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Highlights

e  Conduct factorial tests to assess temperature, density, and loading-rate effects.

e Identify how temperature and loading rate modify densification strengthening.
e  Reveal opposite initial apparent resistivity shifts with cooling and densification.
e  Identify strain offsets between peak stress and minimum apparent resistivity.

o  Develop a peak-referenced Weibull model to describe local post-peak softening.

Abstract

The relationship between electrical change and load-bearing deterioration remains unclear
for dense compacted snow. This study combines full-factorial uniaxial compression tests
with concurrent electrical measurements to examine the effects of temperature, density, and
loading rate on compacted machine-made snow. Densification increased peak strength,
but the magnitude of this gain depended on temperature and loading rate. At —30 °C
and 15 mm/min, increasing density from 0.50 to 0.70 g/ cm? raised peak strength from
1.072 to 2.544 MPa and reduced initial process apparent resistivity by 62.6%. Cooling also
strengthened the snow but increased initial apparent resistivity. Faster loading reduced
peak strain, whereas strength varied nonmonotonically. These responses can be interpreted
through competition between contact strengthening, stress redistribution, and bond fail-
ure. The strain separation between stress peaks and resistivity minima is consistent with
contact adjustment continuing during mechanical softening. A peak-referenced Weibull
relation described local post-peak softening with a root-mean-square error of 0.041 MPa
and R? of 0.920. Adding a nonnegative resistivity rebound term did not improve the local
fit. The results distinguish electrical state evolution from mechanical capacity loss and
provide a basis for joint assessment of strength, deformation, and resistivity in compacted
snow pavements.

Keywords: compacted machine-made snow; low-temperature uniaxial compression; snow
mechanics; process apparent resistivity; mechanical properties

1. Introduction

Compacted snow forms the bearing layer of temporary polar roads and snow runways,
making its response to loading central to their construction and maintenance [1-5]. Pro-
cessing and compaction improve trafficability by changing the density and structure of the
snow layer [6-8]. Its performance also depends on the deformation required to mobilize
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peak strength and the capacity retained afterward. Relating these mechanical changes to an
observable response during loading would help connect laboratory strength measurements
with the assessment of compacted snow in service.

Density describes the amount of ice per unit volume, but load-bearing capacity also
depends on how that ice is connected [9-11]. Uniaxial tests on compacted and machine-
made snow establish a strong dependence of strength on density and preparation condi-
tions [12-14]. Imaging and microstructure-based simulations relate load transfer to grain
contacts and their connecting sections [15-20]. Recent compression tests on depth hoar
identify density as the main strength predictor, with horizontal microstructural dimensions
explaining part of the remaining variation [21]. In compacted Antarctic snow, pressure
sintering produces a substantial strength gain and improved directional connectivity de-
spite a modest density increase [22]. These results concern different snow structures, yet
both distinguish solid content from load-transmitting geometry. This distinction motivates
examining dense compacted snow as an evolving contact structure.

Temperature and loading rate determine how that structure responds to force [23-26].
Time-dependent ice deformation can redistribute local stress, whereas faster loading gives
contacts less time to adjust [27]. Recent simulations show that pore space accommodates
crystal-scale deformation during snow creep [28]. Models of densely packed snow re-
late temperature and rate effects to the deformation and failure of ice bridges [29], while
slow-compression experiments reveal a grain-size dependence of the active deformation
mechanism [30]. Higher-rate tests address a different balance between adjustment and
rupture [31]. Hodgdon et al. prepared snow in cylinders 50 mm in diameter and 155 mm
high and investigated unconfined compression above 0.01 s~! [32]. They identified scaled
bond contact area as a strong predictor of strength.

The compression curve reflects the balance between contact development and loss of
load-bearing capacity [33,34]. Grain rearrangement and pore contraction can strengthen
some regions while highly stressed bonds fail in others. Discrete-element studies represent
this coexistence of contact creation and rupture [16,35]. Particle image velocimetry also
resolves nonuniform deformation during compaction of unsintered snow layers [36]. These
observations explain why macroscopic softening need not mark the end of local compaction.
A complementary signal acquired during loading can reveal whether another aspect of the
material response continues to evolve after load capacity begins to fall.

Electrical measurements provide that complementary observation, with sensitivity
to both structure and charge transport [37]. Snow conductivity depends on temperature
and impurities, while the alternating-current response also depends on frequency and
polarization [38-41]. Compression changes contact areas and gaps between grains, which
can alter the measured electrical path at fixed temperature. Initial apparent resistivity
and its subsequent change therefore have different meanings. The former characterizes
the electrical condition before loading; the latter follows the response as compression
proceeds. Comparing stress and process apparent resistivity at the same strain can reveal
how their characteristic changes are related. In particular, locating the resistivity minimum
relative to the stress peak helps distinguish electrical adjustment during net hardening from
adjustment that continues into softening.

