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ARTICLE INFO ABSTRACT

Keywords: Ultra-high-performance concrete (UHPC) is an emerging overlay material for the bridge deck rehabilitation. As a
ultra-high-performance concrete (UHPC) durable material, UHPC overlay can effectively extend the service life of the bridge. In this study, the highly
overlay thixotropic UHPC overlay was designed and developed to facilitate sloped overlay construction with minimum
glai::t—r;;d nanoclay formworks. A new type of water-based and well-dispersed nanoclay suspension was utilized to enhance the

thixotropy. Two indices, including initial fluctuation of yield stress (zg,c) and thixotropy index (I), were pro-
posed to evaluate the thixotropy of fresh UHPC. It was found that, as nanoclay contents increased from 0 to 0.20
% (by mass of binders), the initial fluctuation of yield stress (zp,.) increased from 392.7 Pa to 3290.1 Pa and the
thixotropy index (I4) increased from 9.7 Pa/min to 16.4 Pa/min, representing the significant enhancement on
thixotropy. The highly thixotropic UHPC overlay showed good shape stability after the placement, but showing
plenty of defects on the interface. It was shown that the bond strengths between thixotropic UHPC overlay and
substrate are reduced by over 30 %. To address this issue, the application of proper vibration index on highly
thixotropic UHPC overlay was investigated. Results showed that the bond strength between thixotropic UHPC
overlay and substrate was increased by 45 % after the optimal vibration index. The SEM observation of the
interface confirmed the increased air voids for highly thixotropic UHPC overlay and the reduced air voids after

Vibration index
Bond strength

optimal vibration index. This study will promote the acceptance of highly thixotropic UHPC as an overlay.

1. Introduction

Ultra-high-performance concrete (UHPC) is an advanced class of
cementitious composites that features superior mechanical perfor-
mances, self-consolidating property, and excellent durability due to the
extremely low water-to-binder ratio (w/b < 0.25) and high packing
density [1-7]. UHPC has been widely used in highway bridge con-
struction for precast girders and piles [8-11], cast-in-situ connections
and joints [12-15], jackets for columns [16], and bridge deck overlays
[17-22]. As an overlay material, UHPC provides better structural
strength [23], abrasion resistance [24], bonding performance [25,26],
and protection from chloride intrusion [27] compared with other types
of overlay materials [28-30]. In addition, compared to conventional
concrete, the dead load of UHPC overlay is significantly lower due to
reduced thickness [17,31]. However, in order to effectively drain away
the external water (e.g., raining or snowing), the bridge deck overlay is a
type of sloped structure and the slope is usually ranged from 2 % to 5 %,
even up to 15 % in some extreme cases. When the typical UHPC with
highly flowable and low thixotropy are applied as overlay materials
[19], UHPC can flow freely under gravity effect and be hard to stay still
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on the sloped structures. Therefore, a large amount of formworks is
needed to shape the fresh UHPC on the sloped structure after the casting
and placement, which increases the construction cost and prolongs the
construction time [32].

Currently, the development of new types of UHPC with high thix-
otropy is a promising approach to enhance the shape stability of fresh
UHPC on sloped structures, thus reducing the use of formworks for
bridge deck overlay constructions [17,19,33]. Highly thixotropic fluid
behaves as solid under static conditions and flows under agitation or
vibration [34]. Even if the flowable status is needed in some cases, the
proper external interventions (e.g., vibration and shearing) can be
applied to transfer the stable fresh UHPC to flowable status [17]. In
addition to addressing the sloped casting issues, the development of
highly thixotropic UHPC is also vital for 3D printing [35-37], aggregate
settlement [38], and fiber distribution [39,40].

The thixotropic property of cement-based materials can be effec-
tively enhanced by adding viscosity-modifying agent (VMA) [41-43].
According to the chemical compositions, VMA can be divided into
organic type and inorganic type [42]. The organic VMAs include diutan
gum and welan gum [44,45]. The organic VMAs are mainly composed
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Table 1

Chemical and physical properties of raw materials.
Components Type I cement Slag Nanoclay River sand
Si0 (%) 22.44 36.21 55.20 80.30
Al,03 (%) 2.76 11.10 12.20 10.50
Fe;03 (%) 2.24 0.76 4.05 3.43
CaO (%) 68.05 43.75 1.98 1.72
MgO (%) 0.91 5.09 8.56 1.70
SO3 (%) 2.25 2.21 - 1.07
Nay0 (%) 0.19 0.23 0.53 -
K20 (%) 0.11 0.40 0.68 -
TiO2 (%) 0.14 0.58 0.49 -
P505 (%) 0.09 0.02 0.65 -
C3S (%) 62.35 - - -
CsS (%) 20.28 - - -
C3A (%) 1.42 - - -
C4AF (%) 5.83 - - -
Loss of ignition (%) 1.28 0.72 15.66 1.28
Specific gravity (g/cm?) 3.15 2.9 1.14 2.65

with polymer coils, which can interpenetrate and entangle to form
networks with attractive interactions to increase the thixotropy [45].
For example, Ma et al. [45] investigated the effect of diutan gum on
thixotropy of cement pastes with a w/b of 0.34. The results showed that
as diutan gum content increased from 0 to 2.5 %, the thixotropy index (i.
e., growth rate of static yield stress) was increased by 650 %. Teng et al.
[44] studied the effect of welan gum on thixotropy of UHPC mortars
with a w/b of 0.2. The results showed that as welan gum content
increased from 0 to 0.09 %, the thixotropy index (i.e., growth rate of
static yield stress in rest time over 30 min) was increased by 240 %, and
the initial increase of the yield stress (i.e., difference between the initial
static yield stress and dynamic yield stress) was increased by 135 %. On
the other hand, the inorganic VMAs include bentonite and nano-
materials (e.g., nanosilica, nano-CaCOs, and nanoclay) [46-50]. Spe-
cifically, bentonite is a yellow-white flake clay with montmorillonite as
the primary component, with minor presence of quartz and calcium
carbonate. Due to the strong water swelling and PCE adsorption effect,
the addition of bentonite can efficiently increase the thixotropy of
UHPC. Li et al. [46] revealed that, as the bentonite content increased
from O to 12.5 %, the thixotropy index (i.e., thixotropic area method)
was increased by 30 %. In addition, nanomaterials can fill the gaps be-
tween cement particles and increase physical contact points (known as
the physical packing effect), which in turn to increase the thixotropy
[51]. Besides, the use of nanoparticles can promote the hydration re-
action and improve thixotropy due to the seeding effect [44]. For
instance, Yuan et al [52] studied the effect of nanosilica on thixotropy of
cement pastes with a w/b of 0.3. The results showed that as nanosilica
content increased from O to 2 %, the thixotropy (i.e., breakdown area)
was increased by 60 %. Qian and Kawashima [53] studied the effect of
dry nanoclay powders on thixotropy of cement pastes with a w/b of
0.36. The results showed that as the nanoclay content increased from
0 to 0.5 %, the thixotropy (i.e., growth rate of static yield stress) was
increased by 190 %. In summary, the addition of VMA can effectively
enhance the thixotropy of UHPC and the thixotropy regulation of UHPC
mixture is of great importance for its promotions.

