown. Researchers often use models to evaluate
the tortuosity of porous materials (Vervoort and Cattle,
2003; Amiri et al., 2005). An empirical model, as
shown below, was employed in the present study to
estimate the tortuosity (Salmas and Androutsopoulos,
2001):

r:Aln( B —IJ—E, %)
l-a

€

where 4, B, and E are constants (4=4.6242, B=4.9960,
and £=5.8032), while o is the pore entrapment which
can be directly determined from the intrusion and
extrusion curves (Fig. 13a). Fig. 13b shows the tor-
tuosity of NC-UHTCC calculated by Eq. (5). It can be
found that the tortuosity of the NC-UHTCC ranges
from 4.46 to 5.00 and is independent of the nanoclay
dosages. The hydraulic permeability of the NC-
UHTCC was calculated by Egs. (3)—(5) and is shown
in Fig. 14a. It can be seen that the permeability of
NC-UHTCC-1 (approximately 2.3x107"° m?) is sig-
nificantly lower than those (7.4x10™" to 8.3x10™"> m?)
of the other samples, due to the smallest threshold
pore size (183.13 nm) and the smallest porosity
(31.75%) of NC-UHTCC-1 (Table 3). In addition, the
monodispersed nanoclay flakes make the penetration
path of water molecules through the UHTCC tortuous
and increase the penetration distance of water

High volume of nanoclay

Cement

: ‘/ clinker
A\l Y

slit

Cylindral pore

(c) (d)

Fig. 12 Effects of nanoclay on the pore structure and water permeability of NC-UHTCCs
(a) UHTCC without nanoclay showing relatively high dense packed microstructure; (b) UHTCC with a low volume of nanoclay
showing denser microstructure; (c¢) UHTCC with a high dosage of nanoclay having porous microstructure; (d) Schematic illus-
tration of water permeability trough slits and cylindrical pores. Here fibers were not demonstrated in this schematic diagram
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molecules, thus leading to a low permeability (Tan
and Thomas, 2016). The plot of permeability against
penetration time is shown in Fig. 14b. We see that the
permeability is proportionally inverse to the penetra-
tion time. The lower the permeability, the longer the
penetration time. It should be noted that the estimated
permeability of the NC-UHTCC is a somewhat rough
estimate. This is because the Katz-Thompson model
oversimplifies the permeation processes. There is a
need for more research to improve the material
properties of nanoclay modified cementitious com-
posites in the future.
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Fig. 13 Schematic illustration of the entrapment of
mercury by MIP (a) and calculated tortuosity based on
the entrapment fraction (1 psi=6.895 kPa) (b)
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Fig. 14 Hydraulic permeability of NC-UHTCCs pre-

dicted from the entrapment data (a) and relationship
between hydraulic permeability and penetration time (b)

4 Conclusions

In this study, UHTCCs containing different
dosages of nanoclay were prepared and investigated.
The mechanical properties, cracking patterns, water
permeation resistance, and microstructures of
UHTCCs were evaluated by conducting compression
tests, FPB tests, water permeability tests, MIP tests,
and SEM observations, and the findings are discussed.
According to the results, the following points can be
highlighted:

1. Addition of 1% nanoclay shows few effects to
the compressive strength of UHTCCs, while a further
increase of nanoclay dosage results in a continuous
decrease of compressive strength. The flexural
strength of NC-UHTCCs decreases from approxi-
mately 10 MPa to approximately 6 MPa with the
dosage of nanoclay increasing from 0% to 6%. The
maximum mid-span deflections of all UHTCC were
almost the same, approximately 5 mm, indicating that
the introduction of a proper dosage of nanoclay would
not degrade the flexural deformation capacity of
UHTCCs.

2. Compared with other samples, a UHTCC
containing 1% nanoclay has the smallest porosity of
31.75% and a threshold pore size of 183.13 nm, but
the highest survival pressure Ps of 1.8 MPa and the
largest penetration time #, of 19 h. The excellent water
permeation resistance of a UHTCC containing 1%
nanoclay can be attributed to the refined microstruc-
ture due to the filling and heterogeneous nuclei effects
of nanoclay and the tortuous penetration path of water
molecules caused by the monodispersed nanoclay
flakes. However, excessive nanoclay (>2%) addition
would induce the agglomeration of nanoclay and the
formation of nanoclay clusters which act as flaws in
the cementitious matrix, leading to a decrease in the
water permeation resistance of UHTCCs.
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FAHRE

A B JORERM LN ERPMEKEES S ENS E R
F1EERE MR

1. B A INg K ks DO E oK e E
EHE (UHTCC) MIOREEt, Mt m s
HRE. 2. BRI ARG ZRS X6 UHTCC
KA1 RE . HEUES . LGN, FLER KBS
PERISZ B, JRE RIS,

D LA EHGCKERE RS R, ERH BT
JESRERIRTEE T, B B e UHTCC MIPtis MR,

B #:

2 B AT FLEE M . R 2 S SR R R
RELE, kLB EN UHTCC i /1232 M fe Kbt
BHERE R A
F ok GAFIRAERE. V0SS, Pzt
JEFRARIS A AR O, RS M KRl
T HEX UHTCC Mk, Sahttae. fL4
R PUB RS, JF 22 A hTs s iR T
HLEE,
L WIRESECA 1%90K 908 X% UHTCC
PSR LA s Iz E, MG
P B B K B A T S 3 I T i BRI 44N
KYCRE A IR 0% N E] 6%, 25 il 5 &
MZ] 10 MPa P& EI%) 6 MPa, 1B UHTCC )
KB PR EREAME, 408 5 mm, UiBENY
B AR IRS LA BEE UHTCC 1% AR e
A8 7. 2. N T 1%40K ks 1) UHTCC FIFLBR
i/ CN31.75%), BIEFLAEN 183.13nm, T
BESEK Ch1.8MPa), HBENEIREK Ch
19h); HARFHBUSTERE AT AT 9Kl 1
R R . 3. 40k B I I Ak gkt 4
K TBE AT, WK T2
KEEHE, HEITERIKRER LT 2%) S3HG
KIHE, KBS, B Prsae.
#e3: GURAh L BEN: LA KIBEE SR
N AZTFAL