A remaining gap is the connection between these electrical changes and mechanical
deterioration in dense compacted snow. Structural studies explain how density and ice
deformation influence strength, but do not establish which electrical features correspond to
loss of load-bearing capacity. Temperature and compaction can also affect the two signals
through different processes. Their correspondence therefore needs to be examined under
controlled conditions. A further question is whether an electrical descriptor explains stress
loss beyond the shared dependence on strain. Continuum damage mechanics represents
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deterioration through a decreasing effective load-bearing fraction [42], and a Weibull distri-
bution describes dispersed failure thresholds [43]. Snow fiber-bundle models represent
load-bearing units that fail and redistribute load [44,45]. Recent compressive formulations
also incorporate strengthening and rebonding [46-48]. These developments provide a
mechanical basis for testing the additional contribution of resistivity rebound to a local
softening relation.

This study examines these questions through concurrent mechanical and electrical
measurements on compacted machine-made snow. A factorial program covers temperatures
from —50 to —10 °C, densities from 0.50 to 0.70 g/ cm?, and loading rates from 5 to 30 mm/min.
Comparisons at fixed conditions relate peak strength and deformation to the initial electrical
level and its evolution during loading. The strain positions of the stress peak and resistivity
minimum are then compared. A peak-referenced Weibull relation describes local post-peak
softening, and nonlinear regression evaluates an additional term derived from resistivity
rebound history.

2. Materials and Methods
2.1. Snow Preparation and Specimen Fabrication

Machine-made snow was produced with an NP-4000 snowmaker (Manufactured by
Henan Jin’an Machinery Technology Co., Ltd., Zhengzhou, China) at approximately —5 °C
and stored in a temperature-controlled chamber at —18 °C. The initial snow density was
approximately 0.30-0.32 g/cm?®. The recorded water-content values ranged from approx-
imately 2.86% to 2.91% across test batches. Deionized water was used to minimize the
influence of ions in the preparation water on subsequent tests. Before specimen fabrication,
the loose source snow was passed through a 2 mm sieve in the cold laboratory. The snow
required for each specimen was divided into five equal portions by mass and placed in
the cylindrical mold in successive layers. Each layer was statically compacted before the
next was added. The specimens were 50 mm in diameter and 100 mm in height. After
demolding, they were conditioned at the target temperature for 30 min.

2.2. Experimental Design

This study varied temperature, nominal density, and loading rate in a full-factorial
matrix. It included nine temperatures from —50 to —10 °C at 5 °C intervals, five nominal
densities from 0.50 to 0.70 g/cm? at 0.05 g/cm? intervals, and six loading rates from 5 to
30 mm/min at 5 mm/min intervals. Four separately prepared specimens were tested at
each condition. Table 1 summarizes the controlled factors and measurement settings. The
full-factorial layout supports comparisons at fixed levels of the other factors and provides a
basis for testing interactions.

Table 1. Controlled factors and synchronized measurement settings.

Factor Levels Measurement
Temperature, T —50to =10 °C; 5 °C steps Thermal conditioning and loading
Density, p,, 0.50-0.70 g/cm?; 0.05 steps Layered compaction; mass check
Loading rate, v 5-30 mm/min; 5 mm/min steps Displacement control
LCR response, p(¢) 50 kHz; four-terminal Synchronized record

2.3. Synchronized Resistivity Measurement

Figure 1 summarizes snow preparation and the low-temperature mechanical and
electrical test arrangement. Uniaxial compression used a WDW-T300 testing machine
(Manufactured by Jinan Tianchen Testing Machine Manufacturing Co., Ltd., Jinan, China)
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with a 30 kN load cell and an indicated-value error of +0.5%. A TH2828A LCR meter
(Changzhou Tonghui Electronics Co., Ltd., Changzhou, China) measured the electrical
response at 50 kHz. Copper-plate electrodes contacted the upper and lower specimen faces.
Each plate carried a current lead and a voltage-sensing lead. This four-terminal connection
reduced lead and terminal contributions while retaining both electrode—snow interfaces
in the measured path. A thin layer of low-temperature conductive paste was applied at
the interfaces to increase the area of electrical contact. Load, displacement, and electrical
signals were recorded during the same loading process.

Snow preparation H Layered compaction H Thermal conditioning H Synchronized loading

Low-temperature chamber

1

1

1

Axial load F :

L :
e Mechanical channel

I
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|

| : Load and displacement

I 1

I 1

: h Snow :

I .

. specimen :
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i E Electrical channel

! ] 50 kHz four-terminal LCR
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| Copper electrodes .

I 1

l L

Common strain coordinate

Figure 1. Preparation of machine-made snow and the arrangement for concurrent low-temperature
mechanical and electrical measurements. The diagram shows the two copper plates and their instru-
ment connections.

