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Abstract. Challenges are faced in the repair of local deformation diseases of
roadbeds in permafrost regions. Grouting roadbed repair materials with both per-
mafrost engineering adaptability and cost-effectiveness need to be developed ur-
gently. EPS lightweight compaction-filling thermal insulation grouting material
was proposed. Based on the three-factor and three-level orthogonal test and the
method of controlled variables, physicomechanical indicators were measured.
These indicators included negative temperature unconfined compressive
strength, flowability, initial setting time, thermal conductivity, mass and strength
loss rates of freeze-thaw cycles, and heat of hydration. The influence of each
factor on the indexes was analyzed systematically. Material mix proportions suit-
able for filling and compaction grouting in permafrost engineering were opti-
mized. Distribution images of aggregates and matrix were established by indus-
trial CT. Results show that the optimal mix proportion of the material is as fol-
lows: the mass fraction of perlite is 50%, the water-cement ratio is 0.5, the content
of polypropylene fiber is 0.1%, the content of fly ash is 20%, and the Superplas-
ticizer dosage is 0.2%. A positive effect on aggregate anti-floating and anti-seg-
regation is possessed by EPS modification and mix proportion design. The heat
transfer mode of the grouting material tends to the series model, indicating that
the skeleton conduction is effectively blocked by light aggregates, and ideal ther-
mal insulation performance is obtained. Core parameters are provided by the re-
search results for the mix proportion of EPS lightweight compaction-filling ther-
mal insulation grouting materials. Broad application prospects are possessed in
compaction and filling grouting engineering in permafrost regions.

Keywords: Roadbed repair; Grouting material; Thermal insulation; Negative
temperature curing.
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1 Introduction

Permafrost refers to rock or soil layers that remain at or below 0 °C for at least two
consecutive years. Uneven frost heave and thaw settlement in permafrost lead to road-
bed cracking and differential deformation, severely damaging transportation infrastruc-
ture in these regions. Additionally, global warming-induced permafrost thawing and
active layer thickening are expected to worsen these effects[1, 2].

For the rehabilitation of existing road diseases, active cooling measures such as ven-
tilation pipes and thermosyphons are commonly employed in projects including the
Qinghai-Tibet Highway and Railway, effectively regulating permafrost temperature
and mitigating associated infrastructure damage.[3, 4]. However, for localized defor-
mation issues in existing roadbeds, passive reinforcement measures are still required
for timely repair. Grouting in permafrost subgrades or foundations can achieve prompt
rehabilitation and ground strengthening. Cement-based grouts are commonly used to
repair permafrost-induced road damage due to their high compressive strength, wide
availability, and relatively low cost, making them a cost-effective solution for infra-
structure rehabilitation[5, 6]. However, conventional cement-based grouts have signif-
icant limitations, including high heat of hydration, high thermal conductivity, slow
hardening and reduced strength under sub-zero curing, and poor resistance to freeze-
thaw cycles. To address these limitations, modified cement-based grouts and novel
chemical grouts have been developed. For example, partially replacing ordinary Port-
land cement with fly ash reduces the heat of hydration, while substituting with calcium
sulfoaluminate cement accelerates hardening and enhances early-age strength.[7, 8]. In
recent years, low-exothermic polymer grouting technology has also been introduced,
characterized by low heat release, low thermal conductivity, high strength under sub-
zero conditions[9]. However, existing cement-based grouts still have high thermal con-
ductivity and poor freeze-thaw resistance, while novel chemical grouts are limited in
widespread use due to their higher cost. Therefore, developing grouting materials for
roadbed repair that balance both permafrost engineering requirements and economic
feasibility remains a critical technical challenge.

EPS (Expandable Polystyrene) beads are closed-cell foam particles produced by
physically foaming polystyrene resin with a blowing agent. Owing to their low density
and excellent thermal insulation properties, they are often used in combination with
other insulating materials such as perlite and glass microspheres. They can serve as
lightweight aggregates in cement-based composites for building envelopes and sub-
grade insulation layers in permafrost regions[10, 11]. Studies have shown that hydro-
philic modification of EPS with triethanolamine (TEA) or polyvinyl alcohol, followed
by a “sand-coating” process, can effectively improve its dispersion in cement paste and
enhance its affinity with the cement matrix[12]. Meanwhile, adding polypropylene fi-
bers can effectively reduce shrinkage and cracking of EPS-cement composites at low
temperatures.[13]. Furthermore, appropriate incorporation of expanded perlite into the
EPS system can improve the composite strength[14]. Based on these characteristics,
modified EPS beads can be used as lightweight fillers in cement-based grouts, with
perlite added to optimize the particle-size gradation. In areas with loose soil or severe
deformation after thawing and subsidence of permafrost, grouting materials can be used
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for compaction grouting to densify the surrounding soil, improving its strength and frost
heave resistance, and enhancing thermal stability. When large voids occur due to frost
heaving or thaw subsidence, filling grouting can be applied for repair. Additionally,
with global warming accelerating permafrost degradation, pre-thawing technology can
ensure long-term stability[15]. In such projects, modified EPS cement-based slurry fills
the post-thaw voids, reinforcing weak soil layers and improving thermal stability due
to its excellent insulation properties.

