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Abstract. As one of the fundamental mechanical properties of snow, the elastic modulus is critical to the design and
construction of Antarctic snow runways and roads. While previous studies measured and investigated snow’s elastic modulus
through various experimental methods, the effects of vibratory treatment, a construction measure proven to enhance snow
hardness, on the elastic modulus and the underlying mesoscale mechanism remain unexamined. This study investigates the
vibration-induced effect on elastic modulus of compacted Antarctic snow near Zhongshan Station and the corresponding
mesoscale mechanism. P-wave propagation experiments were conducted to measure the elastic modulus of vibrated and non-
vibrated compacted Antarctic snow, and X-ray tomography imaging was employed to obtain the microstructures of vibrated
and non-vibrated snow samples. Results show that for isothermal sintering of 48 hours at -10°C, vibratory treatment increases
the elastic modulus by 83.13% while maintaining the snow density of 0.6 g/cm3unchanged. At the mesoscale, vibratory
treatment effectively homogenizes the pore space distribution within the ice matrix. Quantitative analysis revealed the
following microstructural modifications: a 7.14% decrease in the mean structure thickness accompanied by a 12.41% reduction
in the standard deviation, a 13.68% decrease in the mean pore thickness with a more pronounced 30.43% decline in the standard
deviation, an 18.82% elevation in the minimum cut density, and a 2.09% enhancement in the directional connectivity. The
findings provide theoretical support for rapid construction techniques of Antarctic snow runways and roads.

Key words: Elastic modulus; Antarctic snow; Vibration effect; Mesoscale mechanism.

1 Introduction

Compacted snow runways and roads, serving as the core components of Antarctica’s transportation system, play a vital role
in supporting the logistics of scientific expeditions across the continent. As these runways and roads are designed as multi-
layered elastic structures, research on the elastic modulus, a key mechanical parameter of snow, holds significant importance
for optimizing the design and construction of compacted snow runways and roads (Abele, 1990; Haehnel, 2019; Lang, 1997).
Most experiments measuring the elastic modulus of snow were conducted under controlled laboratory conditions. Early studies

employed quasi-static methods to determine the elastic modulus. Mellor (1975) summarized various studies by low-strain-rate
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uniaxial compression tests, while Scapozza (2004) obtained similar results through quasi-static triaxial compression tests.
However, due to snow’s non-purely elastic behaviour, such methods inherently included viscoplastic strain components,
yielding only an effective elastic modulus (Narita, 1980; Schweizer, 1998). Sigrist (2006) measured the elastic modulus
through high-strain-rate dynamic loading experiments, and this method inherently circumvented snow’s viscoplastic effects.
Additionally, snow’s elastic modulus can be derived through measurements by the SnowMicroPen (SMP) (Marshall & Johnson,
2009; Reuter et al., 2013). However, owing to the method’s (Johnson & Schneebeli, 1999) lack of a sound theoretical
justification, the calculated modulus values ultimately approximated those from quasi-static experiments. Among existing
methods, P-wave propagation measurements were recognized as the most precise technique for determining snow's elastic
modulus due to their high-frequency and low-amplitude characteristics (Mellor, 1975). For snow of identical density, the
elastic modulus values obtained through this method exceeded those derived from the aforementioned experimental approaches
(Capelli et al., 2016; Smith, 1965). Schneebeli (2004) pioneered a method to calculate snow’s elastic modulus using finite
element analysis based on three-dimensional microstructures reconstructed from computed tomography (CT) scans. Since then,
this approach has been widely adopted in elastic modulus computations (Chandel et al., 2014; Srivastava et al., 2016; Wautier
et al., 2015; Yuan et al., 2010). Gerling et al. (2017) employed P-wave propagation experiments under controlled laboratory
conditions to measure snow’s elastic modulus and compared the results with finite element analysis based on microstructural
data from X-ray tomography images, validating the strong agreement between the two methods.