Axial load, compressive displacement, and equivalent resistance describe the concur-
rent mechanical and electrical responses. Engineering strain is calculated as ¢ = Ah/hj from
axial shortening. Engineering stress and process apparent resistivity are calculated using

Equations (1) and (2), respectively:
F

= A (1)
RA
= TO (2)

Here, ¢ is engineering stress and F is axial load. A, is the initial specimen cross-
sectional area used in both equations. In the strain definition, Ah is axial shortening and h,
is the initial height of 100 mm. R is the equivalent resistance component reported by the
LCR meter at 50 kHz. L denotes the electrode separation used in the electrical geometric
conversion. The measured quantity includes the snow specimen and both plate-snow
interfaces. It is therefore termed process apparent resistivity and is expressed in (2-m.

A frequency of 50 Hz was selected for testing and recording because it produced the
most stable resistivity readings during the experiments. Mechanical and electrical records
were aligned on engineering strain. Each electrical observation retained its strain coordinate,
and stress was linearly interpolated at those coordinates for the local post-peak analysis.
The displayed responses summarize four specimens per condition. Averaging specimen-
specific features and extracting features from an averaged trajectory are distinct operations.
The archive contains strain-indexed electrical values rather than time stamps. It therefore
supports comparison in strain, without a measured temporal lag or separate temporal
sampling frequency. The local calibration uses N, = 7 positions on one condition-level mean
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post-peak response. These positions are distinct from the n,, = 4 specimens summarized by
that response. Only the final two positions have positive rebound history. The experimental
workflow is shown in Figure 2.

e ——————————,

-
mumug.‘. Ay
T Oy

. o \
"I

1

I 1

1

1

1

1

akingb o

Speéimen
Fabrication

o

Low-Temperature
__l ____________ > Environmental
Chamber

Servo-Control
System

WDW-T300
Testing Machine
\l_ ;

Figure 2. Experimental workflow and laboratory setup.

3. Results and Discussion
3.1. Load-Bearing Stages and Factor-Dependent Strength
3.1.1. Compaction-Induced Hardening and Post-Peak Softening

Figure 3 shows that loading rate changes not only the load-bearing level of compacted
snow but also its pre-peak deformation and post-peak loss of capacity. At 5 mm/min,
the curve reaches a plateau of approximately 1.1 MPa after a relatively long compression
interval. At 10 mm/min, stress reaches approximately 1.3 MPa at a strain of about 0.025 and
then decreases gradually. In contrast, the curves at 20 and 25 mm/min exhibit sharp peaks
at smaller strains, followed by pronounced stress drops. At 15 mm/min, the initial rapid
post-peak decline is followed by gradual softening. These differences show that higher
peak strength does not necessarily coincide with more stable post-peak load support. The
compressive behavior of compacted snow therefore needs to be interpreted through both
contact strengthening and the failure of load-bearing contacts.

The progressive increase in pre-peak slope can be interpreted in terms of pore com-
pression and the development of effective load-transmitting contacts. During initial loading,
part of the axial displacement accommodates grain rearrangement and seating at the speci-
men ends, so macroscopic stress increases slowly. Continued compression reduces the gaps
between grains, tightens existing contacts, and brings new contacts into load transmission.
The stress increase per unit strain consequently becomes larger. Using compression tests
and X-ray computed microtomography, Wang and Baker found that sintered snow with
greater connectivity and larger bonds exhibited faster stress growth during deformation.
Their observations provide direct evidence for hardening associated with an improved
contact structure [15].

https://doi.org/10.3390/ma19214511


https://doi.org/10.3390/ma19214511

Materials 2026, 19, 4511

6 of 24

~L4F

=

-

E 1.2 P

a L 4

et Brittle

S

Z1or Fracture xJ),

o , \

‘Z 0.8 | t Ductile

e A Compaction

E ¢

0.6 r *

(3 Smm/min 4 M

T o4 10mm/min

@ 0.4 - & o

é 15mm/min

5 20mm/min

2 02 25mm/min

- 30mm/min

0.0 1 M L 1 1 1 1 1 A 1 M 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Strain

Figure 3. Uniaxial compressive responses of compacted machine-made snow at different
loading rates.

Sustained load support at a low loading rate is consistent with time-dependent defor-
mation of the ice phase and adjustment of grain contacts. Under slower loading, viscoplastic
deformation of stressed ice bridges can relieve local stress concentrations. Grains also
have more time to adjust their contacts, allowing load to be progressively redistributed to
other parts of the structure. Simulations by Védrine et al. using real three-dimensional
microstructures showed that pore space accommodates incompatible deformation between
ice crystals and that crystal-scale mechanisms contribute substantially to macroscopic vis-
coplasticity [28]. Compression therefore need not immediately produce a through-going
fracture. The extended deformation interval and subsequent plateau at 5 mm/min can be
interpreted as continued effective load transmission during structural deformation. The
small stress changes near the plateau reflect a temporary balance between load capacity
and deformation, rather than the cessation of structural evolution.

