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Sprayed concrete is widely used in tunnel support and structural repair, but the direct
addition of conventional viscosity-modifying agents often causes pipeline blockage and competitive
adsorption with polycarboxylate superplasticizers, which leads to poor workability and high rebound
rates. To overcome these practical problems, this study designs a mechanically triggered core—shell
HPMC-40000 thickening agent (HPMC @ SiO,-TA) that can increase the instantaneous viscosity of
mortar only when the material impacts the sprayed surface. The improvement effect of HPMC @
SiO,-TA on the performance of sprayed mortar was evaluated by apparent viscosity property,
mechanical properties, bounce rate tests. The experimental results indicated that HPMC @ SiO,-TA
exhibited thixotropic characteristics under external force and synergistic rapid hardening effects.
When the dosage of HPMC @ SiO,-TA was 0.05%, the 2-h bonding strength reached 0.053 MPa,
which was 130.43 % higher than that of the blank group. When the dosage of HPMC @ SiO,-TA was
0.07%, the rebound rate of the released core material after spraying could be reduced to 7.95%,
which was 35.15% lower than that of the control group. This study aims to provide a new material
that mitigates the increase in viscosity and loss of elasticity in sprayed mortar, thereby effectively
lowering the rebound rate of sprayed concrete mortar. These results demonstrate that the mechani-
cally triggered HPMC @ SiO,-TA is an effective thickening agent for low-rebound sprayed mortar and

provide a promising strategy for designing smart admixtures for shotcrete applications.

Core-shell material; mechanical trigger; cohesiveness; sprayed mortar; rebound rate

1 Introduction

In the construction material system, jet mortar has
become a key technical material for tunnel support,
structural repair, waterproofing, anti-cracking,
and other complex projects by virtue of its signif-
icant advantages of efficient construction, rapid
moulding, and energy-saving and environmental
protection [1-3]. It shows irreplaceable application
value in enhancing the bearing capacity of exist-
ing structures, improving seismic performance,
and repairing surface defects [4, 5]. However, the
material still faces core performance bottlenecks
such as insufficient bond strength, poor long-term
durability, and limited crack resistance in practical
applications [6-8]. To cope with the increasingly
demanding engineering environment and perfor-
mance requirements, there is an urgent need to
break through the existing limitations through the
optimisation of material components [9].

One of the core challenges faced by current
sprayed mortars is the low bond strength between

the slurry and the substrate, leading to slurry
rebound. Rebounding slurries rapidly harden and
fail, resulting in wasted raw materials, increased
construction costs, generation of non-recyclable
construction waste, and endangering the safety of
site operators [10]. To enhance bonding, polymer
tackifiers are commonly used as admixtures [11,
12]. However, there are significant drawbacks in
the traditional addition method (i.e., direct mixing
at the mixing stage): on the one hand, the mole-
cules of viscosity builders are prone to competitive
adsorption with water-reducing agents (PCE) on
the surface of cement particles, which interferes
with the action of water-reducing agents and
deteriorates the workability of the mortar [13, 14];
on the other hand, the highly viscous substances
dissolved in advance increase the risk of pipe
blockage during the spraying process [15]. These
two defects make it difficult for traditional vis-
cosity enhancers to strike a balance between effi-
cient construction and excellent performance [16].



Therefore, the problem of the high rebound rate of
sprayed mortar has long been restricting its econ-
omy and engineering reliability [17]. To break
through this dilemma, there is an urgent need to
develop new additives with intelligent response
properties, which can precisely release the tacki-
fying components under mechanical stimuli such
as jet impact and collaboratively build a cross-
scale reinforcement network, thus significantly
reducing the rebound rate [18].

Hydroxypropyl methyl cellulose (HPMC), as an
important class of water-soluble cellulose ethers,
has been widely used as a viscosity builder and
water-retaining agent for cementitious materi-
als due to its excellent water retention, thicken-
ing, and film-forming properties [14, 19, 20]. Its
mechanism of action mainly lies in the fact that
HPMC molecules, through physical adsorption
on the surface of cement particles and hydration
products, significantly increase the viscosity of the
slurry and reduce the rate of water secretion, thus
improving the bond strength and pumpability of
mortar [21, 22]. However, a number of studies
have shown that HPMC has a significant regu-
latory effect on the hydration process of cement,
often with a retarding effect, and the adsorption
layer of HPMC molecules on the surface of cement
particles hinders the diffusion of water into unhy-
drated minerals as well as the solubilisation and
migration of ions (e.g., Ca**, S0,%7), interfer-
ing with the nucleation and growth kinetics of
hydration products (e.g., C-S-H gels, ettringite)
and resulting in a prolonged induction period
and delayed hydration exothermic peak [23]. This
retarding effect becomes more significant with
the increase of HPMC dosage, molecular weight
(e.g., HPMC-40,000), or viscosity grade [24].
It is worth noting that at low dosages (usually
<0.1%-0.3%), the retarding effect of HPMC is
relatively mild, and it even indirectly promotes
the development of late strength by improving the
homogeneity of the slurry [25]; however, beyond
a certain threshold, its excessive inhibition of
hydration leads to a significant reduction in early
strength and may affect the final strength and
microstructural densification [26].