Based on above considerations, this study proposed a lightweight grouting material
composed of ordinary Portland cement (OPC), calcium sulfoaluminate cement (SAC),
fly ash, modified EPS beads, expanded perlite, and polypropylene fibers. Polycarbox-
ylate ether (PCE) superplasticizer and anhydrous CaCl. are also incorporated to adjust
workability and prevent freezing. The material performance was evaluated using the
following indicators: unconfined compressive strength under negative temperature and
pressure, flowability, initial setting time, heat of hydration, thermal conductivity, and
mass and strength loss rates after freeze-thaw cycles. Through orthogonal preliminary
tests, the effects of curing conditions, water-cement ratio (W/C), perlite content (by
mass of lightweight aggregates), and fiber dosage (by mass of cementitious materials)
on the performance indicators were analyzed. On this basis, influences of fly ash con-
tent (by mass of cementitious materials) and water-cement ratio on the material prop-
erties were investigated in subsequent experiments. This approach enables a systematic
analysis of the material's physicomechanical properties under negative temperature and
pressure, verifying its applicability and determining the optimal mix proportion.

2 Materials and Methods

2.1 Raw Materials

Modifier: Triethanolamine (analytical grade), produced by Sinopharm Chemical Rea-
gent Co., Ltd., China. Portland cement: P-O 42.5 ordinary Portland cement, produced
in Anhui, China. Calcium sulfoaluminate cement: R-SAC 42.5 rapid-hardening cal-
cium sulfoaluminate cement, produced in Langfang, Hebei, China. Fly ash: Grade I fly
ash, produced in Shenzhen, Guangdong, China. EPS beads: Expandable polystyrene
foam particles, produced in Shenzhen, Guangdong, China, with a diameter of 0.5-1 mm.
Perlite: Expanded perlite, produced in Xinyang, Henan, China, with a particle size of
1-4 mm and a bulk density of 95 kg/m?*. The basic physical properties of the two light-
weight aggregates are listed in Table 3. CaCl.: Anhydrous calcium chloride (analytical
grade), produced by Sinopharm Chemical Reagent Co., Ltd., China. Superplasticizer:
Polycarboxylate-based superplasticizer, produced in Shanghai, China. Fibers: Short
polypropylene fibers, produced in Hebei, China, with a length of 6-8 mm. The main
chemical compositions of the cement and fly ash are listed in Table 1 and Table 2, re-
spectively. The key physical properties of the lightweight aggregates are provided in
Table 3, wherein the bulk density of the lightweight aggregates was determined accord-
ing to GB/T 17431.2-2010, and the thermal conductivity was measured by the transient
hot-wire method.
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Table 1. Main chemical compositions of OPC and SAC

Typesof i) ALO;  CaO  Fe0s  K:O  MgO  Na:O SO
cement
OPC 25.06 11.60 51.44 3.77 0.92 2.11 0.49 3.65
SAC 13.83 2640 35.29 2.97 0.49 2.29 0.32 16.49
Table 2. Main chemical composition of fly ash
Composp Si0» ALOs CaO F ree‘ iron ) Iron Alkali Water
tion oxide content content content
C(zf;t‘;m 451 368 45 085 0015 085 0.75 0.40
0
Table 3. Main physical properties of lightweight aggregates
Type of aggregates Bulk density (kg/m?) Thermal Conductivity (W/(m-K))
Modified EPS beads 110 0.0485
Expanded perlite 95 0.0560

