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This study examines the preparation of high-strength sleeve grout
incorporating basalt and polypropylene fibers, with a focus on the effects of
fiber content and freeze-thaw cycling on its fundamental properties. Results
indicate that a mix containing 0.05% polypropylene fiber and 0.05% basalt
fiber delivers optimal performance. An appropriate fiber dosage does not
substantially compromise fluidity, yet it significantly improves flexural strength,
enhances toughness, and reduces mass loss after freeze-thaw exposure.
Furthermore, such a mix mitigates strength degradation under specific
freeze-thaw conditions. It is also shown that a slow pressurization process
following freeze-thaw cycles can effectively exploit the toughness of the
fiber-reinforced material, consistent with conditions encountered in practical
applications.

Key words: sleeve grout, mechanics, flowability, freeze resistance, toughness

Introduction

The industrialization of construction is escalating performance requirements for
prefabricated building materials. As a key material for connecting nodes in these structures, sleeve
grouting materials face a critical challenge: over 50% of large-scale projects in China have experienced
freeze-thaw damage [1, 2]. However, the cold-weather durability of these materials remains
insufficiently studied. Given that the stability of nodal connections is paramount to structural integrity,
enhancing the frost resistance of sleeve grouts is imperative. Fibers are well-established as effective
toughening agents in cementitious composites [3, 4], and while fiber-reinforced grouts have been widely
investigated [5, 6], their application in specialized sleeve grouts warrants further exploration. Here, we
incorporate polypropylene and basalt fibers to develop a high-performance sleeve grout, evaluating its
fundamental properties and frost resistance to advance the performance boundaries of this critical
construction material.
Trial plan

This article uses the sleeve type grouting material produced by Qingdao Zhuonengda
Company. Among them, the basic components of sulfoaluminate cement are shown in Table 1, and the
aggregate: fine aggregate is quartz sand with a particle size of 0.4mm-0.6mm. The fineness modulus is
1.8
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Table 1 Basic properties of cement

Setting time (min) Flexural Strength Compressive strength fineness
(MPa) (MPa)
Initial Final 7d 28d 7d 28d
setting setting
75 290 6.8 9.3 325 55.6 3.2

Basalt fiber (BF): Alkali resistant basalt fiber produced by Hubei Huierjie is used, with
performance indicators shown in Table 2

Table 2 Basic properties of basalt fiber

Project Length Diameter Density = Breaking Elongation Modulus Water
(mm) (um) (glcm®) strength at break of content
(MPa) (%) elasticity (%)
(GPa)
Performance 12 15 2.7 1400 2.5-3.0 45-50 0.08

Polypropylene fiber (PP), performance indicators are shown in Table 3

Table 3Basic properties of polypropylene fiber

Project Length Diamete  Density = Breaking Elongation Modulus  Water
(mm) r (um) (g/em’®) strength at break of content
(MPa) (%) elasticity (%)
(GPa)
Performance 20 20 0.93 700 10-30 3.8-4 0.1

According to the relevant requirements of JG/T408-2019 (Sleeve Grouting Material for
Steel Reinforcement Connections), 1800g of grouting material is required, including 600g of dry
Portland cement, 150g of Portland cement, 10009 of quartz sand, and 50g of gypsum. After preliminary
experiments, a fixed water cement ratio of 0.12 is used in this study. The specific fiber dosage for 2169

of water is as follows
Table 4 Proportion of fiber content

Group (Agroup) (B group) (C group)
PP BF PP BF PP BF
Dosage 0.025% 0.025% 0.05% 0.05% 0.1% 0.1%

Theoretical derivation

From a thermodynamic perspective, the evolution of any system tends to minimize its total
free energy. For grouting materials in a freeze-thaw environment, we can consider them as a multiphase,
non-equilibrium open system. The total free energy ¥ of the system can be expressed as:

W =W, (6, DT, Sy ) + o @)
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where W, is the system's free energy, which is a function of internal variables, ¢; is the elastic strain
tensor, D is the damage variable (0 < D < 1, D=0 represents no damage, D=1 represents complete
destruction), T is temperature, S, is saturation (degree of pore water filling), and ¥, is the potential

energy provided by external loads.
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According to the second law of thermodynamics and irreversible process thermodynamics,
the damage evolution of a system (i.e., the increase in D) is driven by a generalized thermodynamic
force conjugate to it. The damage driving force Y is defined as
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When Y exceeds a certain critical threshold Y., the damage begins to evolve (dD>0). When Y is
exceeded a certain critical threshold Y, the damage begins to evolve (dD>0). The essence of freeze-thaw
cycles is to generate and periodically amplify the damage driving force Y within the system through
periodic changes in temperature (T) and saturation (Sy,).
Experimental instruments and cycling system

(1) The KDS60 freeze-thaw test chamber produced by Nanjing Anai Testing Equipment Co.,
Ltd. adopts the method of cooling and freezing in air, and heating and thawing to conduct periodic
freeze-thaw tests. The function of automatically completing up to 999 freeze-thaw cycles in one setting
(2) Wuxi Jianyi TYE-300C pressure testing machine (3) electronic scale (with a sensing capacity of 1g)
(4) Jekteisken's VEGAS3 scanning electron microscope

A. B and C groups each use 12 test molds to prepare 12 triple test blocks, and a control

group without added fibers is set up in group D.The freeze-thaw cycle system is shown in Table 4 below:

Test process

According to the requirements of JGJ/T408-2019 Sleeve Grouting Material for
Reinforcement Connection, the mix cement-based grouting materials have the relevant regulations of
fluidity test. We measure its fluidity according to the specifications and record the corresponding data.