The abrupt stress drops at higher loading rates are more consistent with concentrated
failure of critical load-bearing contacts. At 20 and 25 mm/min, rapid stress growth changes
to a pronounced decline near the peak, indicating a substantial loss of capacity over a small
additional strain interval. A possible mechanism is that local contact failure transfers load
to neighboring contacts, increasing their stress and promoting further failure. Macroscopic
axial compression does not mean that every ice bridge is subjected to pure compression.
Contact orientation and grain motion can impose shear and bending on local bonds and
generate tensile stresses.

The nonmonotonic peak-strength response further shows that faster loading can have
opposing effects on load capacity. The peak at 10 mm/min exceeds that at 5 mm/min, but
several curves show lower peaks and faster post-peak declines as loading rate increases
further. Wang et al. likewise observed an initial increase followed by a decrease in strength
with loading rate in uniaxial tests on compacted snow, accompanied by a transition from
plastic deformation to brittle failure [12].

The capacity retained after the peak provides another distinction between these failure
processes. The curves at 10 and 15 mm/min retain load-bearing capacity after reaching their
maxima, showing that the loss of peak capacity does not eliminate all load transmission.
Surviving bonds, newly established contacts, and intergranular friction can continue to
resist further compression. Discrete-element descriptions that allow new contacts to form as
existing contacts fail, together with compressive models incorporating both strengthening
and damage, provide a mechanistic basis for this gradual softening [16,46]. For curves with

https://doi.org/10.3390/ma19214511


https://doi.org/10.3390/ma19214511

Materials 2026, 19, 4511

7 of 24

a distinct peak, the peak position can therefore be interpreted as the transition from net
growth to net decline in overall load capacity. Peak strength describes the load-bearing
level at that transition, peak strain describes the deformation required to reach it, and the
post-peak curve describes continued load transmission after structural instability. Together,
these quantities provide the mechanical basis for comparing temperature, density, and
loading-rate effects below.

3.1.2. Temperature, Density, and Loading-Rate Effects on Peak Response

Temperature, density, and loading rate influence different parts of the compression
mechanism. Density changes the amount and arrangement of load-bearing material,
whereas temperature affects deformation of the ice contacts. Loading rate determines
the time available for stress redistribution. Comparing strength together with peak strain
therefore distinguishes an increase in load capacity from a change in the deformation needed
to mobilize it.

Figure 4 shows a reduction in peak strength with warming at a density of 0.50 g/cm?>. At
25 mm/min, strength decreased from 1.438 MPa at —50 °C to 0.419 MPa at —10 °C, a reduction
of approximately 70.9%. This interval-based measure expresses thermal sensitivity relative
to the starting strength. Mechanically, warming facilitates time-dependent deformation at
ice contacts. Slip and creep can redistribute concentrated stress during loading, reducing
the stress retained by the structure. Miot et al. reproduced temperature-dependent stress
through the viscous response and failure of ice bridges [29]. Védrine et al. also showed that
pore space accommodates crystal-scale deformation during snow creep [28]. These results
support interpreting the present temperature trend through contact deformation and stress
relaxation. The overlap of the cross-rate strength ranges further shows that temperature
and loading duration must be considered together, as in the compacted-snow tests of Wang
etal. [12].

2-

4 25 mm/min
Range across 5-30 mm/min

Peak stress (MPa)
i &
*>

=}
w
>

=50 —45 -40 =35 -30 =25 -20 =15 -10
Temperature (°C)

Figure 4. Peak strength across temperature at 0.50 g/cm?. Gray ranges span the six loading-rate
means from 5 to 30 mm/min; diamonds denote the 25 mm/min result. The ranges describe variation
across loading rates. Stress is in MPa, and temperature is in °C.

Figure 5 links the density-related strength gain to a shorter deformation interval before
the peak. At —30 °C and 15 mm/min, increasing density from 0.50 to 0.70 g/cm? raised peak
strength from 1.072 to 2.544 MPa and reduced peak strain from 0.084 to 0.041. The strength
ratio was 2.373, compared with a density ratio of 1.400. Consequently, strength divided by
density increased by approximately 69.5%. The gain thus exceeded the increase in material
mass per unit volume. A contact-based explanation is that compaction enlarges effective
load-transmitting sections and increases the number of contacts available for load sharing.
Reduced pore space also limits further grain rearrangement, explaining the lower peak
strain. This interpretation is also consistent with the findings of Xiao et al. [22]. Together,
the results link density-related capacity gains to how the ice skeleton carries load.
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is dimensionless.

Figure 6 shows a nonmonotonic strength response to loading rate at 0.65 g/cm?® and
—40 °C. Peak strength reached 2.339 MPa at 10 mm/min, whereas peak strain decreased
from 0.054 to 0.033 between 5 and 30 mm/min. The 38.9% reduction in peak strain shows that
faster loading brought forward the loss of net hardening without continuously increasing
capacity. At lower rates, contact deformation and stress relaxation reduce the load retained
by the structure. Moderate acceleration limits this relaxation and can increase strength.
Further acceleration also restricts redistribution around highly stressed contacts, favoring
concentrated failure over gradual adjustment. Wang et al. observed a comparable strength
maximum in compacted snow, with the associated rate between 10 and 30 mm/min [12].
Differences in temperature and initial contacts can shift this balance. Fiber-bundle models
describe the same competition through rupture and rebonding timescales [44], while
Xiao et al. explicitly included compression-induced strengthening and load-dependent
rebonding [46].
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o
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Figure 6. Peak strength across loading rate at 0.65 g/cm® and —40 °C. Bar height gives strength in
MPa, and color denotes peak strain. Loading rate is in mm/min.