2.2  Experimental Design and Parameter Settings

To achieve sufficient modification of EPS beads, this study employed a 20 wt% TEA
solution for surface treatment, followed by a “sand-coating” process using a cement
paste with a water-cement ratio of 1:1. To simulate the characteristic low-temperature
and low-pressure environment of alpine permafrost regions (e.g., the Qinghai-Tibet
Plateau), the specimens were cured at a sub-zero temperature of —3 °C, and a constant
pressure of 50 kPa was maintained during both sample preparation and curing. To pre-
vent freezing of the mixture, a 10% CaCl: solution was used as the mixing liquid, en-
suring a freezing point below -3 °C. To balance thermal insulation, anti-flotation capa-
bility, and injectability, the wet density of the material was designed to be 1050 kg/m?.
To shorten the initial setting time and enhance increase compressive strength under sub-
zero conditions, the mass ratio of OPC to SAC was set to 8:2[16]. Fly ash was incor-
porated at 10%, 20%, and 30% by mass of the cementitious materials. To identify a
water-cement ratio that ensures both anti-segregation and adequate injectability, values
of 0.4, 0.5, and 0.6 were selected. Perlite was added to the lightweight aggregates to
optimize the particle-size distribution, with its content (by mass of lightweight aggre-
gates) set at 0%, 25%, and 50%; the exact dosage was adjusted based on the target wet
density. In addition, polycarboxylate superplasticizer (PCE) was added at 0.1%, 0.2%,
and 0.3% by mass of cementitious materials, and polypropylene fiber at 0.1%, 0.15%,
and 0.2% by mass of cementitious materials. To investigate the influence of different
environmental parameters on the physicomechanical properties of the grouting mate-
rial, three experimental groups were set up: normal temperature and normal pressure
(NN), low temperature and normal pressure (LN), and low temperature and low pres-
sure (LL).
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To comprehensively investigate the influence of various factors on the physicome-
chanical properties of the grouting material, this study was conducted in two experi-
mental phases. In the first phase, a three-factor, three-level orthogonal experimental
design was applied to nine groups. The selected factors were perlite content (by mass
of lightweight aggregates, denoted as A), fiber dosage (by mass of cementitious mate-
rials, denoted as B), and water-cement ratio (denoted as C). Their effects on the uncon-
fined compressive strength (UCS), flowability, initial setting time, and thermal conduc-
tivity under sub-zero temperature and low-pressure conditions were examined. Based
on the test results, analysis of range variance were performed. By comparing the range
(R) and the significance of variance (p-value) at different levels, the optimal combina-
tion of the three factors was determined. The influence of curing conditions on the
28-day UCS and initial setting time of the grouting material was also analyzed. After
determining the optimal reference mix proportion (denoted as T) from the orthogonal
experiments, the controlled-variable method was further employed to systematically
investigate the effects of fly ash content (denoted as D) and superplasticizer dosage
(denoted as E) on the UCS, flowability, initial setting time, and thermal conductivity
under sub-zero and low-pressure conditions, aiming to screen the final mix proportion
with the best overall performance. Finally, the optimal mix proportion was tested for
heat of hydration and freeze-thaw cycles to verify its hydration characteristics and frost
resistance, providing a foundation for engineering applications. The detailed experi-
mental plan is presented in Table 4.

The specimen preparation process is illustrated in Figure 1. Firstly, the required solid
constituents were weighed and dry-mixed until homogeneous. Subsequently, a 10 wt%
CaCl: solution was prepared and blended with the dry materials to form a slurry. The
resulting slurry was stirred in a mixer for 120 s, then poured into molds. The molds
were placed in the corresponding environmental conditions for curing. After 3-4 days
of curing, the specimens were demolded and continued to be cured under the same
conditions until the specified curing age was reached.

The modification of EPS beads was carried out according to the following proce-
dure: a 20 wt% TEA solution was poured into an empty container; a predetermined
amount of EPS beads was added to the container and mechanically stirred at 150 r/min
for 1-3 min; the beads were then removed and air-dried at room temperature for 1 day.
This process was repeated for three times. Subsequently, a cement paste with a wa-
ter-cement ratio of 1:1 and a ratio of OPC-to-SAC of 8:2 was prepared and poured into
an empty container. The treated EPS beads were placed in a container and stirred at 180
r/min for 2-5 minutes, then retrieved and air-dried for 1 day to obtain the modified EPS
beads. The unconfined compression test was performed in accordance with
JTG 3420-2020, using a compression testing machine. The flowability test followed
GB/T 2419-2005, and a cement mortar flowability tester was employed. The initial set-
ting time was determined according to GB/T 1346-2024 with a Vicat apparatus. The
heat of hydration was measured in accordance with GB/T 12959-2024 using a TAM
AIR isothermal calorimeter (USA). Thermal conductivity was tested in compliance
with GB/T 10295-2008, employing a NETZSCH HFM 436/3/1E heat-flow-meter ap-
paratus. The freeze-thaw cycle test was conducted following JTG 3420-2020. In com-
pliance with JTG B01-2014, the uniaxial compressive strength loss after 25 freeze-thaw
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cycles was adopted as the evaluation indicator for the frost resistance of the grout. In-
dustrial CT scanning was performed using a vjtome|x m 300 CT system with a resolu-
tion of 35 um.
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Fig. 1. Flow chart of specimen preparation

Table 4. Test program for physico-mechanical properties of grouting material

Group | Curing condi- Perlite Fiber con- Flyash superplasticizer
label tion content tent (%) wic content dosage (%)
(%) (%)
A1B1Ci 0 0.1 0.4 0 0.2
A1B2C2 0 0.15 0.5 0 0.2
A1Bs3Cs 0 0.2 0.6 0 0.2
A2B3Cs 25 0.2 0.6 0 0.2
A2Bi1C2 LL, NN, LN 25 0.1 0.5 0 0.2
A2B2Ci 25 0.15 0.4 0 0.2
A3B2Cy 50 0.15 0.4 0 0.2
A3BsCa 50 0.2 0.5 0 0.2
A3Bi1Cs 50 0.1 0.6 0 0.2
T-D:E1 50 0.1 0.5 10 0.1
T-D:Ea 50 0.1 0.5 10 0.2
T-D:E; 50 0.1 0.5 10 0.3
T-D2E1 50 0.1 0.5 20 0.1
T-D2E> LL 50 0.1 0.5 20 0.2
T-D2E; 50 0.1 0.5 20 0.3
T-DsE1 50 0.1 0.5 30 0.1
T-DsEz 50 0.1 0.5 30 0.2
T-DsE; 50 0.1 0.5 30 0.3