In this study, a mechanically triggered core-
shell tackifier (HPMC @ SiO,-TA) was designed
and synthesised via high-speed shear coating.
Its morphology, encapsulation efficiency, and
mechanical triggering behaviour were systemat-
ically characterised by SEM (scanning electron
microscopy), TGA (thermogravimetric analysis),
simulated spraying crushing, and conductiv-
ity tests. The influence on sprayed mortar was

evaluated through apparent viscosity, rheologi-
cal properties, setting time, early-age and 28 d
compressive strength, 2 h bond strength, and
on-site rebound rate. A quantitative relationship
between bond strength and rebound rate was
further established. Active control strategies for
on-demand viscosity enhancement in cementitious
materials include pH-responsive, temperature-
triggered, and mechanical/shear-induced sys-
tems. Among these, mechanically triggered
release is particularly suitable for wet-mix shot-
crete because activation occurs precisely at the
nozzle/substrate impact zone, avoiding prema-
ture thickening during pumping. Despite these
advances, no existing additive can achieve “zero
viscosity increase during transport + instanta-
neous thickening upon impact”. This critical gap
directly causes high rebound, material waste,
and safety hazards in sprayed concrete. The core
innovation of this study lies application of HPMC-
40000 solution encapsulated inside the silica
nano shell in the field of shotcrete, which sig-
nificantly achieves the synergistic effect of reduc-
ing the rebound rate and improving mechanical
properties. The above findings not only help to
reveal the triggering mechanism of the core-shell
tackifier in the spraying process but also provide
an important theoretical basis and design guid-
ance for the design and development of new low-
rebound-rate shotcrete materials.

2 Materials and methods

2.1 Materials

Hypromellose (HPMC, 40000 mPa-s) was supplied
by Anhui Zesheng Technology Co., Ltd. (Anging,
China). Fumed nano silica (d = 20 nm) was pur-
chased from Suzhou Beesley New Material Co., Ltd.
(Suzhou, China). L-40 type accelerator was pro-
duced by Zhongyan Technology Company (Bei-
jing, China), it is an alkali-free accelerator with
a pH of 2.3. Its main components are aluminum
sulfate (Al,(SO,),) and triethanolamine (TEOA).
Reference cement P-1-42.5 was provided by China
Building Materials Research Institute (Beijing,
China), and its chemical and mineral composition
were shown in . ISO standard sand was
supplied by Xiamen ISO Standard Sand Co., Ltd.
(Xiamen, China).

2.2 Synthesis of core shell-HPMC-TA

Firstly, 1% HPMC-40000 solution was prepared
as the core material. Then, 40 g of this solution
was placed in a 200 mL beaker, followed by the
addition of 4 g of fumed nano-silica (Nano-Si0,)

Chemical and mineral compositions of reference cement (%)

Chemical Composition Sio, AlLO, Fe,O; CaO MgO SO, Na,O Loss
Content (%) 22.93 4.29 2.89 66.23 1.92 0.35 0.70 1.48
Mineral composition GsS GC,S CA C,AF f-CaO - - -
Content (%) 58.78 21.38 6.49 8.77 0.84 - - -
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powder. The mixture was loaded onto an 0S40-
Pro digital display electric mixer. The shear rate
was set to 1500 rpm/min, and the mixture was
subjected to high-speed shearing and disper-
sion using the four-blade impeller. Under this
action, Nano-SiO, was gradually coated with the
thickener solution. After 10 min, shearing was
terminated, yielding a white core-shell struc-
tured material. During high-speed shearing, the
hydrophilic HPMC solution wets and bridges the
nano-Si0, particles. Driven by shear-induced
collision and aggregation, a continuous HPMC
liquid film wraps around the agglomerated
nano-Si0,, forming nearly spherical core-shell
particles. The preparation mechanism is illus-
trated in

2.3 Mix proportion/mix designs

In this experiment the self-designed simulated
spraying equipment in our laboratory was used
to simulate the spraying and crushing test of the
core-shell viscosity enhancer under actual con-
struction conditions (see ). The crushed
HPMC @ SiO,-TA was collected and mixed into
cementitious materials to investigate the effects
of its dosage on the apparent viscosity, setting
time, and mechanical properties of cementitious
materials. The on-site mortar spraying equipment
and spraying test process are shown in ,
mainly including a mortar screw pump, a “three-
in-one-out” spray gun, an air compressor, and
a quick-setting agent diaphragm pump. First,
debug the flow rates of the screw pump and the
quick-setting agent diaphragm pump; mix the
mortar in accordance with the on-site test ratio
using a hand-held drilling rig; put the mixed
mortar into the hopper of the screw pump; and
properly install the delivery pipe and spray gun
for the spraying experiment.