However, nanoclay is a more attractive candidate for UHPC overlay
applications due to the following reasons: (1) Nanoclay has an imme-
diate stiffening effect on fresh UHPC which instantly increases the static
yield stress due to the particles flocculation effect [54]. (2) Nanoclay has
good compatibility with polycarboxylate ether (PCE) type super-
plasticizer [49] because it only absorbs a small amount of HRWR, so that
HRWR has negligible impact on the thixotropy of UHPC containing
nanoclay. (3) Adding nanoclay efficiently promotes the hydration of
cement-based materials, leading to a higher proportion of irreversible
structure build-up, which benefits the shape stability of UHPC [45].

The most commonly used nanoclay is a type of needle-like dry
powder, which is approximately 1.75 pm in length and 30 nm in
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diameter [47,49,51,53,55]. In this case, some special pretreatments (e.
g., ultra-sonification technology and surfactant technology) are highly
required to ensure the uniform dispersion of nanoclay before the UHPC
mixing process. Otherwise, the poor dispersion of nanocaly can under-
mine the key properties of UHPC instead. [56]. For instance, Gdoutos
et al. [57] proposed an ultra-sonification technology to undermine
agglomeration and facilitate the uniform dispersion of nanomaterials in
aqueous media. Peyvandi et al. [58] claimed surfactants converted hy-
drophobic surfaces of carbon nanomaterials into hydrophilic surfaces for
better dispersion. However, these advanced technologies are not prac-
tical for the large-scale production on job sites, which limited the pro-
motion of nanomaterials for cast-in-place infrastructure. In this
research, a new type of water-based nanoclay suspension is utilized to
enhance thixotropy of UHPC for the first time. It is still unknown
whether this new type of nanoclay suspension can efficiently work in
fresh UHPC and how this nanoclay suspension affect the key properties
of UHPC?

Apart from the first applications of water-based nanoclay suspension
in UHPC system, another concern is the negative effect of high thixot-
ropy on the bond behaviors between newly-cast overlay and old sub-
strate concrete. For example, Federal Highway Administration (FHWA)
successfully applied a type of thixotropic UHPC mixture for bridge deck
overlays [17,19], however, the direct bond strength of thixotropic UHPC
overlay was decreased by more than 10 % at 14 days compared to that of
non-thixotropic UHPC overlay [19]. Due to heavy traffic loadings, the
interface between overlay and substrate is subjected to high and repet-
itive shear and flexural stress [59-61]. The reduction of bond strength,
especially at early ages, may undermine the durability and shorten the
service life of the structure [62-64]. It is urgent to reveal the underlying
mechanisms that leads to the reduction of bond strength between
overlay and substrate. Moreover, it is also necessary to provide the
corresponding methods to improve bond strength when using UHPC
with high thixotropy for bridge deck overlay construction [17,65].

In summary, some challenges concerning real-life constructions
should be identified: (1) how does the thixotropic properties of UHPC
overlay affect the bond strength of the interface? (2) how does the
thixotropic UHPC overlay interact with roughened surface of the sub-
strate concrete? (3) How to address the potential issues that the bond
strength of interface is reduced due to the application of the highly
thixotropic UHPC overlay?

To address the above-mentioned challenges, a new type of water-
based and well-dispersed attapulgite nanoclay suspension is utilized to
enhance the thixotropy of UHPC mixtures. This research has the
following main objectives: (1) to study the effect and elaborate the
mechanisms of water-based nanoclay suspension on the thixotropic
properties of UHPC; (2) to investigate the effect and elaborate the
mechanism of water-based nanoclay on other key properties of UHPC,
including workability, buildability, mechanical strength, and autoge-
nous shrinakge; (3) to understand the effect of thixotropic properties of
UHPC on the interfacial properties; (5) to explore the effect of vibration
index on the interfacial properties. This research can advance the
fundamental knowledge of UHPC and facilitates the further application
of UHPC as overlay for sloped structures.

2. Materials and mixing procedures
2.1. Raw materials

Type I Portland cement and slag are from a local supplier in New
Jersey, U.S., which were employed as binder materials. The water-based
nanoclay suspension with a solid mass content of 19.5 %, a specific
gravity of 1.14, and the pH value of 8.5 was used to adjust the thixo-
tropic properties of UHPC. The river sand was the fine aggregate. The
chemical compositions and physical characteristics of those raw mate-
rials are listed in Table 1.

In addition, the particle size distribution curves of the Type I cement,
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Fig. 1. Particle size distribution of raw materials.
Table 2
Mixture design of all investigated concretes (kg/m®).
Mixtures Code Cement Slag RS HRWR Water SF NC
UHPC UHPC-Ref 459.0 633.9 965.4 11.0 244.2 156.0 0
UHPC-0.05 % 459.0 633.9 965.4 11.0 241.9 156.0 2.8
UHPC-0.10 % 459.0 633.9 965.4 11.0 239.7 156.0 5.6
UHPC-0.15 % 459.0 633.9 965.4 11.0 237.4 156.0 8.4
UHPC-0.20 % 459.0 633.9 965.4 11.0 235.2 156.0 11.2
Substrate SM 739.4 0 1244.1 3.0 295.7 0 0

Note: “RS” refers to river sand; “HRWR” refers to high-range water reducer; “SF” refers to steel fiber; “NC” refers to nanoclay; and “SC” refers to substrate mortar.

slag, and river sand (RS) are shown in Fig. 1. To enhance the crack
resistance and toughness, straight steel fibers measuring 0.2 mm in
diameter and 13 mm in length were incorporated. The tensile strength
and elastic modulus of the steel fiber are 1.9 GPa and 203 GPa,
respectively. In order to achieve proper workability, a polycarboxylate-
based HRWR was used. The solid content and specific gravity of HRWR
are 34.4 % and 1.05, respectively.

2.2. Mixture design

The binder of UHPC mixtures consisted of 60 % ground granulated
blast-furnace slag (referred as slag in the following sections) and 40 %
cement by volume. The w/b was fixed at 0.23 and the dosage of liquid
HRWR was 0.62 %, both by mass of binder. The binder-to-sand ratio (b/
s) was 1. The addition of nanoclay suspension were 0 %, 0.05 %, 0.10 %,
0.15 %, and 0.20 %, by mass of binders. Steel fibers with a volume
fraction of 2 % was used in the UHPC mixtures. In addition, the normal-
strength mortar with 0.4 w/c is prepared as the substrate. All the
mixture designs are listed in Table 2.