3.1.3. Densification Strengthening Under Three-Factor Interaction

Figure 7 shows that the strength gain from densification is not constant and that its
response to loading rate changes with temperature. Relative to —30 °C and 5 mm/min, the
three-way interaction contrast at —10 °C reaches approximately 0.55 MPa at 20 mm/min,
whereas the corresponding value at —50 °C is approximately —0.14 MPa. Thus, when loading
rate increases from 5 to 20 mm/min, the strengthening associated with increasing density
from 0.50 to 0.70 g/cm? increases more at the warmer temperature than at the reference
temperature, but less at the colder temperature. These opposite contrast directions indicate
that temperature modifies the density-rate relationship; they do not mean that warming
directly increases strength or that cooling weakens the material.
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Figure 7. Density-related peak-strength difference across loading rate at different temperatures.

The mechanical role of density is expressed first through the number and arrangement
of load-bearing contacts. At —30 °C and 15 mm/min, densification increased peak strength
from 1.072 to 2.544 MPa while reducing peak strain. This combination reflects greater load
capacity with less pre-peak deformation due to rearrangement. The result is consistent
with the identification of density as an important structural variable by Chen et al. [49] and
Xiao et al. [22]. Densification strengthening therefore involves not only an increase in ice
content but also larger effective load-transmitting sections and improved local load sharing.

With a further increase in loading rate, the interaction contrast at —10 °C falls from
its maximum near 20 mm/min, indicating that the additional densification benefit relative
to the reference condition does not continue to increase. Faster loading may limit stress
relaxation while also shortening the time available for load redistribution after local contact
failure. Concentrated failure of critical connections can then increasingly offset structural
strengthening. The compressive fiber-bundle model of Xiao et al. includes both densification
strengthening and rebonding and shows that the fraction of viscous deformation varies with
loading rate, density, and sintering time [46]. This supports interpreting the nonmonotonic
interaction response through competition between strengthening and failure, rather than
treating increasing rate as a uniformly strengthening influence. Density is therefore an
important control on the load-transmitting structure, while temperature and loading rate
jointly determine how much of that structural advantage is realized as additional peak
load capacity.

Figure 8 shows that peak capacity and peak strain describe complementary mechanical
properties. Similar peak strains occur at different strength levels because the amount of
deformation does not uniquely specify the load carried by the contacts. The density series
combines greater capacity with less rearrangement before the peak, whereas temperature
changes the resistance to contact deformation. This distinction also explains why an overall
strength-strain correlation can combine several physical effects. Schottner et al. fitted a
power-law density dependence to depth-hoar strength and then related the regression
residuals to horizontal microstructural dimensions [21]. Their analysis separates the contri-
bution of solid fraction from the geometry through which force is transmitted. Fourteau et al.
likewise found different compaction behavior for depth hoar and rounded grains at similar
density [50]. These findings support evaluating the present capacity and deformation
measures together. Density describes the compacted state, while temperature and loading
rate determine how that state responds during compression.
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3.2. Mechanical and Electrical Responses Under Multiple Factors
3.2.1. Temperature-Dependent Electrical Level and Mechanical Transition

Figure 9 compares the mechanical and electrical responses recorded during compres-
sion at different temperatures. Cooling generally increased peak stress and initial apparent
resistivity, but the two quantities changed by different proportions. During early compres-
sion, stress increased while apparent resistivity decreased. Contact development provides a
common structural explanation, as it can improve load transfer while changing the geometry
available for electrical transport. As mechanical softening began, apparent resistivity could
continue to decline or remain nearly constant. This difference is consistent with the loss
of critical load-bearing contacts occurring alongside continued contact adjustment else-
where. The electrical response therefore provides complementary information on structural
evolution after the onset of mechanical softening.

Among the temperature curves, the —20 °C response exhibited the most sustained
post-peak stress fluctuations, with repeated stress drops and partial recoveries during
continued compression. In contrast, the —50 and —45 °C curves showed more abrupt post-
peak declines with less sustained recovery. This irregular macroscopic response at —20 °C
is consistent with intermittent contact failure and subsequent load redistribution, allowing
partial recovery of load-bearing capacity as deformation proceeded.