Density is generally regarded as a first-order factor controlling the elastic modulus of snow, yet it does not sufficiently represent
the underlying microstructure (Frolov and Fedyukin, 1998). This is evident from the substantial scatter in reported elastic
modulus values for snow samples with similar densities (Mellor, 1975; Narita, 1980; Schweizer, 1998; Scapozza, 2004; Sigrist,
2006; Gerling et al., 2017). To explain this discrepancy, a number of studies have introduced mesoscale descriptors beyond
density. One group of approaches focused on geometrical characteristics of the ice matrix, such as grain size, coordination
number, and grain contact area, in order to link bond-scale morphology with mechanical behavior (Gubler, 1978; Flin et al.,
2011; Shertzer and Adams, 2011; Theile and Schneebeli, 2011; Wang et al., 2012; Hagenmuller et al., 2013a; Hagenmuller et
al., 2013b; Hagenmuller et al., 2014a). Another line of work used correlation-length-based descriptors to quantify anisotropy
in the pore and ice phases and to incorporate this information into constitutive descriptions of snow elasticity (Srivastava et
al., 2010; L&we et al., 2013; Calonne et al., 2014; Srivastava et al., 2016). Hagenmuller et al. (2014) further proposed the
minimum cut density to characterize the weakest cross-sections controlling force transmission. In addition, Hildebrand and
Riegsegger (1997) defined local thickness as the diameter of the largest sphere containing a given point and lying entirely
within the phase of interest, and this metric has been widely used in snow research to characterize microstructural evolution,
particularly during temperature-gradient metamorphism (Schneebeli and Sokratov, 2004; Pinzer, 2009). Recent work has
further emphasized the mechanical significance of snow microstructure. Schdtner et al. (2026) showed that microstructure
governs how density is translated into mechanical response, with stiffness being primarily associated with descriptors related
to the alignment and efficiency of load-bearing paths. Xiao et al. (2026a) identified connected local force-transmitting channels

in the loading direction as the necessary condition for load-bearing force chains in compacted Antarctic snow, and proposed
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directional connectivity and structure thickness as relevant mesoscale indices for parameterizing elastic modulus. In addition,
Xiao et al. (2026b) applied structure thickness, pore thickness, minimum cut density, and directional connectivity in the
mesoscale analysis of the strengthening effect of mechanical vibration on the uniaxial compressive strength of compacted
Antarctic snow, showing that these descriptors are effective for capturing vibration-induced microstructural modifications
even under constant overall density.

On the other hand, previous engineering practice and field observations have long suggested that mechanical vibration can
improve the mechanical performance of compacted snow layers. Foundational studies by Wuori (1959, 1960) established early
principles for vibratory compaction of snow, and Wuori (1965) further showed that vibration could significantly increase snow
hardness, with more pronounced effects when the interval between compaction and vibration was shorter. Abele (1990) also
reported that, under specific conditions, vibratory treatment markedly enhanced snow hardness without significantly increasing
snow density. More recently, Xiao et al. (2026b) demonstrated that mechanical vibration significantly increased the uniaxial
compressive strength of compacted Antarctic snow while maintaining constant overall density. These findings suggest that the
mechanical effects of vibration are not solely controlled by density changes. However, the effects of vibratory treatment on
the elastic modulus of compacted Antarctic snow and the corresponding mesoscale mechanism have rarely been studied.
This paper investigates the effect of vibration on the elastic modulus of compacted Antarctic snow near Zhongshan Station
and the underlying mesoscale mechanism. First, P-wave propagation experiments were conducted to measure the elastic
modulus of vibrated (experimental group) and non-vibrated (control group) compacted Antarctic snow, while micro-computed
tomography (LCT) scanning was employed to reconstruct the 3D microstructure of the snow samples. Afterwards, mesoscale
indices including structure and pore thickness, minimum cut density and directional connectivity, were adopted to analyze the

mesoscale mechanism of vibratory treatment.

2 Snow sample preparation and storage

This section presents the sample preparation process for P-wave propagation experiments and pCT scanning.