2.3. Mixing procedures

The Hobart HL200 mixer was employed to prepare UHPC mixtures
according to the following five steps: (1) Step 1: The dry ingredients
(cement, slag, and river sand) were introduced to the mixer and mixed at
107 RPM for 2 min; (2) Step 2: The water-based nanoclay suspension
was dissolved in 10 % mixing water to form the nanoclay solution, and
the HRWR was dissolved in 90 % mixing water to form the HRWR

solution; (3) Step 3: The nanoclay solution and the HRWR solution were
gradually added into the mixer within 1 min; (4) Step 4: The mixture was
mixed at 107 RPM for 3 min; (5) Step 5: The steel fibers were added to
the mixer and mixed at 198 RPM for 2 min. After mixing process, no
fiber segregation was found.

The Hobart HL200 mixer was employed to prepare the substrate (i.e.,
normal-strength mortar) as well. according to the following six steps: (1)
a wood mold was first fabricated (length: 228.6 mm, width: 228.6 mm,
and height: 76.2 mm); (2) a layer of plastic sheet was covered on the
surface of the wood mold before the casting process; (3) the fresh sub-
strate (i.e., normal-strength mortar) was cast into the mold to 50.8-mm
thickness; (4) the 2-min vibration was applied to ensure the smoothness
of the substrate surface; (5) the substrate was demolded after one day
and equally cut into 9 small specimens (length: 76.2 mm, width: 76.2
mm, and height: 50.8 mm); (6) the prepared substrate specimens were
cured into the water tank until 28 days.

3. Experimental method

The experimental methods are introduced in Sections 3.1 to 3.5 to
evaluate the effect of water-based nanoclay suspension on the key per-
formances of UHPC. The methods to investigate the synergy effects of
water-based nanoclay suspension and vibration on the interfacial
properties between UHPC overlay and substrate are presented in Sec-
tions 3.6 and 3.7, respectively.



J. Du et al.

Fig. 2. The ICAR rheometer for the measurement of mixing torque and rheo-
logical properties.

3.1. Mixing torque evaluation, rheology measurements, and thixotropy
evaluation

An ICAR rheometer (Fig. 2) was applied to measure the mixing

All water, nanoclay, HRWR

Step 1: Add raw

materials into the mixer

Step 2: Measure the
mixing torque with ICAR

ICAR

Construction and Building Materials 366 (2023) 130130

torque during the mixing process as well as the dynamic yield stress and
static yield stress of the homogenized UHPC mixtures. All measurements
were performed three times to make sure of the reproducibility of the
results. For the ICAR rheometer, the diameter and height of the
container are both 280 mm, and both the diameter and height of the
vane are 127 mm.

3.1.1. Quantitative evaluation of mixing torque

In order to understand the effect of adding water-based nanoclay on
the mixing difficulty of UHPC production, the evolution of mixing tor-
ques of UHPC during the mixing process was evaluated. The mixing
torques of the UHPC mixtures were measured by the ICAR rheometer.
Specifically, the Hobart mixer was used to mix the UHPC in this research
and the 2-minutes dry mixing process was excluded from the mixing
torque measurement. The integral procedures are divided as four steps
shown in Fig. 3: (1) When all mixing water and HRWR were added into
the mixer, the Hobart mixer was stopped every 30 s and the mixing bowl
was taken out; (2) The ICAR motor connected with the mixing vane was
put into the mixing bowl to start the measurement (note: the peak value
of the development of the mixing torque at each moment was recorded);
(3) The ICAR motor connected to the mixing vane was removed and the
mixing bowl was put back to the mixer to restart the mixing process. (4)
The step (1-3) was repeated until the mixing torque was stabilized.

As shown in Fig. 4, the representative curve shows that the mixing
torque evolution can be divided into two stages, including mortar ho-
mogenization and UHPC homogenization. The dramatic increment of
the mixing torque was mainly happened in Stage I (i.e., mortar ho-
mogenization process). Afterwards, the addition of steel fibers in Stage II

Step 4: Repeat the Step

s (1-3) until the mixing

torque is stabilized

Step 3: Take out ICAR
and mix UHPC 30 s

Fig. 3. The illustrative figure of the mixing torque measurement.
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Fig. 4. The representative evolution of mixing torque during the UHPC mixing process.
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Fig. 6. The test for static yield stress: (a) shear-rate-control method; and (b) the time instant of static yield stress measurement. “T1” and “T2” refer to the time for

mixing and rest, respectively.

(i.e., UHPC homogenization process) had negligible contribution on the
evolution of the mixing torque.

3.1.2. Protocols to determine dynamic yield stress

The dynamic yield stress is defined as the minimum stress required
for maintaining flow. In this study, the time zero of the dynamic yield
stress evaluation (see Fig. 4) refers to the time when the liquid materials
(i.e., water, nanoclay, and HRWR) are added into the mixer, and it
should be pointed out that the 2-minute dry mixing process is excluded
in the time. The first dynamic yield stress test is conducted after the
homogenization of UHPC mixtures (i.e., 6 min after the water is added
into the mixer). According to preliminary study, all UHPC mixtures in
this study could be homogenized after 6 min. To determine the coupled
effects of time and nanoclay content, the dynamic yield stresses for all
investigated UHPC mixtures were measured at 6 min, 16 min, and 56
min, respectively. Detailed procedures were introduced as follows: (1)
Step 1: the UHPC mixtures were pre-sheared at 0.5 rps for 25 s. (2) Step
2: the rotation speed gradually decreased from 0.5 rps to 0.025 rps in 12
steps. For each step, the rotation speed was kept for 5 s (Fig. 5(a)). (3)
Step 3: the steady state of torque values was fitted by the Bingham model
(see Fig. 5(b)). (4) Step 4: the Reiner-Riwlin transformation equation
was used to calculate the dynamic yield stress [66], as shown in Eq. (1)
and Eq. (2).

T=G+HxN (@]

(- %)

=" ——xG 2
4><;1'><h><1n(%)>< 2

Td

where T is the torque (N-m); G is the intercept of the flow curve (N-m); H
is the slope of the flow curve (N-m/s); N is the rotational velocity (rps);
74 is the dynamic yield stress (Pa); R; is the inner cylinder radius of the
coaxial cylinders (m); R, is the outer radius of the container (m); and h is
the height of the inner cylinder submerged in the materials in the
rheometer (m).