Temperature influences both charge transport and the polarization response of ice.
Glen and Paren related the electrical properties of snow and ice to temperature, frequency,
and phase arrangement [39]. At the excitation frequency of 50 kHz used here, the higher
initial apparent resistivity under colder conditions is consistent with these temperature-
dependent processes. During compression at a fixed temperature, increasing contact area
and reducing intergranular gaps can lower the measured electrical resistance. Local contact
separation or replacement can partially reverse this decrease. The resulting apparent
resistivity reflects structural adjustment together with the electrical response of the contact
interfaces, including those between the electrodes and snow. This interpretation links the
broad resistivity decrease to compaction and the subsequent fluctuations to changes in the
measured electrical pathways.
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Figure 9. Mean stress and process apparent resistivity across temperature at 0.50 g/cm?® and
25 mm/min. Matching colors and line types identify the same condition. Squares denote electrical
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Figure 10 distinguishes the initial electrical level from the relative response to com-
pression. Initial apparent resistivity decreased from 90.538 x 10° (3-m at —50 °C to
38.747 x 10 Q)-m at —10 °C. In contrast, the maximum relative decrease during loading
increased from 6.16% to 15.53%, approximately 2.521-fold. The warmer snow therefore un-
derwent a larger proportional electrical change despite its lower initial resistivity. Thermally
facilitated contact deformation can increase the scope for contact-area adjustment dur-
ing loading, while temperature-dependent transport sets the initial electrical level [28,39].
These two contributions explain why absolute resistivity and relative resistivity change
carry different information. Normalization by the initial value separates the scale of the
electrical response from the baseline temperature effect.
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Figure 10. Initial, minimum, and terminal apparent resistivity across temperature under the conditions
of Figure 9. The shaded region spans the initial and minimum values. Separate markers denote the
three electrical values. Apparent resistivity is in 10° Q-m.
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The stress peak and resistivity minimum mark different balances within the evolving

contact structure. Peak stress occurs when additional compression no longer compensates
for loss of mechanical capacity. The electrical minimum occurs when the net decrease in
apparent resistivity ceases. Their separation is physically meaningful because a contact
that carries little axial force can still contribute to the measured electrical path. Conversely,
failure of a highly loaded contact can reduce stress before other paths stop improving. The
simultaneous bond rupture and contact creation described by Hagenmuller et al. provide a

structural basis for this interpretation [16]. Comparing the two feature strains therefore
connects the onset of net load loss to continued contact adjustment.

3.2.2. Density-Driven Load Capacity and Transition Shift
Figure 11 shows that densification strengthens the mechanical response while lowering
the initial electrical level. From 0.50 to 0.70 g/cm?, peak strength rose to approximately
2.373 times its initial value and initial apparent resistivity decreased from 66.652 x 10° to
24.953 x 10® ()'m, a reduction of 62.6%. More effective contacts can distribute force through
a larger connected ice skeleton and provide additional routes for electrical transport. Re-
duced pore space also limits deformation by rearrangement, bringing the stress peak to a
lower strain. This interpretation is consistent with compression imaging and contact-based
modeling [15,16], together with the role of phase arrangement in snow electrical proper-
ties [39]. Cooling, by comparison, raised both strength and initial resistivity. The contrasting
directions distinguish structural strengthening through densification from temperature-
dependent changes in ice mechanics and electrical transport. This distinction makes the
paired measurements more informative than an absolute resistivity value considered alone.

25k N — 0.50g/cm* —— 0.65g/cm?
FE -=-- 055g/cm3  --- 0.70 g/cm3
oo\ —-- 0.60 g/cm?
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o
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|
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Figure 11. Mean stress and process apparent resistivity across density at —30 °C and 15 mm/min.
Squares denote electrical endpoints. Strain is dimensionless; stress is in MPa and apparent resistivity

in 10° OQ-m.
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The post-peak portions of Figure 11 show that loss of mechanical capacity can coexist
with continued electrical improvement. When a critical load-bearing contact fails, its force
is transferred to neighboring contacts and may promote further local failure. Compression
can nevertheless close pores and create contacts in less highly stressed regions. Those
contacts may contribute to electrical transport without restoring the previous peak load.
Hagenmuller et al. incorporated bond rupture, contact creation, and grain rearrangement
within the same compression model [16]. Their coexistence explains how resistivity can
remain nearly constant or continue to decrease after stress has started to fall.

Figure 12 shows that both the magnitude and direction of the feature separation change
with density. The separation is expressed as Ae = ¢, ~— ¢,. A positive value places the
resistivity minimum after the stress peak and identifies continued net electrical improvement
during mechanical softening. A negative value indicates that the electrical trajectory has
already turned upward while stress is still increasing. These two sequences are compatible
with different mechanical and electrical weights of individual contacts. Highly loaded
bonds govern the peak capacity, whereas the electrical response combines contributions
from paths with different orientations and contact geometries [16,39]. The change in sign
therefore provides information about the sequence of contact reorganization that is not
captured by peak strength alone.