2.4 Experimental methods

2.4.1 Viscosity property

This test is based on the method for determining
the apparent viscosity of cement paste specified
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in GB/T 43876-2024 Cement Paste Viscosity
Determination Method. The water-cement ratio
(W/C) is 0.5, and the dosages of the HPMC @
Si0,-TA admixture (calculated as the solid con-
tent of the core solution in the core-shell mate-
rial) are 0%, 0.01%, 0.03%, 0.05%, and 0.07%
of the cement mass, respectively. After mixing,
the slurry was rested for 5 min to minimize the
influence of initial mixing turbulence, and then
the apparent viscosity was measured. The slurry
sample was placed in a beaker, and the apparent
viscosity of the slurry sample was measured by
RST-SST Rheometer (BROOKFIELD, Middleboro,
MA, USA) with an accuracy of 1 mPa-s. This time
interval allows the paste to reach a quasi-steady



rheological state while remaining representative
of the early spraying stage.

2.4.2 Rheological properties

This experiment was carried out on freshly mixed
cement paste using an RST-SST type rheome-
ter (BROOKFIELD, Middleboro, MA, USA). The
water-cement ratio (W/C) was set to 0.5, and
the dosages of the core-shell tackifier were 0%,
0.01%, 0.03%, 0.05%, and 0.07% of the cement
mass, respectively. The spray-crushed core-shell
tackifier was thoroughly mixed with mixing
water and then slowly added to the cement. A
mixer was used at low speed for 90 s to ensure
thorough mixing of the materials. Within 30 s,
the slurry was transferred into an SC4-13R type
sample cup, a VT40-20 type rotor was attached,
and measurements were carried out in accordance
with the preset procedure. The test shear rate was
set to change in a lift-off cycle containing a total
of 22 different shear rate points; specific test
shear rates are detailed in .

The modified Bingham model (M-B model) was
selected to fit and analyze the rheological data of
the cement paste, aiming to investigate the effect
of the core-shell viscosity builder dosage on the
yield stress and plastic viscosity of the cement
paste. The mathematical expression of the M-B
model was determined by Equation (1):

T=Ty+M,7+c) (1)

where 1 is shear stress, Pa, y is shear rate, s}, 1,
is yield stress, Pa, 1, is Plastic Viscosity, Pa-s, and
¢ is a constant.

2.4.3 pH values

In this experiment, the pH of the L-40 liquid
non-alkaline quicklime mixed with the core-
shell tackifier before and after jet crushing was
determined using a METTLER TOLEDO pH meter
(METTLER TOLEDO INSTRUMENTS LIMITED,
Greifensee, Switzerland) at room temperature.
The test samples were prepared by mixing 40 g
of quicklime with 0%, 0.01%, 0.03%, 0.05%, and
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0.07% (relative to the cement mass) of the core-
shell tackifier, with 6% of the quicklime content.

2.4.4 Mechanical properties

This experiment is based on the test methods
for the setting time of neat mortar and the com-
pressive strength of mortar specified in GB/T
35159-2017 Flash setting admixtures for shot-
crete. For this experiment, the water-cement ratio
(W/C) was set to 0.35, the dosage of the quick-
setting agent was 6% of the cement mass, and the
dosages of HPMC @ SiO,-TA were 0%, 0.01%,
0.03%, 0.05%, and 0.07% of the cement mass,
respectively.

2.4.5 Performance of sprayed mortar
The mortar bonding strength was determined fol-
lowing the method stipulated in JGJ/T 70-2009
Standard Test Methods for Basic Performance of
Building Mortar (with W/C = 0.5) to measure the
2 h and 28 d bonding strength of mortar. The
specimens were cured until 1 h before the spec-
ified age, and the pull-out head was bonded to
the surface of the block to be tested using rapid-
curing epoxy resins A and B. The test pieces were
stored under standard test conditions until reach-
ing the specified age, and the bond strength test
was conducted at a tensile speed of 5 mm/min.
This test refers to Appendix G of JGJ/T 372-
2016 Technical Specification for the Application of
Shotcrete for on-site testing of the rebound rate of
shotcrete mortar. Using a Z1Z-6166 waterless seal
engineering drilling rig, the above materials were
mixed evenly and placed in the barrel of the screw
pump. The mortar spraying test was carried out
at a fixed spraying angle of 90° and a spraying
distance of 1 m. After spraying was completed,
the dislodged rebound material was collected and
weighed (m,). Its proportion relative to the total
amount of sprayed mortar (M) was calculated as
the rebound rate of the sprayed mortar, with the
calculation formula shown in Equation (2)

R=%x100% ()

where R is rebound rate (%), m, is Injection mor-
tar rebound weight (kg), M is Total volume of
sprayed mortar (kg).

2.4.6 Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM, model
SU8010, Hitachi Corporation, Tokyo, Japan) was
used to observe the microscopic morphology of
the HPMC @ SiO,-TA. Before the test, the sam-
ple to be tested (HPMC @ SiO,-TA) was dried
in a vacuum oven at 60°C for 48 h. Afterwards,
the sample was glued onto a sample stage and
sputter-coated with gold for observation.