Figure 1 shows the flowchart of the snow sample preparation and P-wave experiment of this study. For the P-wave propagation
experiments, natural snow collected from depths of 1-3 m near Zhongshan Station was fragmented into blocks using an ice
crusher, followed by sieving to collect snow particles with diameters of 1-2 mm. The sieved snow particles were filled into
metal molds and compacted layer by layer along the specimen height direction to a target density of 0.6 g/cm3 During
compaction, the specimen density was controlled by fixing the snow mass added to each layer and the compaction thickness
of each layer. The final size of each specimen was 50 <50 x 120 mm. Compaction was carried out by manually striking a
punch with a hammer, while the punch remained in direct contact with the top surface of the snow specimen. Each compaction
step increased the specimen height by 5 mm until the final height was reached.

For the experimental group, mechanical vibration was introduced intermittently during the compaction process when the
specimen height reached 20, 40, 60, 80, 100, and 120 mm (Fig. 2a). During vibration treatment, a commercial off-the-shelf
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handheld vibrator was pressed onto the same punch used for compaction, and the vibration was transmitted to the snow
specimen through the punch rather than by direct contact between the vibrator and the snow. Each vibration treatment lasted
60 s, and the vibrator operated at 4000 rpm. During this process, the nominal contact stress transmitted through the punch to
the snow surface was manually maintained within 38—-42 kPa. The specimen height was checked before and after each vibration
treatment, and no obvious change was observed, indicating that the overall specimen density remained essentially unchanged
during vibration. After each vibration treatment, layered compaction was resumed until the next scheduled vibration stage or
until the specimen reached the final height of 120 mm. The control group was prepared using the same layered compaction
procedure and target density, but without vibration treatment. Both groups comprised 12 samples, which were subsequently
subjected to isothermal sintering at -10<C for 48 h.

The preparation procedure was standardized as much as possible by controlling the snow source, particle size range, layer
thickness, target density, vibration timing, vibration duration, and nominal contact stress range. For each group, 12 replicate
specimens were prepared, and the reported results were based on the mean values of these specimens to reduce the influence
of specimen-to-specimen variability on the group comparison.

The specific density was selected to align with the study's objective: to investigate the strengthening effect of mechanical
vibration—as an isolated variable—on the elastic modulus of compacted Antarctic snow, without altering the density. This
consideration is vital because lower-density snow tends to undergo densification during the vibration process. Moreover, the
selected density of 0.6 g/cm3falls within the medium-to-high density range relevant to practical engineering applications
(Abele, 1990). The determination of vibration parameters was guided by two key factors. Firstly, the applied stress (38—42
kPa) and vibration frequency (4000 rpm) are consistent with ranges established in previous engineering applications. Secondly,
these parameters satisfy the experimental constraint of not altering the density of the compacted Antarctic snow. The sintering
temperature of -10<C was selected for two primary reasons. On the one hand, it represents a typical summer temperature in
the Antarctic coastal regions. On the other hand, its proximity to the melting point accelerates the snow sintering process,
thereby reducing the required waiting time and helping to shorten construction periods in practical engineering.

Figure 3 shows the flowchart of the snow sample preparation and pCT scanning of this study. For uCT scanning, the
experimental and control specimens were prepared under the same conditions as the P-wave specimens in terms of snow source,
particle size range, target density, compaction method, vibration protocol, and sintering condition. However, unlike the P-
wave specimens, which had a size of 50 x 50 x 120 mm, the uCT specimens were prepared with a smaller size of 30 <30 x
80 mm, because pCT analysis required smaller samples and this size facilitated the subsequent impregnation and cutting
procedures. After all samples for pCT scanning were prepared, they were also subjected to isothermal sintering at -10°C for
48 hours. To prevent metamorphism and deformation of sintered snow samples during transportation from the isothermal
sintering chamber to the pCT laboratory, this study adopted the casting method proposed by Lombardo et al. (2021) using
diethyl phthalate (DEP)-enhanced contrast agents. Following the 48-hour sintering, the samples were cast in -4 <C environment