*For each test group, the specimens cured under LL conditions consisted of nine 40 mm x 40 mm x 160 mm
parallel samples for compressive strength testing (three parallel samples per curing age) and two
300 mm x 300 mm X 15 mm parallel samples for thermal conductivity testing. The specimens cured under
LN and NN conditions each comprised three 40 mm x 40 mm X 160 mm parallel samples for compressive
strength testing (cured for 28 days).
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3 Test Results and Discussion

3.1 Effect of Curing Conditions on the Physicomechanical Performance of
Grouting Materials

The 28-day unconfined compressive strength (UCS) of specimens under different cur-
ing conditions is shown in Figure 2(a). A comparison of the results of NN and LN
groups reveals that the UCS of the grouting material decreases significantly under
sub-zero temperature and normal pressure. In the cementitious system, anhydrous cal-
cium sulfoaluminate in sulfoaluminate cement reacts rapidly with gypsum and water to
form ettringite and aluminous gel, creating an early framework. This reaction has a low
apparent activation energy, making it fast and less temperature-sensitive, and is the
main source of early strength. However, once calcium sulfoaluminate is depleted, the
material strength primarily comes from the reaction of tricalcium silicate with water to
form calcium silicate hydrate (C-S-H) gel, which has a higher apparent activation en-
ergy and is more temperature-sensitive. Since the system is dominated by Portland ce-
ment, the 28-day unconfined compressive strength of the grouting material significantly
decreases[17]. A comparison between the LN and LL groups indicates that the UCS
under sub-zero temperature and low pressure is slightly lower compared to that under
sub-zero temperature and normal pressure. This can be attributed to the lower boiling
point of water under reduced pressure, which promotes the evaporation of moisture
both inside and on the surface of the cement paste. This leaves irregular pores within
the paste, increasing the number of harmful pores and reducing the material's strength.
However, in the grouting material system, EPS particles and perlite partially replace
the pores in the cementitious material, thereby partially compensating for the strength
loss[18]. Nevertheless, sub-zero temperature still remains the dominant factor affecting
the UCS of the grouting material. Under LL curing conditions, the 28-day strength of
all specimens exceeds 1.5 MPa, meeting the strength requirement for grouting materials
in permafrost regions.

The initial setting time of specimens under different curing conditions is presented
in Figure 2(b). Comparison of the NN and LN groups shows that the initial setting time
of the grouting material increases significantly under sub-zero temperature, which is
consistent with the reduction in UCS. The early hydration reaction of sulfoaluminate
cement, which constitutes only 16% by mass of the cementitious system, cannot make
the initial setting time at low temperatures equivalent to that at room temperature. It is
worth noting that when the water-cement ratio increases to 0.6 (groups A;BsCs,
A»B3C;, and A3B;C;), the grout changes from a plastic to a fluid state, leading to a
viscosity decrease. This reduction in viscosity delays the development of the hydration-
product network, leading to a more pronounced extension of the initial setting time.
Under sub-zero temperature, the hydration rate is low, and the accumulation of hydra-
tion products proceeds slowly. In fluid grouts, the hydrated product network forms
more slowly, while in plastic-flow grouts, the high viscosity accelerates the early hy-
dration network, speeding up initial setting. A comparison of the LN and LL groups
indicates that, with respect to sub-zero temperature and normal pressure, the initial set-
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ting time under sub-zero temperature and low pressure generally exhibits a slight in-
crease. Compared to normal pressure at low temperatures, under low pressure and low
temperature conditions, although moisture evaporation decreases the effective water-
to-cement ratio and increases ion concentration, the lower pressure raises the system's
free energy, increases solution viscosity, and reduces ion mobility. This hinders nucle-
ation of hydration products and slows down the cement hydration rate. For groups
A1B3C;, AsB3Cs, and AsBCs with a water-cement ratio of 0.6, the grout is in a fluid
state, and the hydration rate plays a more dominant role in the setting time. Conse-
quently, the extension of the initial setting time is more marked in these cases.
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Fig. 2. Test results of 28-day unconfined compressive strength for specimens under different
curing conditions: (a) the UCS of each group; (b) The initial setting time of each group