2.4.7 Thermogravimetric analysis
The TGA test was conducted using a NETZSCH
STA 449C comprehensive thermal analyzer
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(NETZSCH, Selb, Germany) to determine the con-
tent of HPMC-40000 encapsulated in the HPMC
@ Si0,-TA solution, the encapsulation efficiency
of the HPMC @ SiO,-TA. Approximately 15 mg
of the prepared HPMC @ SiO,-TA was weighed
into an Al,Q; crucible. The temperature was raised
from 40°C to 1000°C at a rate of 10 K/min under
a nitrogen (N,) atmosphere, and the data were
automatically recorded by a computer.

2.4.8 Hydration heat analysis

This test employed a TAM AIR-08 eight-channel
isothermal calorimeter manufactured by Ther-
malmetric, Inc. (Tulsa, OK, USA) to measure the
hydration heat release rate and cumulative heat
release of cement paste incorporating jet-crushed
core-shell HPMC-15. The specific testing proce-
dure was as follows: 3 g of cement was weighed
into a sample vessel, with W/C set at 0.5, with a
setting agent dosage of 6% by mass of cement and
a dosage of pulverised core-shell HPMC-40000 of
0.05% by mass of cement. Testing was conducted
using the internal stirring method, with the cal-
orimeter recording the cement hydration heat
release rate and heat release curve in real time.
Processing and analysis of the measured data
yielded the cement hydration heat release curve
for the cement blended with core-shell material.

3 Results and discussion

3.1 Encapsulation efficiency of HPMC @ SiO,-TA
The encapsulation efficiency and stability of the
core-shell material (designated HPMC @ Si0,-TA)

92.38%

400 600 800 1000
Temperature(°C)

(a)

5.0kV 8.3mm ¥10y0k B/

were evaluated using thermogravimetric anal-
ysis (TGA) and conductivity measurements. The
microstructure of the HPMC @ SiO,-TA was
observed by scanning electron microscopy (SEM).

presents the core liquid encapsulation
rate of the HPMC-40000 core-shell material and
its microscopic morphology before and after sim-
ulated spray impact crushing.

The HPMC @ SiO,-TA can be prepared at a
shear rate of 1500 rpm for 10 min with a shell-
to-core ratio of 10:1. As shown in , the
HPMC-40000 solution accounts for 92.38% of
the total mass of the core-shell structure. From
the SEM images, the core-shell particles appear
nearly spherical before jet crushing ( ),
while after mechanical crushing, they exhibit a
hemispherical hollow structure ( ) sur-
rounded by scattered Nano-Si0O, particles. This
indicates that the core-shell structure can be dis-
rupted under specific forces, allowing the inner
core solution to flow out. These results effec-
tively confirm that the HPMC @ SiO,-TA con-
sists of nanoparticles with a core-shell structure,
where the polymer viscosity builder solution is
encapsulated by Nano-Si0,. The conductivity of
the core-shell thickener filtrate at each ageing
stage is shown in . The conductivity
values for each group at each ageing stage were
as follows: 20:1 < 18:1 < 19:1 < 21:1 < 22:1.
This indicates that the 20:1 core-shell thickener
exhibited the best stability within 28 days. In
summary, when the shell-to-core ratio is 20:1,
the nucleate-shell thickener exhibits the highest
encapsulation efficiency and maintains optimal
stability over 28 days.
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Performance of HPMC @ SiO,-TA: (a) Encapsulation rate; (b) Image of HPMC-40000 core-shell before crushing; (c) SEM
of HPMC-40000 core-shell after crushing; (d) Conductivity trend of HPMC @ SiO,-TA over time



3.2 Mechanical trigger viscosity increasing effect
of HPMC @ SiO,-TA
To verify whether the core-shell material can be
mechanically triggered to break under compressed
air force to achieve a viscosity-increasing effect,
and to investigate how the mixing method of the
core-shell viscosity enhancer affects the apparent
viscosity of cementitious materials, in this section,
the HPMC-40000 solution, HPMC @ Si0,-TA, and
HPMC @ Si0,-TA crushed by jetting (as shown in
) were mixed into the cement paste to test
the apparent viscosity.

From the apparent viscosity results in ,
it can be seen that the apparent viscosity of the
cement paste increases with the dosage of the vis-
cosity enhancer regardless of the mixing method.
HPMC-40000 forms numerous hydrogen bonds
with water molecules, which hinders the move-
ment of free water and thereby restricts the dis-
placement of cement particles; macroscopically,
this manifests as an increase in slurry viscosity.
At each dosage, the order of apparent viscosity of
the cement paste is as follows: internally mixed
HPMC @ SiO,-TA group > jet-crushed HPMC @
Si0,-TA group > pure HPMC-40000 viscosity
enhancer group. This is because the concentra-
tion of the internal core solution of HPMC-40000
is low, and the powdered outer shell of a large
number of HPMC @ SiO,-TA particles increases
the specific surface area to a certain extent. Thus,
the viscosity-enhancing effect of internally mixed
HPMC-40000 was greater than that of the HPMC-
40000. The core-shell viscosity enhancer can
undergo mechanical triggering under a certain
pressure: the Nano-SiO, shell breaks, releasing
the internal core material that exerts its effect.
Additionally, the dispersed Nano-SiO, particles

—li— Pure 0.1% HPMC-40000
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{=h— Jet-crushed HPMC @ SiO>-TA
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have an increased specific surface area, and the
free water molecules bound by their adsorption
further increase the apparent viscosity of the
cement paste [27]. When the dosage of Nano-SiO,
is too high, its synergistic viscosity-enhancing
effect becomes dominant [28, 29].