3.1.3. Protocols to determine static yield stress

The static yield stress is defined as the stress required for initiating
flow. The time zero of the static yield stress evaluation (see Fig. 4) refers
to the time when the liquid materials (i.e., water, nanoclay, and HRWR)
are added into the mixer. As shown in Fig. 6(a), a shear-rate-control
method [67] was used to determine the static yield stress of UHPC
mixtures. The shear rate was fixed at 0.025 rps; the static yield stress was
determined as the vertical value of the peak value of the measured
curve. To quantify the thixotropy, the static yield stresses of all inves-
tigated UHPC mixtures were measured at 11 min, 16 min, 26 min, 36
min, 46 min, and 56 min, respectively. As shown in Fig. 6(b), detailed
procedures were introduced as follows: (1) Step 1: the homogenized
UHPC mixtures were poured into the container and rested to eliminate
the shear history; (2) Step 2: the first test started at 11 min after water
addition (i.e., 5 min rest after the homogenization), and a shear speed of
0.025 rps was kept for 30 s; (3) Step 3: the second test started at 16 min
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(i.e., 10 min rest after the homogenization), at which the significant
initial fluctuation of the static yield stress occurred; (4) Step 4: the tests
were repeated every 10 min until the 56 min. The equation used to
calculate the static yield stress from the torque was shown in Eq. (3) and
Eq. (4) [68].

7y = /K 3
2 1
K=2xzmxr ><(h+§><r) ()

where 7, is the static yield stress, Tmay is the max torque value, and h and
r are the filling height and radius of the vane (m), respectively.

3.1.4. Evaluation of thixotropy

The thixotropy of UHPC mixtures was quantified by evaluating the
yield stresses determined from Section 3.1.2 and Section 3.1.3. As shown
in Fig. 7, the yield stress first increased rapidly in Stage 1 after the
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homogenization, then the increased rate dropped and the relations be-
tween the static yield stress and time followed a linear line in Stage 2.
This trend is similar with results proved by Mostafa and Yahia [69],
Roussel [70], and Teng et al. [44]. The evolution of the yield stress with
time can be fitted by a non-linear model proposed by Ma et al. [45], as
shown in Eq. (5). However, it should be acknowledged that the devel-
opment trend is highly dependent on the specific UHPC mixture designs.
Ma and Kawashima [48] found out that the static yield stress of their
mixture design increases exponentially with time after the first hour.
Hence, this study focuses on the evolution of the static yield stress within
one hour.

Ty = Ta+ Toe +1a X 1 (5)

where t is the testing time starting from the end of mixing; z; is the static
yield stress at t; I is the thixotropy index; 74 is the dynamic yield stress;
and g, is the initial fluctuation between dynamic yield stress and the
first measurable static yield stress due to the particle flocculation.

3.2. Workability and buildability test

The workability and buildability of UHPC mixtures were evaluated
by the mini-slump spread test according to ASTM C1437 [71]. Specif-
ically, these tests were conducted without any jolting. For the work-
ability test, the mini-slump cone was lifted immediately after filling up
with the UHPC. Then the diameters were measured until the flow stayed
stable. For each UHPC mixture, the workability test was conducted at 6
min, 16 min, and 56 min after all mixing water is added into the mixer.
To obtain the irreversible workability loss of thixotropic UHPC mixtures,
the investigated mixtures were kept mixing at 59 RPM to eliminate the
flocculation until each test.

In addition, buildability is essential during the construction process,
which is closely related to the shape stability of fresh UHPC after the
placement [37,72]. In this study, the mini-slump cone was filled and
then lifted after 10 min for the buildability test. The buildability is
defined as the difference of mini slump spread values measured with and
without shape stabilized period (10 min), as shown in Fig. 8. The
buildability test was conducted for evaluating the structural build-up
properties of the thixotropic UHPC mixtures [73].

3.3. Compressive strength test

The compressive strengths of UHPC mixtures at 1, 3, 7, 14, and 28
days were evaluated using 50-mm cubes, according to ASTM C109 [74].
Three sample replicates were prepared for each test, and the average
results for each test were reported.

3.4. Autogenous shrinkage test

The autogenous shrinkage of UHPC mixtures was evaluated in
accordance with ASTM C1698 [75]. The final setting time was set as
time zero. The test was on a daily basis for the first week and on a weekly
basis until 28 days. The prism specimens measuring 25 mm x 25 mm x
280 mm were sealed with water-proof alumina tap to prevent moisture
loss. Three sample replicates were prepared for each test, and the
average results for each test were reported.

3.5. Hydration heat test

The hydration heat evolution was evaluated by using an isothermal
calorimeter (model: Calmetrix I-Cal 4000 HPC), which was programmed
to maintain the samples at 25 °C. About 60 g of fresh UHPC was sealed in
a plastic vial and placed into the calorimeter. The heat of hydration data
was measured 2 min after the end of mixing and continuously measured
for 36 h. The results were normalized by the mass of the binder.
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Fig. 9. Test setup of direct shear test: (a) schematic diagram and (b) experimental photo.
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Fig. 10. Schematic diagram of (a) the substrate surface and (b) the interface between UHPC overlay and substrate concrete.

3.6. Interfacial properties test

In this study, the direct shear test [76] was employed to evaluate
interfacial properties between UHPC overlay and substrate, and the test
set-up is shown in Fig. 9. Previous researchers revealed that the proper
vibration could improve the interface quality between UHPC overlay
and substrate, but the effect was not quantified and well understood
[19]. Therefore, the effect of vibration on the interfacial properties was
investigated in this study. Two vibration parameters were considered:
(1) vibration amplitude (i.e., 0.79 mm and 1.58 mm); (2) vibration time
(i.e., from O s to 60 s).

For the direct shear test, the bond strength was reported, which is
represented by dividing the maximum load F by the area of failure
surface, as shown in Eq. (6):

Fy = (6)

where F,, is the bond strength; F is the maximum load; b and d are the
width and height of the cube, respectively.

3.7. Microstructural analysis

The microstructural analysis of the interface between UHPC overlay
and substrate (shown in Fig. 9(b)) was examined using small samples
with an approximate dimension of 20 mm x 20 mm x 20 mm, which
were cut from shear test samples. After 28 days of curing, the samples
were soaked in isopropanol to stop further hydration, then vacuum dried
for 24 h. Then, samples were vacuum impregnated with low-viscosity
epoxy resin. In addition, silicon carbide papers and polishing cloth
were applied to grind and polish the samples. Finally, the prepared
samples were coated with carbon and examined using the microscope
(model: Zeiss Auriga FIB/SEM with a back-scattered detector).