@ Mechanical peak
070 @ a B Electrical minimum
__065F L L ]
S
<
2
> 060 » L ]
‘@
j
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o
0.55 | B L J
0.50 - L L J
0.04 0.05 0.06 0.07 0.08

Engineering strain, € (mm/mm)

Figure 12. Strain positions of peak stress and minimum apparent resistivity across density under
the conditions of Figure 11. Horizontal lines connect the mechanical peak and electrical minimum.
Circles denote stress peaks, and squares denote resistivity minima. Strain is dimensionless.

The density-dependent feature separation motivates distinct mechanical and electrical
references in the constitutive description. The stress peak fixes the capacity from which sub-
sequent load loss is measured. The electrical reference follows the lowest resistivity reached
during further loading. This arrangement preserves the observed sequence when contact
failure and contact creation occur together [16]. It also connects the macroscopic softening
response to an electrical history that can continue evolving after the mechanical peak.

3.2.3. Loading-Rate Effects on Resistivity Rebound and Feature Separation

Figure 13 shows that loading rate alters the strain interval of the mechanical and
electrical transitions. At 0.65 g/ cm?® and —40 °C, faster loading shifted the stress peak to
lower strain, while strength was highest at 10 mm/min. Initial apparent resistivity ranged
from 42.190 x 10° to 47.952 x 10*> -m without a monotonic ordering. The clearer rate
dependence emerged during loading, through the positions of the electrical minima and
the later rebound. This distinction directs attention to the evolution of contacts under
compression rather than to differences in their initial electrical level.
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Figure 13. Mean stress and process apparent resistivity across loading rate at 0.65 g/cm? and —40 °C.
Squares denote electrical endpoints. Strain is dimensionless; stress is in MPa and apparent resistivity
in 10° Q-m.

Loading rate changes the competition between stress accumulation and structural
adjustment. At slower rates, viscoplastic deformation can release stress concentrations and
allow neighboring contacts to redistribute the load. At higher rates, stress can accumulate
before these adjustments are completed, favoring earlier mechanical instability [12]. Rei-
weger et al. represented rate-dependent failure through competing rupture and rebonding
timescales [44], and Xiao et al. extended this picture to compacted-snow compression [46].
Within this interpretation, a later resistivity rebound records the electrical consequence of
contact separation and reorganization. The paired trajectories thus reveal how a change in
loading duration affects capacity and the subsequent contact configuration.

Figure 14 shows a stronger rate dependence of the late electrical rebound than of
the maximum relative resistivity decrease. The decrease ranged from 7.91% to 10.25%, a
span of 2.34 percentage points. The terminal rebound ratio rose from approximately 40%

to 80% between 15 and 30 mm/min. The two amplitudes are defined by A, = W

and B, = H, with positive denominators; multiplication by 100 gives percentages.
The first measures electrical improvement relative to the initial state, while the second
measures how much of that improvement has been reversed at the endpoint. Their different
trends suggest that contact disruption after the minimum is more rate-sensitive than the
preceding net electrical decrease over these loading paths. Faster loading can limit the re-
distribution that compensates for lost contacts, leaving a larger electrical rebound. Figure 13
provides the corresponding strain positions, and Figure 14 summarizes the change in am-
plitude. Together, they distinguish earlier attainment of a feature from a larger subsequent
electrical change.
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Figure 14. Maximum relative resistivity decrease and terminal rebound ratio across loading rate
under the conditions of Figure 13. The bars give 100Ap and 100Bp in percent. The terminal ratio is
evaluated at the electrical endpoint marked in Figure 13.

3.3. Local Evaluation of Peak-Referenced Post-Peak Softening
3.3.1. Mechanical and Electrical State Descriptors

The mechanical and electrical results motivate two complementary state descriptions.
The stress peak establishes the reference for subsequent mechanical softening. Apparent
resistivity records the net electrical change as contacts develop, separate, and reorganize.
Because continued compaction can coexist with load loss, the electrical reference follows its
own trajectory. The relative decrease from the initial electrical state is defined as:
(3)

Sp(s) = max[O, po——p(€)]

Po

Here, S, is the dimensionless positive relative decrease in process apparent resistivity,
Po is its initial value, and p(e) is its value at strain e. For positive resistivity, 0 < S, < 1.
A larger S, indicates a greater reduction from the initial electrical level. It is useful for
comparing the compaction-related electrical response across different baselines. When
resistivity rises, S, decreases and records the reversal of part of that electrical change.

After the stress peak, continued pore closure can still reduce resistivity while mechani-
cal capacity declines. A running minimum retains this evolving electrical reference:

p,(s) = minepsésao(g)f € 2 & (4)

Here, p, is the lowest apparent resistivity reached between the peak strain ¢, and
the current strain, and & denotes historical strain. Equation (4) updates the reference
whenever compression produces a lower electrical value. The reference can therefore
continue changing after mechanical softening has started. The subsequent logarithmic rise
is measured relative to this running minimum:

e
Qp(s) = Mmax, << In[m], e =g, (5)
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Here, Q/J is a dimensionless electrical history variable, and # denotes historical strain.
At the peak, Q,=0 and the running minimum is initialized with the resistivity at Ep- The
discrete updates are p;; = min(p;;_4,0;) followed by Q; = max(Qi_l, In p%), using positive
resistivity values. Equation (5) retains the largest logarithmic rise above the running mini-
mum. This history rule preserves an established rebound when a later fluctuation temporar-
ily reduces resistivity. In contrast, S, follows the current decrease from the initial state. The
two variables therefore separate the instantaneous relative electrical change from the largest
post-peak rebound, providing distinct inputs for the subsequent mechanical comparison.