3.3 Effect of HPMC @ SiO,-TA on the rheological
properties of cement paste
The jet-crushed HPMC @ SiO,-TA was blended
into the cement paste to test the shear stress of
the slurry at each shear rate, with the test results
shown in . Considering that the cement
paste does not flow completely when the shear
rate is lower than 5 rpm, the test data at shear
rates ranging from 20 rpm to 200 rpm were fitted
and analyzed using the Bingham model according
to Equation (1). The fitting results are detailed in
, and the trends of yield stress and plastic
viscosity of the cement paste at each dosage are
shown in .

As can be seen in , the shear stress of the
cement paste doped with the core-shell viscosity
builder HPMC-40000 increased at all shear rates with
increasing dosage of the core-shell viscosity builder,
which is consistent with the results of tests conducted
by Pourchez et al. [14], Ma et al. [30], and Uzer and
Plank [31]. This indicates that the minimum stress
required for the flow of the cement paste increases
due to the complexation of the viscosity builder mac-
romolecules with metal ions such as Ca?* and Al**, as
well as the bridging effect of the viscosity builder mol-
ecules adsorbed on multiple cement particles [32]. The
yield stress and plastic viscosity obtained from fitting
the Bingham model increased with the increase in the

Group Fitting Equations Yield Stress 1,/Pa  Plastic Viscosity n,/Pa-s  Correlation Coefficient/R?
Blank T=-3.6596 x 1042 + 0.14735y + 10.7487 10.7487 0.14735 0.9937
HPMC-40000-0.01% | ©=-3.74596 x 10-%? + 0.16027y + 11.01824 11.01824 0.16027 0.99691
HPMC-40000-0.03 % T =-4.05607 x 10~%y? + 0.17519y + 12.77787 12.77787 0.17519 0.99718
HPMC-40000-0.05% T =-2.93343 x 1042 + 0.16558y + 20.17061 20.17061 0.16558 0.99839
HPMC-40000-0.07 % 1=-2.31239 x 1042 + 0.17105y + 22.50913 22.50913 0.17105 0.99747
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dosage of the core-shell viscosity builder. When the
dosage was 0.07%, the yield stress and plastic viscos-
ity increased by 109.41% and 16.08%, respectively,
compared with the blank group. Additionally, the
dynamic yield stress of the cement paste also tended
to increase, though the magnitude of the increase was
lower than that of the plastic viscosity. Meanwhile,
due to its very small particle size and large specific
surface area, nano-SiO, can fill the voids between
cement particles in the cement paste, which improves
the denseness of the cement paste system and
thus increases the consistency of the cement paste
[33, 34].

3.4 Application performance of HPMC @ SiO,-TA
3.4.1 pH variation of the accelerator

The effect of HPMC @ SiO,-TA on the pH of the
L-40 accelerator before and after jet crushing
is summarized in . The commercial L-40
accelerator used in this study has an initial pH
of 2.30. After adding different dosages of HPMC
@ Si0,-TA (0.01-0.07% by mass of cement), the
PH of the accelerator increases gradually with the
dosage, both in the uncrushed and jet-crushed
states. The measured values remain in the range
of 2.30-3.43. At the highest dosage of 0.07%, the
pH increases to 3.43 before crushing and 3.29
after crushing, corresponding to increments of
only 1.13 and 0.99, respectively, compared with
the blank sample.

The slight increase in pH (from 2.30 to 3.29-
3.43) after adding HPMC @ Si0,-TA can be
attributed mainly to the buffering effect of the
HPMC solution and the adsorption of protons

on the silanol groups of nano-Si0,. Because the
quick-setting agent remains in the strongly acidic
range (pH < 3.5), these changes indicate that
HPMC @ SiO,-TA remains stable in the acceler-
ator system rather than being significantly dis-
solved or degraded [35].

These results indicate that the introduction of
HPMC @ SiO,-TA slightly weakens the acidity of
the accelerator but does not change its strongly
acidic nature. In other words, the core-shell
thickening agent shows good stability in the L-40
system and has only a limited influence on the pH
of the accelerator solution.

3.4.2 Setting time of cement paste

presents the influence of HPMC @
Si0,-TA dosage on the setting behavior of cement
paste. With increasing dosage of the core-shell
thickening agent, both the initial and final set-
ting times are shortened compared with the blank
mixture, indicating that HPMC @ SiO,-TA exhib-
its a synergistic effect with the accelerator in pro-
moting rapid setting and hardening,.