3.2  Effects of Perlite Content, Fiber Addition, and Water-Cement Ratio on
the Physicomechanical Performance of Grouts

Unconfined compressive strength under sub-zero temperature and low pressure.
As shown in Figure 3, under sub-zero temperature and low-pressure conditions, the fac-
tors affecting the UCS are ranked in descending order of significance as follows: perlite
mass fraction > water-cement ratio > fiber dosage. Among these, the perlite mass frac-
tion and the water-cement ratio have a statistically significant effect on the UCS at
different curing ages (p < 0.05), whereas the influence of fiber dosage is not statistically
significant (p > 0.05). The perlite mass fraction exhibits the most pronounced impact.
An increase in perlite content leads to a rise in UCS under sub-zero temperature and
low pressure. Although the cylinder compressive strength of perlite and modified EPS
beads is much lower than that of hydrated cement, perlite's elastic modulus is signifi-
cantly higher than that of modified EPS beads. Hence, raising the perlite fraction en-
hances the overall stiffness of the composite, thereby improving its ability to transfer
stress. Additionally, as expanded perlite particles have open pores, cement paste can
penetrate the surface and shallow pores, creating a mechanical interlock and forming a
strong interface. Additionally, the SiO; contained in perlite reacts with Ca(OH); pro-
duced during cement, forming calcium silicate hydrate (C-S-H), which further contrib-
utes to strength development. The water-cement ratio ranks second. A decrease in wa-
ter-cement ratio results in an increase in UCS under sub-zero temperature and low pres-
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sure. This is because a higher water-cement ratio results in more free water after hydra-
tion, and its subsequent evaporation creates pores in the hardened matrix, reducing
compressive strength. Fiber dosage has the least effect on the UCS. Therefore, under
sub-zero temperature and low-pressure conditions, appropriately increasing the perlite
mass fraction and reducing the water-cement ratio can effectively enhance the UCS of
the grouting material.
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Fig. 3. Orthogonal test results of unconfined compressive strength under negative temperature
and negative pressure: (a) affection of mass fraction of perlite; (b) affection of W/C ratio; (c)
affection of fiber dosage

Fiber dosage(%)

Flowability. As shown in Figure 4, the factors influencing the flowability of the grout-
ing material are ranked in descending order of significance as follows: water-cement
ratio > perlite mass fraction > fiber dosage. Among these, the perlite mass fraction and
the water-cement ratio exhibit statistically significant effects on the flowability
(p <0.05), whereas the influence of fiber dosage on flowability is not statistically sig-
nificant (p > 0.05). The water-cement ratio has the most pronounced impact on flowa-
bility. As the water-to-cement ratio increases, more free water is available for lubrica-
tion, reducing internal friction resistance. The increase in the water-to-cement ratio sig-
nificantly lowers the system's viscosity, causing the system to transition from a plastic
to a fluid state, which greatly enhances flowability. In the grouting material, as the wa-
ter-cement ratio increases from 0.4 to 0.6, the material gradually shifts from a plastic-
flow state to a fluid state. When the perlite mass fraction rises, the flowability shows a
slight decrease. This is because perlite particles, being rough and porous compared to
EPS beads, increase internal friction between particles in the paste, hindering the flow
of the cement paste.

During compaction and filling grouting, if the flowability of the grouting material is
too low, injection will be insufficient and construction will become difficult. Con-
versely, excessively high flowability indicates a transition from a plastic-flow to a fluid
state, which promotes the flotation of lightweight aggregates and significantly weakens
the compaction and reinforcement effects on the surrounding soil. According to
GB 175-2023, the flowability of cement mortar should exceed 180 mm. At a water-
cement ratio of 0.5, the flowability of the material is slightly above 180 mm, corre-
sponding to a plastic-flow state. Therefore, a water-cement ratio of 0.5 provides the
grouting material with both adequate injectability and effective compaction-reinforce-
ment capability for the surrounding soil.
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Fig. 4. Flowability test results of the orthogonal experiment: (a) affection of mass fraction of
perlite; (b) affection of W/C ratio; (c) affection of fiber dosage