(Fig. 2 (b)) and subsequently rapidly frozen at -55<C. For the uCT scans, 12 samples were prepared for each group.
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In this study, measurements of snow’s elastic modulus were conducted following the protocol of P-wave propagation

experiment proposed by Gerling et al. (2017). Given the snow sample preparation procedure and the subsequent isothermal

sintering at -10°C, this study assumed transversely isotropic symmetry in snow samples (K&hle and Schneebeli, 2014; Léwe

et al., 2013; Shertzer and Adams, 2011). Accordingly, the effective stiffness tensor C of the compacted snow has five

135 independent components (Mavko et al., 2009) as follows.
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Figure 1: Flowchart of the preparation and P-wave experiment for compacted Antarctic snow.
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Elastic wave propagation velocity is intrinsically related to wave vector orientation. Following the elastic wave theory for

anisotropic media proposed by Tsvankin (1996), the propagation velocity of quasi-longitudinal P-waves can be expressed as

a function of the angular deviation 0 between the wave vector and symmetry axis

v = (c115in?(0) + c33c082(0) + Cqq + \/Z)%(Zp)_% (2)
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where p is the snow density. For longitudinal P waves propagating along the axis of symmetry where 6 = 0, Equation (2) can

be simplified to
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v= [— 4)

The elastic modulus ¢35 can be directly determined by measuring the P-wave propagation velocity v along the symmetry axis.
Prior to the P-wave propagation experiments, the mold was removed and the samples were placed in a -20<C environment for
at least 30 minutes to stabilize the sample temperature. Metal plates were then frozen to the upper and lower surfaces of each
sample along the compaction direction. Two broadband differential piezoelectric sensors were mounted on the metal plates.
Sensor output signals were amplified by analog preamplifiers and digitized using an 18-bit analog-to-digital converter at a 5
MHz sampling frequency. To ensure optimal contact, silicone grease and spring-loaded pressure were applied to sensor
surfaces.

In the experiment, acoustic pulses were generated along the compaction direction by fracturing a pencil lead at the upper metal
plate (Fig. 2 (c)). The pulse onset times across channels were autonomously identified using the Akaike Information Criterion
(Kurz, 2005), enabling the calculation of wave velocity v along the symmetry axis. The elastic modulus c;5 was subsequently
derived using Eq. (4). For both vibration-treated (experimental group) and non-vibrated (control group) samples, the mean

elastic modulus values from 12 parallel samples were adopted as representative values under each experiment condition.

3.2 Microstructure reconstruction via pCT scanning

For pCT scanning, each cast snow sample from the experimental and control groups was further cut into 5>6>5mm cubes and
imaged using a SKYSCAN 1272 high-resolution X-ray microtomograph. The scan settings were as follows: source voltage 70
kV, source current 141 pA. To shorten the scan duration and minimize the risk of melting of the snow during scanning,
projection images were acquired over a 180<rotation around the vertical axis rather than a full rotation. The reconstructed
grayscale images were processed using the modified Feldkamp cone-beam algorithm (Feldkamp et al., 1984) together with a
Gaussian filter (support 2). Threshold segmentation was then applied to distinguish the ice matrix from pore voxels at a
resolution of 8.56 um, thereby reconstructing the three-dimensional microstructure of the snow samples.

In the subsequent microstructural analysis, a cubic region was selected from each pCT sample for index calculation, and the
selected regions from the experimental and control groups were controlled to have the same density (0.6 g/cm3, thereby
excluding density differences as a source of variation in the group comparison. For each microstructural index, values from all
analysed samples within the same group were further averaged to obtain representative group-level results, thereby reducing

the influence of specimen-to-specimen scatter on the comparison between the two groups.
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4 Mesoscale index
4.1 Structure and pore thickness