For dosages of 0.01%, 0.03%), 0.05% and 0.07%,
the initial setting times are 285 s, 269 s, 266 s
and 205 s, respectively. These values are 21 s, 37
s, 40 s and 101 s shorter than that of the blank
group. The final setting time first shows a slight
increase and then a decrease as the dosage con-
tinues to rise, suggesting that the balance between
accelerator action, polymer thickening and nano-
Si0, effects depends on the dosage. Overall, the
addition of HPMC @ SiO,-TA accelerates the early
stiffening of the paste and helps to meet the rapid
support requirements of sprayed mortar [36].
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3.4.3 Compressive strength of mortar

The 1-day and 28-day compressive strengths
of mortars incorporating different dosages of
HPMC @ SiO,-TA are shown in . The
early compressive strength (1 d) first increases
and then decreases with increasing dosage, indi-
cating the existence of an optimum content.
Although the values for the modified mixtures are
slightly lower than those of the blank group at
the same age, they are higher than those obtained
with the same amount of pure HPMC-40000,
implying that the presence of nano-SiO, partially
compensates for the strength loss caused by the
cellulose ether. For instance, at a dosage of 0.03%,
the 1-day strength of the HPMC @ SiO,-TA group
is reduced by 8.58% compared with the blank,
whereas the reduction reaches 10.61% for the
pure HPMC-40000 group.

A similar trend is observed at 28 days: the
compressive strength increases to a maximum at
an intermediate dosage and then decreases when
the dosage is further increased. At relatively low
dosages, the moderate water-retention effect of
HPMC can improve the homogeneity and inter-
nal curing of the mortar, which is beneficial to
strength development. However, excessive HPMC
content leads to strong retardation of cement
hydration and higher residual porosity, which in
turn results in a reduction in both early and long-
term strength. Therefore, an appropriate dosage
range (about 0.03-0.05% in this study) should be
selected to balance workability, setting behavior
and strength development of the sprayed mortar.

HPMC mainly acts through water retention and
the formation of a polymer film on cement parti-
cles, which delays ion diffusion and modifies the
microstructure of the interfacial transition zones.
In contrast, nano-Si0, provides additional nucle-
ation sites and fills the capillary pores, acceler-
ating the precipitation of C-S-H and densifying
the matrix. In the core-shell system, the mechan-
ically released HPMC solution works together with
the dispersed nano-SiO, fragments, resulting in

30
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19.76

Compressive strength(MPa)

D

osage(%

(a)

a moderate promotion of setting while partially
compensating for the strength loss usually caused
by HPMC alone.

Although nano-Si0, contributes to matrix den-
sification, the strong water-retention and retard-
ing effects of HPMC still reduce the early degree of
hydration, leading to somewhat lower compressive
strength than the blank group at high dosages.
Thus the net strength is governed by the compe-
tition between hydration retardation (HPMC) and
micro-filling/seed effects (nano-Si0,).

3.5 Cohesive performance

The early bond strength of sprayed mortar is
critical for efficient repair and support. Higher
early bond strength significantly enhances the
interface bonding between the sprayed mor-
tar layer and the substrate, thereby effectively
resisting dynamic loads such as vibration and
impact during construction or service. This pre-
vents the mortar layer from peeling, rebounding,
or cracking, and ultimately ensures the long-term
durability of the mortar structure. Essentially,
the adhesive properties of cement-based mate-
rials depend primarily on the microstructural
characteristics of their hydration products and
nanoscale interactions.

From , it can be seen that the 2-h
bond strength of the mortar with added HPMC @
Si0,-TA first increases and then decreases with
increasing dosage. When the dosage is 0.05%,
the 2-h bond strength reaches 0.053 MPa, which
is 130.43% higher than that of the blank group.
At 28 days the bond strength also shows a trend
of first increasing and then decreasing with the
dosage, with the optimal dosage being 0.03%; at
this dosage, the 28-day bond strength of the mor-
tar reaches 1.12 MPa, which is 172.17% higher
than that of the blank group. The test results indi-
cate that an appropriate amount of the viscos-
ity enhancer can prevent the rapid evaporation
of water in the slurry due to its water-retention
property, thereby improving the initial bond
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strength of the mortar [37]. However, an exces-
sively high dosage will inhibit the development of
the early bond strength. During later hydration,
the polymer viscosity enhancer can form a denser
network structure during the hardening process of
the mortar, improving the overall compactness of
the mortar [38, 39]. Nevertheless, an overly high
dosage will inhibit cement hydration, reduce the
cementation of hydration products, and ultimately
result in a decrease in the late bond strength [40].

As shown in , the rebound rate of
the sprayed mortar in the blank group was high,
reaching 17.31%. The incorporation of the HPMC
@ Si0,-TA significantly inhibited the rebound of
the mortar; the rebound rate showed a decreasing
trend with increasing dosage (0.01% to 0.07%),
decreased by the range of 9.54%-6.22%. This
inhibitory effect mainly stems from the character-
istics of HPMC molecules: the viscoelastic network
structure formed after water absorption enhances
the cohesion of the mortar system and moder-
ately reduces its fluidity, playing a role in three-
dimensional network support and stabilization
[41]. Meanwhile, in cementitious materials, HPMC
neutralizes the surface charge of cement particles
through physical adsorption and hydrogen bonding,
weakening the homogeneous repulsive force between
particles, promoting the formation of a flocculent
structure, and enhancing cementation performance
[42, 43]. These effects collectively enhance the adhe-
sion of the slurry to the sprayed substrate and its
ahility to resist the impact of the jet stream, thereby
effectively reducing the rebound rate.