Initial Setting Time under sub-zero temperature and low pressure. As shown in
Figure 5, under sub-zero temperature and low-pressure conditions, the factors influenc-
ing the initial setting time of the grouting material are ranked in descending order of
significance as: water-cement ratio > perlite mass fraction > fiber dosage. Among these,
the water-cement ratio exhibits a statistically significant effect on the initial setting time
(p <0.05), whereas the influences of fiber dosage and perlite mass fraction are not sta-
tistically significant (p > 0.05). When the water-cement ratio increases, the initial set-
ting time under sub-zero temperature and low pressure is significantly prolonged. This
is because, when the water-cement ratio increases, the concentration of cement particles
per unit volume decreases, resulting in a lower ion concentration in the system, which
slows down the hydration reaction rate. At the same time, the increased average dis-
tance between particles delays the interlocking process of hydration products, requiring
more time to accumulate enough hydration products to form a continuous spatial net-
work throughout the system. When the water-cement ratio increases to 0.6, the initial
setting time extends more significantly compared to a ratio of 0.5, confirming the re-
tarding effect of low viscosity on the initial setting time under sub-zero temperature and
low pressure. Moreover, as the perlite mass fraction increases, the internal friction angle
of the grouting material rises, increasing viscosity. This enhanced viscosity, combined
with the incipient hydration-product network, resulting in a slight reduction in the initial
setting time.
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Fig. 5. Experimental results of initial setting time under negative temperature and negative
pressure conditions: (a) affection of mass fraction of perlite; (b) affection of W/C ratio; (c) af-
fection of fiber dosage
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Thermal Conductivity. As shown in Figure 6, the factors influencing the thermal con-
ductivity of the grouting material are ranked in descending order of significance as:
water-cement ratio > perlite mass fraction > fiber dosage. Among these, the water-ce-
ment ratio has a statistically significant effect on thermal conductivity (p<0.05),
whereas the influences of perlite mass fraction and fiber dosage are not statistically
significant (p > 0.05). As the water-cement ratio increases, the amount of mixing water
rises correspondingly. The excess water gradually evaporates during the hardening of
the cement, creating numerous pores within the material. These pores are filled with
air, acting as an effective thermal insulator, enhancing the insulation capability of the
material and reducing its thermal conductivity. However, the variation in thermal con-
ductivity with the water-cement ratio is limited. Its magnitude remains primarily gov-
erned by the wet density of the material.
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Fig. 6. Experimental results of thermal conductivity: (a) affection of mass fraction of perlite;
(b) affection of W/C ratio; (c) affection of fiber dosage

3.3  Optimization of The Three Factors

To ensure the quality of grouting, the grouting material must possess adequate injecta-
bility and uniformity, high strength, low thermal conductivity, and a relatively short
initial setting time. In this study, the performance indicators of the grouting material
are prioritized in the following order: flowability >unconfined compressive strength
(UCS) > thermal conductivity > initial setting time. Based on these criteria, the optimal
combination of the three factors is determined as: a perlite mass fraction of 50%, a
water-cement ratio of 0.5, and a polypropylene fiber dosage of 0.1%, i.e., group
A3B,C;. Thus, in the subsequent analysis, ‘T’ refers to group A3;B,C;.

3.4  Effects of Fly Ash and Superplasticizer on the Physicomechanical
Performance of Grouts

The test results of the UCS of each group under sub-zero temperature and low pressure
are shown in Figure 7(a). As can be seen, the UCS of the grouting material gradually
decreases with increasing fly ash and superplasticizer contents. Fly ash is chemically
inert in the early stages, almost not participating in chemical reactions. In the middle
and later stages of hydration, as tricalcium silicate hydrates to form calcium hydroxide,
the alkalinity of the system increases, triggering the pozzolanic reaction that requires a
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higher alkalinity. At this point, Al:Os and SiO: in fly ash undergo pozzolanic reactions
to form C-S-H products, which then interact with the hydration products from OPC and
SAC to form a network. However, the pozzolanic reaction rate is highly temperature-
dependent, and a decrease in temperature severely limits the reaction rate, while the
lower temperature also slows down the formation of calcium hydroxide[19]. Thus, the
28-day curing period is insufficient for the full development of the cementitious contri-
bution of fly ash. Meanwhile, under the same W/C ratio, a higher superplasticizer dos-
age results in more superplasticizer molecules adsorbing onto the surfaces of cementi-
tious particles, which hinders the connection between the particles and water molecules.
In addition, the polycarboxylate superplasticizer has some air-entraining properties,
which increase the porosity of the system, resulting in a slight decrease in unconfined
compressive strength. Nevertheless, although the addition of fly ash and superplasti-
cizer reduces the UCS, the 28-day UCS of the grouted material under different curing
environments remains at a relatively high level. This is due to the increased alkalinity,
which accelerates the hydration reaction rate of fly ash, causing its hydration reaction
rate at 28 days to remain higher than that in the early age period. When the fly ash
content is less than 20 %, the 28-day UCS of the grouting material under sub-zero tem-
perature and low pressure still maintains a relatively high value exceeding 3 MPa. Fur-
thermore, it can be anticipated that the strength of the grouting material will further
increase at longer curing ages such as 60 days and 90 days[20].

The flowability test results of the grouting material are presented in Figure 7(b). The
figure indicates that increasing either the superplasticizer or fly ash content enhances
the flowability. The superplasticizer can enhance the repulsive forces between cement
particles, leading to a more uniform dispersion of the particles, which in turn releases
water originally trapped within the cement particle agglomerates. In addition, As the
mass fraction of the superplasticizer increases, the molecules adsorb onto the surface
of the cementitious material particles, hindering the contact between water molecules
and the cementitious materials, thereby releasing more free water that can be used for
lubrication. Fly ash, as a fine material with smooth particles, reduces the frictional re-
sistance between solid particles and exerts a lubricating effect. The influence of super-
plasticizer dosage on flowability is significantly greater than that of fly ash. As the
superplasticizer dosage rises from 0.1 % to 0.3 %, the grouting material gradually shifts
from a plastic-flow state toward a fluid state, approaching a fluid state at 0.3 %. When
the superplasticizer content is 0.1 %, the flowability of the grouting material is too low,
resulting in inadequate injectability. At a superplasticizer dosage of 0.3 %, the fluidity
is excessively high. A superplasticizer content of 0.2 % provides the grouting material
with a balanced combination of injectability, workability, and compaction-reinforce-
ment capability for the surrounding soil.