Hildebrand and Riegsegger (1997) defined local thickness as the diameter of the largest sphere that contains a given point and
lies entirely within the phase of interest (Fig. 4). Accordingly, structure thickness is obtained when the phase of interest is the
ice matrix, whereas pore thickness is obtained when the phase of interest is the pore space. In snow research, these metrics
have been widely used to characterize microstructural evolution during temperature-gradient metamorphism (Schneebeli and
Sokratov, 2004; Pinzer, 2009). Compared with grain-based descriptors, structure thickness and pore thickness do not require
explicit segmentation of individual grains, and therefore avoid the arbitrariness associated with grain definition in continuous
snow microstructures. This advantage is especially important for compacted snow, in which grain boundaries are often difficult
to define clearly. Structure thickness characterizes the local geometric size distribution of the ice matrix, whereas pore
thickness characterizes the local geometric size distribution of the pore space. Xiao et al. (2026a) further identified structure
thickness and directional connectivity as relevant mesoscale indices for parameterizing the elastic modulus of dense snow.
Schdtner et al. (2026) also included local thickness among the microstructural descriptors used to interpret the mechanical
behavior of weak snow layers. Therefore, structure thickness and pore thickness are adopted in this study to characterize
vibration-induced changes in the local geometric distributions of the ice matrix and pore space, respectively, and to help

interpret the corresponding variation in elastic modulus.
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Figure 4: Schematic illustration of local ice-matrix thickness and narrow constrictions in the snow microstructure
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4.2 Minimum cut density

Ballard and McGaw (1965) first theoretically introduced the concept of minimum cut density by defining the "effective
porosity on failure planes". Ballard and McGaw (1965) and Ballard and Feldt (1965) hypothesized that stress is homogenous
and maximal on the minimum cut surface. Hagenmuller et al. (2014) achieved the measurement of this microstructural
parameter. They defined the minimum cut surface as the surface with the minimal ice cutting area among all surfaces
disconnecting the two opposite faces of the snow sample (Fig. 5), and defined the minimum cut density p,,. as the ratio of the
product of the minimum cut surface area (ice cutting) and ice density to the cross-sectional area perpendicular to the loading
direction of the sample, thereby eliminating its volume dependence.

The computation of this mesoscale metric requires no grain definition but retains the concept of bonds as "flow-limiting valves"
proposed by Colbeck (1997), while accounting for the anisotropy of ice matrix and the determinant role of narrowed
constriction subsets within the ice matrix in governing the macroscopic behaviour of snow samples. Hagenmuller et al. (2014)
demonstrated a strong correlation between minimum cut density and elastic modulus, confirming its capability to reveal the
influence of microstructural variations on elastic modulus. Schéitner et al. (2026) included minimum cut density in their
analysis of the compressive mechanical properties of weak snowpack layers and showed that the minimum cut bond area was
among the most informative microstructural descriptors, further supporting the mechanical relevance of critical constrictions
within the ice matrix. Thus, it was adopted in this study to analyze the mesoscale mechanism behind vibration-induced effects

on snow’s elastic modulus.

uo13oa.41Qq Sulpeo

Figure 5: Example of the minimum cut surface.
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4.3 Directional connectivity