The rebound rate of the sprayed mortar was
fitted to the 2-h bond strength. From the fitting
equation, the fitting relationship between these
two properties at different dosages of HPMC @
Si0,-TA can be derived. Under the condition of
ensuring a low rebound rate, the corresponding
2-h bond strength (x,.,) can be obtained, and then
the corresponding optimal dosage (Dosage®) can be
deduced. The fitting results are shown in .

As shown in , the relationship between
2 h bond strength and rebound rate can be well
described by a quadratic function, indicating
a non-linear trade-off between cohesion and

workability. At low HPMC @ SiO,-TA dosages, the
increase in bond strength is limited and the mortar
still exhibits relatively high rebound, because the
cohesion and adhesion at the sprayed interface are
insufficient to withstand the impact of the jet. With
increasing dosage, the mechanically released HPMC
together with the dispersed nano-SiO, fragments
markedly enhances the interparticle network and
interfacial adhesion, leading to a rapid increase in
2 h bond strength and a significant reduction in
rebound rate. However, when the dosage is further
increased, the excessive viscosity and yield stress
begin to impair flowability and surface compaction,
which reduces the effective contact area and slightly
decreases the bond strength, even though the
rebound rate continues to decrease only marginally.

The fitted curve therefore exhibits an optimum
region where the combined effect of cohesion and
workability is most favorable. In this study, the
mortar with 0.05% HPMC @ SiO,-TA lies close
to the minimum of the fitted rebound curve and
simultaneously provides a relatively high 2 h bond
strength, indicating that this dosage offers the best
compromise between low rebound and sufficient
early adhesion. The rebound rates obtained for the
blank mixture fall within the range reported for
conventional wet-mix shotcrete in the literature,
whereas the optimized mixture achieves a markedly
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lower rebound level while maintaining comparable
or higher bond strength, confirming the effective-
ness of the mechanically triggered core-shell thick-
ening strategy in sprayed mortar systems.

3.6 Effect of core-shell thickeners on cement
hydration behaviour

In this test, five groups of samples were set,
namely pure cement group, cement-accelerator
group, cement-accelerator-pure-HPMC-40000 group,
cement-accelerator-unbroken HPMC-40000 core-
shell tackifier group and cement-accelerator-
broken HPMC-40000 core-shell tackifier group,
which were named as A, B, C, D and E, respec-
tively. The hydration heat release rate and cumu-
lative hydration heat release of the above five
groups of samples within 48 h were tested by
internal stirring method, and the test results are
shown in [44-46].

Compared with the blank group, the addition
of accelerator improves the first exothermic rate
of hydration, and the addition of HPMC-40000
(C, E) has no obvious inhibitory effect on the first
exothermic peak, indicating that the addition of
accelerator greatly promotes the rapid hydration
of Al phase. According to the second exothermic
peak, compared with the blank group, the second
exothermic peaks in groups B, C, D and E was
2.09 h, 2.92 h, 2.24 h and 1.86 h earlier, respec-
tively. The second exothermic peak of group C is
0.83 h earlier than that of group B, which shows
that the addition of HPMC-40000 is beneficial to
the hydration of Si phase to form a large number
of C-S-H and promote the hardening of cement-
based materials. This is the result of stable disper-
sion of cement particles by HPMC-40000, which
makes cement particles fully contact with water
and promotes C,;S hydration. Among them, due to
the accelerated hydration of C;S in groups b and
¢ and the pozzolanic reactivity of Nano-SiO, in
group d, a “shoulder peak” appeared in all three
groups after the exothermic reaction of Si phase,
which was the secondary hydration peak of Al
phase, indicating that some ettringite (AFt) was

Heat(J/g)

0 =TT

0 2 4 6 8 10 12 14 16 18 20 22 24

Time(h)

(a)

transformed into monosulfoaluminate (AFm).
However, there is no obvious “shoulder peak” of
Al phase in Group E, which shows that the poz-
zolanic reactivity of broken and dispersed Nano-
Si0, is affected by HPMC-40000, which prevents a
large number of AFt from being quickly converted
into AFm. After 15 h, the hydration heat release
rate tends to be stable. According to the cumu-
lative exothermic data in the , com-
pared with group C, the cumulative heat release of
groups D and group E is 6.93/j g-1 and 1.40/j g-1,
respectively, which means that the existence of
Nano-Si0, increases the cumulative heat release
of hydration for 48 h. The pozzolanic reactivity
of Nano-SiO, can consume CH to generate hydra-
tion products such as C-S-H release a lot of heat,
which shows that Nano-SiO, can overcome the
effect of the molecular layer formed by polymer
adsorption on the diffusion of water and ions, and
promote the formation of C-S-H as a whole.