The microscope was operated at 5 kV at 10 mm distance. A 40x
magnification was used to obtain the view of interface microstructure on
different areas. All images were stitched together to form the entire map
of interface. Due to a certain degree of roughness on the surface of
substrate, as shown in Fig. 10(a), the thixotropic UHPC may not be able
to fully contact with the substrate, which formed voids on interface,
shown in Fig. 10(b). These voids can further weaken the interfacial
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Fig. 12. Dynamic yield stress of UHPC with different water-based nanoclay contents over time.
quality. on the performance of UHPC and discusses the underlying mechanism.

The index P,4; was proposed to evaluate the interface quality. Py
is defined as the ratio of the interface length covered by air voids to the
total length of the interface, as shown in Eq. (7). For each mixture, at
least 10 independent samples were scanned and calculated, and the
average value was reported.

L ue
bl (7)

Priszs = ————
" Lye + Liea

where P, is the percentage of the interface length covered by air
voids, as shown in Fig. 8(b); Lyy. is defined as the interface length
covered by air voids; and Lyye +Lrq is the total interface length of
investigated samples.

4. Results and discussion

Section 4.1 introduces the effect of water-based nanoclay suspension

Section 4.2 elaborates the synergy effects of water-based nanoclay sus-
pension and vibration on the interfacial properties between UHPC
overlay and substrate and investigates the underlying mechanism.

4.1. Effect of nanoclay content on performance of UHPC

4.1.1. Effect of nanoclay content on mixing kinetics of UHPC

Adding nanoclay might increase the mixing torque during the UHPC
mixing process, which increases the mixing difficulty and affects the
mixing efficiency for the large-scale UHPC production on job sites.
Therefore, in this section, the effects of nanoclay content on mixing ki-
netics of UHPC were investigated.

Fig. 11 plots the mixing torque versus mixing time curves for the
investigated UHPC mixtures, which reflect the evolution of the mixing
torque throughout the mixing process. From 0 s to 60 s, mixing torque
was slightly increased after the HRWR solution and nanoclay solution
were added into the mixer. From 60 s to 240 s, the mixing torque was
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significantly increased, then decreased, and finally stabilized, which
attributes to the evolution of microstructure for powder-liquid mixtures
[77,78]. The UHPC mixture transformed from powders to homogenized
mortar was defined as the mortar homogenization progress. The results
indicated that, as the water-based nanoclay content increased from 0 to
0.20 %, the maximum mixing torque only increased by 3 % (from 53.9
N-m to 55.1 N-m) and the homogenization time remains the same. From
240 s to 360 s, the mixing torque was slightly increased, then decreased,
and finally stabilized, which was attributed to the addition of steel fi-
bers. Therefore, the homogenization time for all UHPC mixtures is
approximately 6 min. From the determined maximum mixing torque
and homogenized time of the investigated mixtures, it can be concluded
that adding water-based nanoclay suspension has negligible effects on
the mixing difficulty and efficiency of the UHPC production.

4.1.2. Effect of nanoclay content on thixotropic properties of UHPC

The thixotropy of cement-based materials within one hour is an
important property that represents the ease of casting and the stability of
concrete after casting. Besides, the thixotropy of cement-based materials
is caused by reversible effects (i.e., physical particles flocculation) and
irreversible effects (i.e., chemical hydration reaction) [67]. Billberg [79]
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Fig. 17. Compressive strength results of UHPC with different water-based
nanoclay contents.

ascribed the irreversible effects to the development of the dynamic yield
stress, and the sum of irreversible effect and reversible effect to the
development of the static yield stress. Therefore, in this section, the
development of yield stress was investigated to elaborate the effect of
nanoclay suspension content on the thixotropic properties of UHPC.
Fig. Al in Appendix shows the flow curves measured with stepwise
rotation speed at 6 min, 16 min, and 56 min after the end of homoge-
nization, respectively. The data points are fitted using the Bingham
model [80]. Fig. 12 summarizes the dynamic yield stress for UHPC with
different nanoclay contents at different time instants. The figure in-
dicates that, at 6 min, the dynamic yield stress of UHPC mixtures

10

increases from 12.5 Pa to 68.6 Pa as the water-based nanoclay content
increases from 0 to 0.20 %. The results indicate that adding nanoclay
accelerates the hydration process, which was further validated in Sec-
tion 4.1.4 [81]. Variations in dynamic yield stress curves are also in good
agreement with the results from Teng et al. [44].

The development of the dynamic yield stress is also related to the test
time. As the test time increased from 6 min to 16 min, the dynamic yield
stresses of UHPC mixtures were increased from 12.5 Pa to 12.8 Pa (by 2
%), 37.5 Pa to 38.3 Pa (by 2 %), and 68.7 Pa to 70.0 Pa (by 2 %) for
UHPC-Ref, UHPC-0.10 %, and UHPC-0.20 %, respectively. Hence the
increments of the dynamic yield stresses from 6 min to 16 min were
negligible. Then, as the test time increased from 16 min to 56 min, the
dynamic yield stresses of UHPC mixtures were increased from 12.8 Pa to
14.2 Pa (by 11 %), 38.3 Pa to 43.5 Pa (by 14 %), and 68.7 Pa to 79.2 Pa
(by 15 %) for UHPC-Ref, UHPC-0.10 %, and UHPC-0.20 %, respectively.
The increments of the dynamic yield stresses from 16 min to 56 min
were much more significant. The results indicated that the irreversible
effect was negligible within 10 min after the homogenization (i.e., from
6 min to 16 min), but gradually became significant when test time was
over 10 min. This phenomenon can be attributed to the effect that more
hydration products were generated, and dynamic yield stresses were
increased with the increase of test time [82].

To measure the static yield stresses of UHPC mixtures, the shear
stresses versus corresponding shear time were investigated based on the
shear-rate-control method. The ranges for water-based nanoclay content
and test time are from 0 to 0.20 % and from 11 min to 56 min, respec-
tively. The derived shear stress-shear time evolution curves were plotted
in Fig. A2 in Appendix. It should be noted that the peak values of shear
stress in these curves represent the static yield stress. Because the static
yield stress after the homogenization (i.e., 6 min) is too low to be
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measured, the initial dynamic yield stress is considered as the static yield
stress [44]. As defined in Section 3.1.4, the thixotropy of the investi-
gated UHPC mixtures were evaluated by the evolutions of the static yield
stresses. Fig. 13(a) shows the non-linear relationship between static
yield stress and test time. The difference between the initial dynamic
yield stress and static yield stress at 16 min reflects the initial fluctuation
of the yield stress (zf,.). The slope of the static yield stress from 16 min to
56 min reflects the thixotropy index (I4). Fig. 13(b) summarizes the
calculated results of 7, and I4.