Xiao et al. (2026a) analyzed the stress distributions within compacted Antarctic snow microstructures and found that load-
bearing force chains predominantly concentrate in regions connected to adjacent areas, forming localized yet continuous top-
to-bottom force-transmitting channels along the loading direction (Fig. 6). Further examination of parallel and perpendicular
cross-sections confirmed that the existence of such connected local force-transmitting channels throughout the microstructure
in the loading direction is a necessary condition for the formation of load-bearing force chains. This finding highlights the
importance of quantifying the continuity and effectiveness of force transmission along the loading direction. The basis of this
type of characterization can be traced to the directional connectivity index proposed by Larsen et al. (2012), which was
developed to describe connectivity patterns along a designated direction. However, although this original index effectively
captures directional connectivity patterns, later studies showed that it cannot distinguish between mechanically distinct
microstructures with similar connectivity configurations. To overcome this limitation, Xiao et al. (2026b) proposed a
directional connectivity incorporating the mechanical behavior of load-bearing chains, and adopted this index in the mesoscale
analysis of the strengthening effect of mechanical vibration on the uniaxial compressive strength of compacted Antarctic snow.
In this index, the voxelized microstructure is represented as a graph, and the contribution of each voxel is evaluated according
to its shortest-path distances to the top and bottom boundaries in the loading direction (Fig. 6). In this way, voxels belonging
to quasi-linear top-to-bottom force-transmitting paths are assigned greater weights, whereas isolated voxels and mechanically
redundant transverse connections contribute little to the final value. Therefore, this directional connectivity index characterizes
the continuity and effectiveness of load-bearing paths within the snow microstructure along the loading direction. This
interpretation is also consistent with the findings of Schdtner et al. (2026), who showed that snow stiffness is primarily
influenced by microstructural features describing the alignment and efficiency of load-bearing paths. Therefore, directional
connectivity is adopted in the present study as one of the mesoscale indices to characterize vibration-induced changes in the

continuity and effectiveness of force transmission, and to help interpret the corresponding variation in elastic modulus.
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Figure. 6: Schematic illustration of the sectional analysis used to identify load-bearing force chains and calculate directional
connectivity (DC). A vertical section at Y = Y1 is extracted from the snow microstructure under uniaxial compression along the
loading direction. The upper-right panel shows the load-bearing force chain identified on the section, while the lower-right panel
illustrates the shortest-path-based calculation of the distance from a target voxel to the top and bottom boundaries for DC evaluation.

5 Results and Analysis
5.1 Macro-scale Elastic Modulus Analysis

The measured elastic modulus for both experimental (12 samples) and control groups (12 samples) are presented in Fig. 7.
Experimental group exhibits a mean elastic modulus of 4.201 GPa, compared to 2.294 GPa for control group, i.e., 83.13%
enhancement in mean elastic modulus for vibrated samples relative to non-vibrated counterparts. These quantitative results
demonstrate the significant strengthening effect of vibratory treatment on the elastic modulus of compacted Antarctic snow.

12
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A. Elastic modulus of control and experimental groups B. Difference of control and experimental groups
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Figure 7: The result of elastic modulus measured by P-wave propagation experiment.

250 5.2 Mesoscale mechanism analysis

Figure 8 reveals that control group samples contain fewer, larger, and unevenly distributed pores, whereas vibrated samples
show smaller pores with uniform spatial distribution.
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Figure 8: Reconstructed 3D microstructures and 2D slices of snow.

The mean values and standard deviations of structure thickness and pore thickness for both the experimental group and the
control group are presented in Fig. 9. The experimental group shows 7.14% lower mean structure thickness (independent
samples t-test: p=0.003) and 12.41% lower standard deviation of structure thickness (independent samples t-test: p=0.003)
compared to the control group, indicating that the snow samples in the control group displayed greater heterogeneity in ice
matrix, with localized regions of larger structure thickness. Similarly, the experimental group shows 13.68% lower mean pore
thickness (independent samples t-test: p=0.014) and 30.43% lower standard deviation of pore thickness (independent samples
t-test: p=0.015), which indicates that after vibratory treatment, the snow samples in the experimental group exhibit reduced
pore sizes and more homogeneous pore distribution. These results are in line with the microstructural homogenization shown
in Fig. 8 induced by vibratory treatments. While the large fluctuation in thickness values in the control group aligns with the

significant and inevitable heterogeneity in pore distribution resulting from compaction, mechanical vibration serves to mitigate
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this variability. By inducing internal particle rearrangement, vibration effectively reduces the extreme fluctuations, leading to

a more consistent range of values.
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Figure 9: Mean value and Standard deviation of structure and pore thickness.