The initial setting time test results of the grouting material are displayed in Fig-
ure 7(c). The figure shows that increasing of both fly ash and superplasticizer contents
prolongs the initial setting time. This is because a higher superplasticizer dosage in-
creases the adsorption of its molecules on cementitious particles, which retards the hy-
dration reaction, and a greater fly ash content slows the early-age hydration rate. It is
noteworthy that when the superplasticizer dosage reaches 0.3 %, the grouting material
approaches a fluid state, leading to a substantial extension of the initial setting time
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under sub-zero temperature, similar to the mechanism by which the water-cement ratio
affects the setting time.

The thermal conductivity test results of the grouting material are illustrated in Fig-
ure 7(d). Increasing the contents of both fly ash and superplasticizer reduces the thermal
conductivity. This is because the later-age hydration products of fly ash can effectively
fill larger pores originally present in the grouting material, transforming them into finer
pores that are filled with air—an excellent thermal insulator. Meanwhile, a higher su-
perplasticizer dosage increases the amount of free water. After evaporation, it leaves
more air-filled pores, which also act as efficient thermal insulators. In addition, the air-
entraining properties of polycarboxylate superplasticizers can also lead to an increase
in the porosity of the system. However, the variation in thermal conductivity with fly
ash and superplasticizer contents is limited. Its magnitude remains primarily governed
by the wet density of the material.
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Fig. 7. Physicomechanical indicators test results of each group under negative temperature and
negative pressure: (a) UCS; (b) flowability; (c) initial setting time; (d) thermal conductivity

3.5 Optimization of Mix Proportion and Performance Verification of
Grouting Material

Following the same prioritization used in the three-factor, three-level orthogonal ex-
periment, the performance indicators of the grouting material were ranked in order of
importance as: flowability > UCS >thermal conductivity >initial setting time. To
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achieve optimal fluidity, uniformity, strength, and soil-reinforcement capacity simulta-
neously, the optimal fly ash content was selected as 20 % and the optimal superplasti-
cizer dosage as 0.2 %. Accordingly, the final optimized mix proportion of the grouting
material is: a perlite mass fraction of 50 %, a water-cement ratio of 0.5, a fiber dosage
of 0.1 %, a fly ash content of 20 %, and a superplasticizer dosage of 0.2 %.

The variation of strength loss rate and mass loss rate of the grouting material with
the number of freeze-thaw cycles is shown in Figure 8(2) and (b). As the number of
freeze-thaw cycles increases, the rate of strength loss gradually slows down. This is
because the repeated ice-expansion pressure induces micro-cracks inside the material,
which provide buffer space for further ice-crystal growth. After 25 freeze-thaw cycles,
the strength loss rate of the grouting material is only 8.37 %, and the residual strength
still exceeds 3 MPa. The mass loss rate increases with the number of cycles, but the
increment first rises and then declines. In the early stages of freeze-thaw cycling, the
micro-cracks become pathways for water ingress. The absorbed water increases the
mass of the specimen, partially offsetting the mass loss caused by surface scaling. Dur-
ing the first 5 cycles, the increase in mass loss rate is only 0.11 %. Between 5 and 10
cycles, the mass loss rate rises from 0.11 % to 0.87 %, after which the rate of increase
slows. After 25 cycles, the mass loss rate reaches 1.94 %, which remains at a low level.

The cumulative heat of hydration versus time curves for the grouting material and a
plain cement paste at 10 °C are presented in Figure 8(c). The plain cement paste had a
binder proportion of OPC:SAC = 8:2, a water-cement ratio of 0.5, and contained no fly
ash or lightweight aggregates. As seen in Figure 8(c), the incorporation of fly ash and
lightweight aggregates significantly reduces both the total heat released and the rate of
heat evolution. Compared with the EPS-modified grout, the plain cement paste exhibits
a sharp, concentrated heat release at early ages, with a cumulative heat of 166.28 J/g
within 63 h. In contrast, the hydration process of the EPS-modified grout is much gen-
tler, releasing only 82.25 J/g over the same period. This demonstrates that the addition
of fly ash and lightweight aggregates effectively reduces the heat of hydration, con-
firming the low-heat characteristic of the developed material.