Inject the slurry into the test mold to prepare a 40mm X 40mm X 160mm prism. The
mixing and forming process should be completed within 6 minutes, and immediately covered after
pouring. Place the test block to be frozen and thawed into an electric hot air drying oven, keep it at 55 C
-65 ‘C for 24 hours, then keep itat 75 ‘C -85 “C for 24 hours, and finally dry it to a constant mass at
100-110 C. Take out the test block and cool it to room temperature. Immediately weigh the mass and
immerse it in a water tank with a water temperature of 15 ‘C -25 °C. The water level should be 30mm
higher than the test block and kept for 48 hours. Remove the test block, wipe off the surface moisture
with a damp cloth, and place it in a pre cooled freezer with a spacing of not less than 20mm below
-15 °C. Record the time when the temperature drops to -18 ‘C. Freeze at -18 °‘C for 6 hours, remove
and place ina 15 ‘C -25 “C water tank, thaw for 5 hours as one freeze-thaw cycle, and so on until the
corresponding number of freeze-thaw cycles is reached. Check the damage of the test block during the
freeze-thaw process every 5 cycles. Finally, calculate the corresponding quality loss and compressive
strength.
Results and Discussion

Firstly, the mass loss of different groups after different freeze-thaw cycles was measured, as
shown in Figure 1.As the number of freeze-thaw cycles increased, all specimen groups exhibited varying
degrees of mass loss, albeit with considerable differences in the magnitude. Notably, Specimen B
demonstrated a markedly slower rate of mass loss increase between 10 and 20 cycles compared to other
groups. The overall trend indicates that the incorporation of both fiber types effectively mitigated the
cumulative mass loss, with the mitigation effect being more pronounced at higher fiber dosages. This
suggests the existence of a critical, optimal fiber dosage for minimizing mass loss. Given that Specimen
B consistently showed the least mass loss after an identical number of freeze-thaw cycles, its fiber
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dosage is inferred to be close to this optimum.
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Figure 1 Quality loss rates of different groups
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3 The influence
compressive strength

The data reveal a clear trend of decreasing flexural and compressive strength with
increasing freeze-thaw cycles. Analysis of fiber content indicates that hybrid fibers generally enhance
flexural strength, with the most significant improvement observed in Group B (0.05% polypropylene +
0.05% basalt fiber). The comparable flexural strengths of Group A (0.025% each fiber) and Group C (0.1%
each fiber) suggest that the optimal dosage for flexural enhancement lies near that of Group B. In
contrast, compressive strength exhibited a divergent response, decreasing with any fiber addition, and
more substantially at higher dosages. However, Group B demonstrated the smallest reduction in
compressive strength, indicating that an appropriate fiber content effectively mitigates the rate of
strength degradation after freeze-thaw cycles. Thus, while fiber incorporation adversely affects
compressive strength, a lower, optimized dosage does not significantly compromise it.

Micro-structural evidence confirms the mechanism by which fibers enhance performance.
Well-encapsulated fibers within the grout matrix (Figure 5) deboned in a manner that leaves clear pits
(Figure 4), demonstrating strong fiber-matrix adhesion. This bonding is critical for improved toughness
and integrity. The fiber-reinforced specimen (Figure 7) exhibits significantly reduced crack width and
depth compared to the plain grout (Figure 6) after identical freeze-thaw cycles, confirming that fibers
inhibit crack propagation and coalescence. This restraint limits water penetration pathways, thereby
delaying frost-heave crack development. The fiber's role is further quantified under different loading
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Figure 2 The influence of freeze-thaw on Figure
flexural strength
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conditions. Slow pressurization allows fibers to be "kneaded," developing branching and tearing while
maintaining load transfer, whereas conventional loading causes brittle fiber pull-out (Figure 9). The
post-freeze-thaw slow pressurization process is thus essential to fully exploit the material's toughness, a
key insight for practical engineering applications.
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Figere 4 Unblended fiber morphology Figere 5 Fiber morphology (before
(before freeze-thaw) freeze-thaw)

Figere 6 After 20 freeze-thaw cycles Figere 7 After 20 freeze-thaw cycles of
without fiber addition fiber blending

Figure 8After slow destruction of mixed Figure 9After rapid destruction due to
fibers fiber doping



Conclusion

This study presents a preliminary investigation into the freeze-thaw performance of
fiber-reinforced sleeve grouting materials. While fiber incorporation can influence material fluidity, it
markedly enhances durability under freeze-thaw conditions. At a given fiber content, mass loss increases
and mechanical strength decreases with escalating freeze-thaw cycles, yet these degradations are
effectively mitigated in fiber-reinforced specimens.An optimal synergy exists for fiber hybridization. A
specific combination of 0.05% basalt fiber and 0.05% polypropylene fiber was identified as the most
effective dosage, significantly improving flexural strength, toughness, and overall frost resistance.
Deviations from this ratio result in diminished returns, confirming that more fiber does not equate to
better performance.Microscopic evidence reveals the mechanistic role of fibers: they bridge microcracks,
impede their propagation and coalescence, and thereby hinder water infiltration. This action directly
enhances the material's resistance to freeze-thaw damage. Furthermore, fibers contribute to load-bearing
capacity; a slow pressurization regime after freeze-thaw cycles allows for full mobilization of fiber
toughness, a critical finding for practical engineering applications.
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Nomenclature
W, . - system's free energy, [J/m?] €; -the elastic strain tensor, [—]
D- damage variable, [ -] T- temperature, [K]

S,, -saturation (degree of pore water filling), [-] ‘¥, -potential energy,[J/m?]
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