Fig. 13 indicated that, as the water-based nanoclay content increased
from 0 to 0.20 %, the initial fluctuation of yield stress (zf,) and the
thixotropy index (I4) were increased from 392.7 Pa to 3290.0 Pa and
from 9.7 Pa/min to 16.4 Pa/min, respectively. The results reveal that the
yield stress of UHPC mixtures was significantly increased by increasing
water-based nanoclay content in the first 10 min after mixing. After
reduction in the increasing rate, the static yield stress increased linearly
with time. The evolution trend is in a good agreement with the result
conducted by Kawashima et al. [47]. The underlying mechanisms are
elaborated in the following:

In Stage I (6 ~ 16 min), the initial fluctuations of static yield stresses
were significantly increased with the nanoclay addition. As introduced
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before, the structural build-up of fresh UHPC is related to the sum of
reversible effect (i.e., physical particles flocculation) and irreversible
effect (i.e., chemical hydration reaction). Results (shown in Fig. 12)
showed that the negligible development of the dynamic yield stress in
Stage I, which indicated the irreversible effect in Stage I was limited
[79]. Therefore, the structural build-up of fresh UHPC in Stage I was
ascribed to reversible effect (i.e., particles physical flocculation). Spe-
cifically, cement particles are electrostatically attracted by negative
charged surface of the nanoclay particles shown in Fig. 14(a), acceler-
ating the flocculation [51]. In this case, the significant development of
the initial static yield stress in the first few minutes improved the shape
stability of fresh UHPC after the placement.

In Stage II (16 ~ 56 min), the growth rate of static yield stress was
significantly slowing down (shown in Fig. 13). It was speculated that the
further improvement of the structural build-up of fresh UHPC came from
the irreversible effect (i.e., chemical hydration reaction). Results (shown
in Fig. 12) also validated the irreversible effect in Stage II because the
dynamic yield stress in Stage II increased around 15 %. The underlying
mechanism is the nanoclay has high content of aluminates, which alters
the sulfate-aluminate balance in the solution, leading to high amount of
ettringite due to the secondary hydration of C3A (shown in Fig. 14(b))
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[83]. In summary, the development of the structural build-up in Stage II
was ascribed to the sum of reversible effect (i.e., physical particles
flocculation) and irreversible effects (i.e., chemical hydration reaction).
It should be noted that the seeding effect of nanoclay for chemical hy-
dration reaction is not considered for the investigated period, because
the precipitation and growth of CH and C—S—H usually occurred after
the dormancy phase of cement hydration (around 4 h after water
addition) [84]. The reduced increase rate of static yield stress in Stage II
benefits to have longer efficient construction time because the lower
shear stress is required for initiating flow of UHPC.

4.1.3. Effect of nanoclay content on workability and buildability

The workability of cement-based materials is closely related to the
construction quality. Poor workability might result in poor compaction
and difficult placement [85,86]. Fig. 15 plots the workability results of
investigated UHPC mixtures over time. The mini-slump spread of UHPC
mixtures was decreased with the increases of water-based nanoclay
content. For instance, as the water-based nanoclay content increased
from O to 0.20 %, the mini-slump spread of investigated UHPC mixtures
was reduced from 290 mm to 220 mm (by 24 %) when the test time was
at 6 min (i.e., right after the mixing process) because the nanoscale
nanoclay particles fill in the gaps among cement, slag, and river sand
particles to increase the internal frictions between particles [51]. The
use of nanoclay also expedites the loss of workability. As the nanocaly
content increased from 0 to 0.20 %, the mini-slump loss (i.e., the dif-
ference between the mini-slump spread at 6 min and at 56 min) was
further increased from 35 mm to 70 mm. The mini-slump loss over time
was due to the formation of hydration products (e.g., ettringite), which
consumes the free water and has strong affinity to absorb HRWR [87].

The buildability of cement-based materials is closely related to the
shape stability after the placement. Better buildability helps the fresh
UHPC maintain its shape instead of freely flowing on the bridge deck
overlay [37]. The definition of the buildability is defined in Section 3.2.
As shown in Fig. 16(a), the buildability was improved with the increase
of water-based nanoclay content. For instance, as the water-based
nanoclay content increased from O to 0.20 %, the buildability was
increased from 35 mm to 110 mm (by 215 %), which can be attributed to
the improved thixotropy, especially the high initial fluctuations of static
yield stress due to the use of nanoclay. The increased static yield stress
can efficiently resist the gravity to keep the shape stably [88]. A linear
relationship between the buildability and initial fluctuations of static
yield stress was observed in Fig. 16(b). A mixture with higher initial
fluctuation of static yield stress results in higher buildability and better
shape stability. Fig. 16(c) and Fig. 16(d) show the spread flow of
investigated UHPC mixtures (i.e., UHPC-Ref and UHPC-0.20 %) after the
shape stabilized period.

The use of water-based nanoclay benefits applying UHPC as an
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overlay. During the mixing, adding water-based nanoclay suspension
has limited effect on the development of mixing torque and the ho-
mogenization time compared with UHPC without nanoclay, which in-
dicates adding water-based nanoclay has negligible effect on the mixing
difficulty and mixing efficiency for UHPC production. When the mixing
was completed, the dynamic yield stress of UHPC mixtures was still low,
which further facilitates the casting/placing process. Afterwards, the
static yield stress builds up quickly, which helps keep the shape of UHPC
mixtures on sloped structures.

4.1.4. Effect of nanoclay content on hardened properties of UHPC

Fig. 17 plots the compressive strengths of investigated UHPC mix-
tures from 1 day to 28 days. As the water-based nanoclay contents
increased from 0 to 0.20 % by mass of binder, the compressive strength
at 1 day was increased from 39.0 MPa to 47.1 MPa (by 21 %), the
compressive strength at 7 days was increased from 96.5 MPa to 105.1
MPa (by 9 %), and the compressive strength at 28 days was increased
from 118.1 MPa to 127.2 MPa (by 7 %). The results indicates that the
addition of water-based nanoclay enhances compressive strength,
especially at early ages. It was speculated that the presence of nanoclay
particles in UHPC mixtures can serve as seeds to provide new nucleation
sites to promote hydraulic reaction [44,89]. This underlying mechanism
is also proved by Huang et al. [90] and Teng et al [44] who revealed that
the UHPC matrix was densified due to the higher hydration degree,
resulting in an improvement in compressive strength. Besides, the
speculation was also validated by the measurement of hydration heat
test in this study.

Fig. 18 plots the results of autogenous shrinkage of the investigated
UHPC mixtures from 1 day to 28 days. As the water-based nanoclay
contents increased from 0 to 0.20 %, by mass of binder, the autogenous
shrinkage at 28 days was increased from 660 pe to 829 ue (by 25 %). The
results showed that the addition of water-based nanoclay significantly
increased the autogenous shrinkage. There exists two main underlying
mechanisms: (1) the refinement of pore size by adding nanomaterials
can exacerbate the self-desiccation effect, thus increasing the autoge-
nous shrinkage [91]. (2) the seeding effect of the nanomaterials can
improve the hydration reaction so that the chemical shrinkage
contributed to autogenous shrinkage [92].