In summary, the material satisfies the JTG 3420-2020 specification limits (strength
loss after freeze-thaw cycles <25 %, mass loss <5 %) and possesses favorable hydra-
tion properties, indicating promising potential for application in permafrost subgrade
rehabilitation.
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Fig. 8. Freeze-thaw durability and hydration performance indicators of grouting materials: (a)
mass loss rate; (b) strength loss rate; (c) compressive rate of hydration
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3.6  Microstructural Testing and Mechanism Analysis

A specimen with the optimized mix proportion and dimensions of
40 mm % 40 mm x 40 mm was prepared and scanned using industrial computed tomog-
raphy (CT). To avoid edge artifacts, a central region of 35 mm x 35 mm % 35 mm was
selected for three-dimensional reconstruction, as shown in Figure 9. The aggregate ex-
traction plane was parallel to the yoz-plane, specifically the mid-plane of the specimen,
located 20 mm from the edges. The measured porosity was 44.73 %. Figure 9 illustrates
that the aggregates are uniformly distributed throughout the specimen, with no obvious
flotation or segregation observed. This indicates that the optimized mix proportion ef-
fectively prevents aggregate buoyancy, validating the positive effect of EPS modifica-
tion and mix design on reducing aggregate flotation and segregation.

The hardened grouting system primarily consists of a cementitious matrix, light-
weight aggregates, and air pores. During heat transfer, thermal flow can either prefer-
entially pass through the highly conductive cementitious matrix (parallel model) or se-
quentially move through each phase (series model), with the respective thermal con-
ductivities calculated for each model.

At a wet density of 1050 kg/m?, the total volume fraction of aggregates in the grout-
ing material is calculated to be approximately 42.8 % based on the bulk densities of the
two lightweight aggregates. In the industrial CT images, because the gray-scale values
of aggregates and air pores are very similar, the measured porosity includes both ag-
gregates and air pores. The calculated volume fraction of air pores in the grouting ma-
terial is about 1.93 %. Additionally, a portion of sub-micron capillary pores could not
be detected by industrial CT due to resolution limitations. Taking the thermal conduc-
tivity of the matrix as 1 W/(m-K), that of air as 0.026 W/(m-K), and that of the light-
weight aggregates as 0.052 W/(m'K), the theoretical upper bound 14, (parallel

model) and the theoretical lower bound 4,,,,,, (series model) for the thermal conduc-
tivity of the grouting material can be calculated:

Aupper =V " Ap + Vi A + Vi A = 0.575W/ (m-K (1)
A ! 0.105W/ (m-K
jower = 5——————=0. .
Yy Ve Var )
ﬂp a ﬂair

Among these, V}, Vi, Vair are relatively the volume fractions of the matrix, aggre-
gates, and air pores in the total cementitious material; A, Aq, Aair are relatively the ther-
mal conductivity of the matrix, aggregates, and air pores in the total cementitious ma-
terial. The measured thermal conductivity of the grouting material A. is 0.304W/(m-
K), between the lower bound and the upperbound. Through the formula:

]’e = d/lupper + (1 - d)j“lawer (3)

The structural factor can be calculated as d=0.414, indicating that the heat-trans-
fer mode of the grouting material lies between the two theoretical bounds and is
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closer to the series model. This suggests that the lightweight aggregates effectively
interrupt the direct conductive pathways through the cementitious skeleton, thereby
enhancing the material with desirable thermal insulation performance.

Y+

A .
Target area selection Aggregate extraction Aggregate 3D reconstruction

Fig. 9. Processed industrial CT images of grouting materials

4 Conclusion

To address the challenge of repairing roadbed distress caused by uneven frost heave
and thaw settlement in permafrost, this study proposed an EPS lightweight compaction-
filling and thermal insulation grouting material. A series of tests, including unconfined
compressive strength under sub-zero temperature, flowability, initial setting time, ther-
mal conductivity, freeze-thaw cycles, and heat of hydration, were conducted to inves-
tigate the physicomechanical properties of the EPS lightweight compacting-filling in-
sulation grout. The experimental results demonstrate that:

(1) The final optimized mix proportion of the grouting material is as follows: a per-
lite mass fraction of 50 %, a water-cement ratio of 0.5, a fiber dosage of 0.1 %, a fly
ash content of 20 %, and a superplasticizer dosage of 0.2 %. With this proportion, the
grout exhibits balanced flowability, uniformity, strength, and soil-reinforcement capac-
ity, showing significant potential for permafrost engineering applications.

(2) Under the optimized mix, after 25 freeze-thaw cycles, the grout shows a strength
loss rate of 8.37 % and a mass loss rate of 1.94 %, both remaining at relatively low
levels. The cumulative heat of hydration of the material at 10 °C is 82.25 J/g, confirm-
ing its excellent freeze-thaw resistance and low-heat characteristics.

(3) Industrial CT imaging shows a uniform distribution of aggregates within the
sample, with no obvious flotation or stratification, confirming the effectiveness of EPS
modification and mix design in preventing aggregate buoyancy and segregation. Heat-
transfer analysis reveals that the grout's thermal conduction behavior falls between the
series and parallel models, leaning more toward the series model. This confirms that
the lightweight aggregates effectively interrupt the direct conductive pathways through
the cementitious skeleton, providing the material with good thermal insulation perfor-
mance.
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