As shown in Fig. 10, the vibration-treated samples exhibit a mean minimum cut density of 0.505 g/cm?, while the mean value
of non-vibrated control group is 0.425 g/cm®. The vibration-treated snow samples exhibit an 18.82% higher mean value of
minimum cut density compared to untreated snow samples (independent samples t-test: p=0.043). According to Hagenmuller
et al. (2014), minimum cut density is defined as an extremal variable designed to identify the weakest cross-section within a
structure. In contrast to the spatially averaged bulk density, this indicator—based on the ‘weakest link' principle—is highly
sensitive to local random defects in the microstructure. Consequently, the results for minimum cut density exhibit significant
variability. This indicates that the vibratory treatment enhances the ice cutting area of the minimum cut surface in snow samples
by homogenizing the pore distribution.

As shown in Fig. 11, the experimental group exhibits a mean directional connectivity of 0.587, while the mean value of the
control group is 0.575. Snow samples subjected to vibratory treatments demonstrate 2.09% higher directional connectivity
compared to untreated snow samples (independent samples t-test: p=0.007). Since the density of the microstructures used for
calculation in both the experimental and control groups was controlled at 0.6g/cm3, this 2.09% difference can be attributed to
the effects of mechanical vibration.

These results confirm that vibratory treatment enhances the load-bearing connectivity of snow samples.
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Figure 11: Directional connectivity for control and experimental group.

6 Discussion

The increase in elastic modulus observed after mechanical vibration cannot be attributed to density, because the densities of
the control and experimental groups were kept identical. The difference therefore indicates that vibration mainly modifies the
mesoscale microstructural features governing force transmission. In this study, the four mesoscale indices provide
complementary evidence for such a change. Structure thickness and pore thickness describe the geometric distributions of the
ice matrix and pore space, whereas minimum cut density and directional connectivity characterize the critical constrictions
and the continuity of force-transmitting paths in the loading direction, respectively. Considered together, these descriptors
indicate that vibration does not densify the compacted snow, but reorganizes its internal structure in a way that is more
favorable for elastic load transfer.

The reductions in the mean values and standard deviations of structure thickness and pore thickness suggest that vibration
decreases the heterogeneity of both the solid and pore phases. In the control group, compaction alone leaves relatively large
pores and greater local variation in the surrounding ice structure. After vibration, these geometric fluctuations become smaller,
indicating a more uniform spatial distribution of the pore space and a more even arrangement of the ice matrix. This
interpretation is consistent with the reconstructed microstructures, in which the vibrated samples exhibit smaller and more
evenly distributed pores than the non-vibrated samples. Such a reduction in mesoscale heterogeneity is expected to decrease
local contrasts in deformation under loading, thereby contributing to a higher effective elastic modulus.

Minimum cut density and directional connectivity further indicate that vibration improves the efficiency of load transfer
through the snow microstructure. The increase in minimum cut density suggests that the narrowest effective cross-sections in
the loading direction become less restrictive after vibration, while the increase in directional connectivity indicates a more
continuous arrangement of force-transmitting paths. These two changes are mechanically consistent with each other: the former
reflects the improvement of critical bottlenecks, whereas the latter reflects the continuity of the broader load-bearing network.
Their simultaneous increase supports the interpretation that vibration enhances elastic stiffness not by changing bulk density,
but by improving the mesoscale architecture through which stresses are transmitted.

On this basis, Fig. 12 is used to schematically illustrate a possible microstructural process induced by vibration in compacted
snow. Because layered compaction cannot generate a perfectly uniform structure, the compacted snow initially contains
irregularly distributed large pores and locally weak regions, especially around pore edges. Under vibration, the resulting stress
oscillations may promote the propagation of microcracks in these weak regions and cause local breakage or detachment of ice
particles near pore boundaries. Some of the resulting fragments may then move into adjacent pore space and partially fill the
larger voids. As a consequence, the pore structure becomes more uniform and the surrounding ice matrix becomes more

favourable for force transmission, while the overall density remains unchanged. This interpretation is consistent with the
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observed reductions in the mean values and standard deviations of structure thickness and pore thickness, as well as the
increases in minimum cut density and directional connectivity.