Fig. 19 shows the isothermal calorimetry results. Fig. 19(a) shows the
effect of nanoclay contents on the heat flow evolution of investigated
UHPC mixtures. Fig. 19(b) shows the effect of nanoclay contents on the
cumulative heat releases of investigated UHPC mixtures. As the nano-
clay content increased from 0 to 0.20 %, the peak time of heat flow was
advanced from 11.1 h to 10.1 h (by 9 %), and the cumulative heat
release was increased from 64.3 J/g to 72.8 J/g (by 13 %). The results
validated that the nanoclay addition can efficiently promote and
accelerate the hydraulic reaction of investigated UHPC mixtures, which



J. Du et al.

UHPG Ref (Non=

i

Construction and Building Materials 366 (2023) 130130

fexface

UHPC-0.20% (Optimal vibration)

Fig. 23. The microstructures of the interface between substrate and UHPC overlay with different water-based nanoclay contents and vibrations: (a) UHPC-Ref (non-
vibration); (b) UHPC-0.20% (non-vibration); and (c) UHPC-0.20% (optimal vibration).

validated the increasing of compressive strength and autogenous
shrinkage.

4.1.5. Effect of nanoclay content on bond strength

Using the water-based nanoclay suspension, however, decreases the
bond strength between the UHPC overlay and substrate. As shown in
Fig. 20(a), as the water-based nanoclay contents increased from 0 to
0.20 %, the 3-day and 28-day bond strengths were reduced from 1.88
MPa to 1.25 MPa (by 34 %) and 2.33 MPa to 1.80 MPa (by 23 %),
respectively. Fig. 20(b) showed that, under the external shear force, the
failure was occurred at the interface between UHPC overlay and normal-
strength mortar substrate in this research.

Due to the filler effect of nanoclay and microstructure refinement,
the compressive strength of UHPC was improved with the adding of
water-based nanoclay. However, the nanoclay could not refine the
microstructure in the interfacial zone between the UHPC overlay and
substrate. It is reasonable to speculate that the nanoclay particles in the
UHPC could not fully contact with the substrate due to the following
reason: (1) With the increasing of thixotropy by adding water-based
nanoclay, the “intrusion capacity” of fresh UHPC is reduced, which
prevents UHPC to fully contact with the surface of the substrate, leading
to the formation of voids on the interface, as depicted in Fig. 20(c) and
20(d). (2) The air content is increased in UHPC due to the adding of
nanoclay and voids on the interface. Thus, the bond strength of the
interface was reduced. To validate this speculation, microstructural
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analysis on the interface was discussed in Section 4.2.2.

4.2. Coupled effect of nanoclay and vibration on performance of UHPC
as an overlay

As mentioned earlier, the high thixotropy of UHPC is beneficial for
slope casting, because it prevents the free flow of fresh UHPC under
gravity and facilitates the overlay construction. However, as discussed in
4.1.5, the improvement of thixotropy undermines the interfacial prop-
erties of overlay and substrate. To ensure the proper bond strength, vi-
bration was applied and the coupled effect of nanoclay content and
vibration on interfacial properties of UHPC overlay was investigated.
Additionally, the applied vibration might break the reversible effect (i.
e., physical particle flocculation) to partially restore the workability,
which hinders the structural build-up of the thixotropic UHPC. Thus, the
shape stability performance of thixotropic UHPC mixtures with water-
based nanoclay after the vibration was validated.

4.2.1. Coupled effect of nanoclay and vibrations on bond strength

Haber et al. [17] revealed that the thixotropic material remains
solid-like under static conditions but changes to flowable when suffering
agitation and vibration. The vibration was proposed to improve the
bond strength, because the vibration can release the entrapped air on the
interface and the voids on the interface can be refilled by UHPC overlay.
Fig. 21 shows the 3-day bond strength results after applying vibrations,
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where the vibration amplitude was set as 0.79 mm and 1.58 mm,
respectively. It can be seen that, as the vibration time increased, the
bond strengths were first increased then stabilized. When the vibration

B Refrence groups
B Vibrated groups

Modified mini-slump spread (mm)

amplitude was set as 1.58 mm, the 3-day bond strengths were increased
by 52 %, 53 %, 49 %, 70 %, and 80 % for UHPC-Ref, UHPC-0.05 %,
UHPC-0.10 %, UHPC-0.1 %, and UHPC-0.20 %, and the vibration time
for stabilization were 10's, 15 s, 30 s, 45 s, and 45 s, respectively. The
coefficients of the variance were approximately 8 %. When the vibration
amplitude was set as 0.79 mm, the 3-day bond strengths were increased
by 45 %, 45 %, 48 %, 62 %, and 80 % for UHPC-Ref, UHPC-0.05 %,
UHPC-0.10 %, UHPC-0.15 %, and UHPC-0.20 %, and the vibration time
for stabilization were 20 s, 30 s, 45 s, 60 s, and 60 s, respectively. The
coefficient of variance were approximately 10 %. The results indicated
that applying vibration can efficiently improve the bond strength. When
the vibration amplitude is fixed, UHPC overlay with higher thixotropy
requires longer vibration time to reach the optimal bond strength. And
when the thixotropy of UHPC overlay is determined, applying higher
vibration amplitude requires shorter vibration time to reach the optimal
bond strength. In order to quantify the effect of the vibration, the vi-
bration index (I,) is proposed, which is defined as the product of vi-
bration amplitude and vibration time, as shown in Eq. (8):

E,=Axt 8)

where Iy represents the vibration index, A represents the vibration
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Fig. 26. The results of modified mini-slump test on the inclined plate: (a) modified mini-slump spreads of reference groups and vibrated groups; (b) the linear
relationship between the modified mini-slump ratio (Dy/Dyv) and initial fluctuation of yield stress (zgoc).
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Fig. Al. Equilibrium flow curves of UHPC with different nanoclay contents at:
(a) 6 min; (b) 16 min; and (¢) 56 min.

amplitude, and ¢t represents the vibration time.

Fig. 22(a) demonstrates the relationship between bond strength and
vibration index (Iy). The optimal vibration index is defined as the vi-
bration index corresponding to the maximum bond strength. As the vi-
bration index increased, the bond strengths were increased and then
stabilized to a certain value. The optimal vibration index were deter-
mined to be 15.9 mm-s, 26.7 mm-s, 36.7 mm-s, 47.0 mm-s, and 53.9
mm-s for UHPC-Ref, UHPC-0.05 %, UHPC-0.10 %, UHPC-0.15 %, and
UHPC-0.20 %, respectively. Fig. 22(b) shows the relationship between
optimal vibration index and nanoclay suspension content through the
regression analysis. The results indicated that the optimal vibration
index is linearly increased with the increase of the water-based nanoclay
contents or the thixotropic property of UHPC overlay. The results can be
utilized as a guide to achieve satisfactory bond strength through the
different combinations between vibration time and amplitude, given
different types of vibrators. The underlying mechanism of improvement
of bond strength by applying vibration index was discussed in Section
4.2.2.