4 Conclusions

A core-shell structural viscosity enhancer (HPMC-
40000) with mechanically triggered response
properties was innovatively proposed and pre-
pared to efficiently improve the cohesiveness of
cementitious materials and reduce the rebound
rate in sprayed mortar construction. Systematic
investigation into its mechanism and effects on
key macroscopic properties of cementitious mate-
rials yielded the following main conclusions:

(1) HPMC @ SiO0,-TA with a shell-to-core mass
ratio of 20:1 was successfully prepared via
high-speed shearing (1500 rpm, 10 min), with
an encapsulation efficiency of 92.38%. It
exhibited a distinct mechanical triggering
response under jet impact. SEM observations
confirmed that the core-shell particles had a
nearly spherical structure; upon jet impact, the
shell broke to release the core solution, forming
a hemispherical hollow structure ( ),
thus enabling mechanical trigger thickening.
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(2) Core-shell materials trigger tackiness under jet
impact. The released HPMC-40000 synergisti-
cally improves the interfacial bond strength
with dispersed nano-SiO, fragments. At a dos-
age of 0.05%, the 2-h bonding strength reached
0.053 MPa, a 130.43% increase compared to
the blank group (0.023 MPa). At a dosage of
0.03%, the 28-day bonding strength reached
1.12 MPa, a 172.17% increase compared to the
blank group. At a dosage of 0.07%, the rebound
rate decreased to 7.95%, a 35.15% reduction
compared to the blank group (17.31%), which
implies: A significant reduction in material
wastage, and hence potential cost savings on
cement, aggregates, and disposal of rebound
waste. Lower generation of construction debris,
contributing to reduced environmental impact.
The improved early and long-term bond
strength suggests that: Thinner sprayed layers
may be sufficient to achieve the same structural
performance, potentially reducing material
consumption. The optima dosage was deter-
mined as 0.05% by fitting analysis.

(3) HPMC @ SiO,-TA and the L-40 quick-setting
agent exert a synergistic hardening effect, mod-
erately shortening the setting time (overcoming
the conventional retarding property of HPMC).
The initial setting time was shortened from 306
s in the blank group to 205 s at a dosage of
0.07% (a reduction of 101 s). Rheological tests
confrmed that HPMC @ SiO,-TA significantly
increased yield stress and plastic viscosity: at a
dosage of 0.07%, yield stress increased by 109.41%
(to 22.50913 Pa) and plastic viscosity increased by
16.08% (to 0.171 Pa's) compared to the blank
group (10.7487 Pa and 0.147 Pa-s, respectively).
This optimization of rheological properties helps
reduce rebound, but workability needs to be
balanced through dosage adjustment.

(4) The core-shell structure enhances the materi-
al’s stability in the acidic quick-setting agent
system (L-40, pH = 2.30). Although HPMC-
40000 inhibits early compressive strength,
nano-Si0, exerts a compensatory effect:
1-day compressive strength peaked at a dos-
age of 0.03% but remained 8.58% lower than
that of the blank group. The 28-day strength
showed a similar trend, indicating that the
dosage needs to be controlled (<0.03-0.05%)
to minimize the negative impact of HPMC-
40000 on strength while maximizing the ben-
efits of bond strength improvement and
rebound rate reduction.

(5) Mechanism of action: When the core-shell
HPMC-40000 particles impact the sprayed
surface, the nano-SiO, shell fractures and
releases the encapsulated HPMC solution. The
liberated nano-Si0, disperses in the paste, fills
fine pores and, owing to its high specific sur-
face area, provides nucleation sites for C-S-H,
which densifies the matrix and promotes
strength development. Meanwhile, the -OH
and -0- groups in HPMC-40000 bind water

[47-49] and form a three-dimensional poly-
mer network that bridges cement particles,
increases cohesion and yield stress, and par-
tially isolates the clinker from free water.
Through adsorption and Ca?* complexation,
HPMC-40000 reduces ion mobility and retards
the early hydration of C;S and C,S. At later
ages, nano-Si0, reacts with CH to generate
additional C-S-H and AFt, while the water-re-
tention effect of HPMC-40000 sustains con-
tinued hydration. As a result, the pozzolanic
reaction of nano-SiO, largely compensates for
the HPMC-induced retardation, so that the lat-
er-age mechanical properties of the sprayed
mortar can be maintained or even improved.

In summary, by integrating macro-scale perfor-
mance tests with microstructural analysis, this study
elucidates the mechanically triggered action of core—
shell HPMC-40000 in shotcrete and its influence on
cement hydration, as well as the correlation between
hydration evolution and macroscopic properties.
Core-shell HPMC-40000 synergistically leverages
nano-modification and polymer regulation, offering
a new strategy for rheology control, strength devel-
opment, and impermeability of sprayed mortar, while
simultaneously enhancing cohesiveness, reducing
rebound, and improving interfacial bonding,.
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