The proposed interpretation also helps explain why the timing of vibration is important in practice. If vibration is applied after
substantial sintering has already occurred, the existing intergranular bonds may restrict subsequent structural rearrangement.
In contrast, applying vibration shortly after compaction is more likely to influence the evolving microstructure. This is
qualitatively consistent with the observation of Wuori (1965) that shorter intervals between compaction and vibration lead to
greater improvements in snow hardness.

In addition to the microstructural descriptors used in this study, namely structure thickness, pore thickness, minimum cut
density, and directional connectivity, the microstructural metric of specific surface area (SSA) was also calculated to further
evaluate the effect of vibration on snow microstructure from a geometrical perspective. The results show that the SSA of the
experimental group (0.0249 um™) was higher than that of the control group (0.0225 um?). Since the analysed regions in the
experimental and control groups were selected to have the same density, their analysed volume was identical. Therefore, the
higher SSA in the experimental group indicates a larger total surface area within the same volume, suggesting that the pore
structure in the experimental group became finer and more subdivided, with more small-scale interfaces generated. This result
is consistent with the pCT observations in Fig. 8 and also supports the hypothesis proposed in Fig. 12.

It is worth noting that the experimental group exhibited greater scatter in elastic modulus than the control group, whereas the
scatter of the thickness-related indices was lower than that of the control group; by contrast, minimum cut density showed
greater scatter, and directional connectivity remained at a comparable level in the two groups. One possible reason for this
discrepancy is that the macroscopic elastic modulus and the microstructural indices were obtained from two separate sets of
specimens. Although the specimen preparation conditions, target density, and sintering time were controlled to be as consistent
as possible, some unavoidable variability may still have been introduced between the two sets of samples. However, this
variability does not affect the main conclusion of this study, because the comparison between the experimental and control
groups was based on the mean values of all samples in each group, thereby accounting for specimen-to-specimen scatter at the
group level. On this basis, the combined macroscopic and pCT results still support the conclusion that vibration promotes the
fragmentation and rearrangement of snow particles around pores, leading to a more uniform pore size and distribution. The
possible origin of the different scatter levels observed between the macroscopic and microstructural indices remains a
hypothesis at present and deserves further investigation in future work.

This study examined only one combination of density, sintering time, sintering temperature, and vibration parameters. The
present results therefore should be understood as a mesoscale interpretation of vibration-induced stiffening under the specific
conditions tested here. Future work is needed to determine how the observed relationships vary with density level, vibration

intensity, and sintering conditions.
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350 Figure 12: Schematic diagram illustrating the hypothesized mechanism of mechanical vibration.

7 Conclusion

This study investigated the vibration effects on the macroscopic elastic modulus of compacted Antarctic snow and the
underlying mesoscale mechanism. The influence of vibratory treatment on the elastic modulus was quantified through P-wave
propagation experiments. Microstructural characteristics of the compacted Antarctic snow were obtained from X-ray
355 tomography images.
The results show that:
® At the macroscopic level, under the condition of maintaining a consistent sample density of 0.6 g/cm=the
experimental group exhibits an 83.13% higher average elastic modulus compared to the control group.
® At the mesoscale level, microstructure observations show that vibratory treatment homogenizes the pore
360 distribution within the snow samples. Quantitative analysis demonstrates the following changes in mesoscale
indices: For snow samples with identical density (0.6 g/cm3, after vibratory treatment, the mean value of
structure thickness decreases by 7.14% (with a standard deviation reduction of 12.41%), the mean value of pore
thickness decreases by 13.68% (with a standard deviation reduction of 30.43%), while the minimum cut density
increases by 18.82% and directional connectivity improves by 2.09%.
365 The findings elucidate the mesoscale mechanism underlying vibration-induced improvement in snow's elastic modulus,

providing theoretical support for rapid construction techniques of Antarctic snow runways and roads.

Data availability
370
The data used to generate the figures in this study are available on Zenodo: https://doi.org/10.5281/zenodo.18639193.
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