4.2.2. Microstructural analysis of the interface before and after vibration

The interface quality between UHPC overlay and substrate was
quantified by the SEM test. Specifically, according to [19], the ratio (i.e.,
the index P,,q;) of interface length covered by air voids to the total
length of the interface was determined. The higher P,,;; value repre-
sents a higher amount of voids on the interface. Fig. 23 shows the SEM
images of the interface between UHPC overlay and substrate for
different water-based nanoclay contents and vibration index. It was
observed that unfilled voids on the interface were significantly increased
with adding water-based nanoclay, but the voids were highly reduced
when optimal vibration was applied.

Fig. 24 summarized the P,y results of the interface between UHPC
overlay and substrate with various nanoclay contents and vibration
index levels. As the water-based nanoclay contents increased from O to
0.20 %, the P4 increased from 3.5 % to 12.5 % (by 250 %). After the
optimal vibration applied on the investigated samples, the P4 was
reduced from 12.0 % to 5.6 % (by 55 %). The results validated the
speculation: the thixotropy of fresh UHPC can be improved by adding
water-based nanoclay, which facilitates the overlay construction and
improves the mechanical properties of UHPC by promoting its hydra-
tion. Although the interfacial properties between UHPC overlay and
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substrate was compromised by introduced voids, the optimal vibration
can be applied for thixotropic UHPC with a specific rheological property
to minimize the voids on the interface based on optimal vibration index,
thus achieving the highest bond strength.

4.2.3. Effect of vibration on shape stability of thixotropic UHPC with
different nanoclay contents

Proper vibration is necessary to achieve satisfactory interfacial
properties when highly thixotropic UHPC was used for overlay. How-
ever, the vibration can break the flocculation of particles to hinder the
structural build-up of the thixotropic UHPC mixtures [93]. Therefore,
the effect of the vibration on the shape stability of thixotropic UHPC
with different water-based nanoclay contents was further discussed in
this section.

To simulate the overlay on construction sites, an inclined plate with
2° slope was utilized [68], and the modified mini-slump test on the in-
clined plate was designed, as shown in Fig. 25. For reference groups (no
vibration), after filling the UHPC, the mini-slump cone was held for 10
min on the inclined plate, and then lifted for the diameter measurement
(Dyvy). For the vibrated groups, after filling the UHPC, the mini-slump
cone was first held and vibrated (vibration time: 1 min; vibration
amplitude: 0.79 mm), then further held for another 9 min, and finally
lifted for the diameter measurement (Dy). The ratio between Dy and Dyy
was utilized to evaluate the shape stability of thixotropic UHPC
mixtures.

Fig. 26(a) summarizes the results of modified mini-slump spreads.
For the reference groups, the modified mini-slump spreads on the in-
clined plate were 265 mm, 240 mm, 210 mm, 170 mm, and 115 mm for
UHPC-Ref, UHPC-0.05 %, UHPC-0.10 %, UHPC-0.15 %, and UHPC-0.20
%, respectively. For the vibrated groups, the modified mini-slump
spreads on the inclined plate were 280 mm, 252 mm, 218 mm, 175
mm, and 115 mm for UHPC-Ref, UHPC-0.05 %, UHPC-0.10 %, UHPC-
0.15 %, and UHPC-0.20 %, respectively. The corresponding modified
mini-slump ratios (Dy/Dyy) were 1.06, 1.05, 1.03, 1.02, and 1.00. The
shape stability of UHPC mixtures can be better once Dy /Dyy is the closer
to one. The results validated that, even if proper vibration was applied
after placement, thixotropic UHPC mixtures with proper water-based
nanoclay content showed good shape stability. In addition, the place-
ment work was generally carried out immediately after the homogeni-
zation of UHPC mixtures, and the structural build-up of UHPC was
mainly due to the physical particles flocculation. Based on that, a linear
relationship between the modified mini-slump ratio (Dy/Dyyv) and initial
fluctuation of yield stress (zg,) could be found by linear regression, as
shown in Fig. 26(b).

5. Conclusion

A new type of water-based nanoclay suspension was used in this
study to enhance thixotropy of UHPC mixtures. Firstly, the key prop-
erties and underlying mechanism of thixotropic UHPC itself with various
nanoclay contents were investigated and elaborated. Subsequently, the
coupled effects of nanoclay and vibration index on the interfacial
properties between thixotropic UHPC overlay and substrate were
revealed and analyzed. Based on the above investigations, the main
findings can be summarized as follows:

e The addition of water-based nanoclay had negligible impacts on
thixotropic UHPC production. As the nanoclay increased from 0 to
0.20 %, the peak mixing torque was increased by 3 % and the ho-
mogenization time was the same.

e The addition of water-based nanoclay effectively enhanced the
thixotropy of UHPC. As the nanoclay increased from 0 to 0.20 %, the
initial fluctuation of yield stress (z,.) was increased by 700 %, which
mainly ascribed to the particles flocculation. Besides the thixotropy
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Fig. A2. The shear stress-shear time evolution curves: (a) UHPC-Ref; (b) UHPC-0.05%; (c) UHPC-0.10%; (d) UHPC-0.15%; and (e) UHPC-0.20%.

index (I4) was increased by 70 %, which mainly ascribed to the
improved hydration reaction.

The addition of water-based nanoclay efficiently affected hardened
properties of UHPC. As the nanoclay increased from 0 to 0.20 %, the
28-day compressive strength was increased by 7 % and the 28-day
autogenous shrinkage was increased by 25 %.

High thixotropy reduced the bond strength between UHPC overlay
and substrate. However, proper vibration improved the bond
strength without affecting the shape stability. As the nanoclay
increased from 0 to 0.20 %, the 3-day bond strengths of UHPC-0.20
% were reduced by 34 % Applying the optimal vibration, the 3-day
bond strength were increased by 80 % for UHPC-0.20 %.

The underlying mechanism is applying appropriate vibration can
temporarily restore the flowability of UHPC overlay and fill the voids
on the interface, which improves the interfacial properties. As the
nanoclay increased from 0 to 0.20 %, the P,,;4s increased from 3.5 %
to 12.5 %. However, by applying the optimal vibration, the P,;4; was
reduced from 12.0 % to 5.6 %.
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