In Figure 15, S, is already elevated near peak stress, whereas Q, increases only after
resistivity rises above its post-peak minimum. This sequence indicates that mechanical
softening begins before the electrical rebound becomes established. Continued adjustment
in less highly loaded contacts offers an explanation for the intervening decrease in resistivity.
Contact-based simulations describe the coexistence of rearrangement and bond rupture
during compression [16,35]. The present state variables translate that sequence into quanti-
ties that can be compared with the stress loss. Section 3.3.3 then evaluates the contribution
of rebound history after accounting for strain-dependent softening.

0.14

- Relative decrease, Sp ‘:
- Postpeak recovery history, Qp j
0.12 F _——. Mechanical peak 1
----- Electrical minimum 2
I
|
I
1
I

Dimensionless electrical state

0.00 0.01 0.02 0.03 0.0
Engineering strain, € (mm/mm)

Figure 15. Relative resistivity decrease S, and post-peak rebound history Q, at 0.70 g/cm?®, —30 °C,
and 15 mm/min. Vertical lines denote the stress peak and resistivity minimum. Both variables and
strain are dimensionless. Q, uses the post-peak running minimum as its reference.

3.3.2. Peak-Referenced Weibull Baseline

The model separates reference-stress growth during continued deformation from the
loss of an equivalent load-bearing fraction. It uses the one-dimensional effective-stress relation:

o= (1-D)¥ ¥ =Ee (6)

Here, 7 is the equivalent stress of the reference structure, D is its equivalent damage,
and Ej is a reference stiffness scale. Equation (6) follows the effective-stress concept [42].
It separates the stress sustained by the reference structure from the fraction of capacity
retained during loading. E; is fixed by the peak constraint and represents the load-bearing
scale of the compacted structure near the peak. The linear reference is used to describe
subsequent softening, while the earlier compaction stage establishes the structure to which
that reference applies.

Variations in bond geometry and orientation produce different local force levels under
the same macroscopic strain. Failure can therefore develop progressively across load-bearing
regions instead of occurring everywhere at once. A Weibull distribution represents this
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dispersion through equivalent failure-strain thresholds [43]. Snow fiber-bundle models use
distributed strengths to describe progressive failure [44], and recent compression models
also account for strengthening and rebonding [46]. Here, the peak-referenced baseline
summarizes the net loss of capacity after these competing processes have produced the
stress maximum. The equivalent threshold ¢, is written as:

P(e; <€) =Dy(e) =1 —exp[—(f) ], m>0, e >0 (7)
0

Here, P is the cumulative failure probability, Dy, is equivalent statistical damage, m
controls the threshold distribution, and ¢ is its strain scale. At fixed ¢,, increasing m
concentrates failure thresholds around that scale. The remaining fraction 1 — DW describes
the part of the reference capacity still contributing to stress. This statistical representation
connects progressive local failure to a smooth macroscopic softening curve. Substitution

ow (€) =Eosexp[—(;>m] (8)

0

into Equation (6) gives:

Here, oy is the stress calculated from the Weibull baseline. Equation (8) balances

the growth of reference stress with the decline of the remaining load-bearing fraction. Its
m—1
dh;jw = % - ’"ET for positive strain. The first term describes

reference-stress growth, while the second describes the increasing contribution of degrada-

logarithmic derivative is

tion. At the peak these contributions are equal. Their balance yields:

1

€, = gm ", 0, = Eospe“%) (9)

4

Here, 0, and ¢, are the peak stress and peak strain. Equation (9) links the observed

transition frgm hardening to softening to the statistical strain scale. Applying both peak

constraints gives:
g = spm%, E, = (?)e“}«) (10)

P

Equation (10) determines E; and ¢, from the peak, leaving m to govern the post-peak
shape. This parameter reduction ties the regression to the measured load maximum rather
than allowing an arbitrary stress or strain shift. Contact adjustment before the peak is
incorporated into that reference state. Additional degradation is then defined relative to

the capacity remaining at the peak:

1— Dy(®) (2)"-1
w (&) =Dy (c,) exp po” (11)
Here, Dy, is the additional equivalent damage relative to the peak-surviving capacity.
Dy-D
With D, = Dy (¢, ), the same normalization is Dj, = V;D 2. The subtraction isolates the
P

post-peak increase in equivalent damage, and the denominator expresses that increase
relative to the fraction remaining at the peak. Consequently, Dy * starts from zero and
increases as this remaining fraction decreases. Figure 16 compares the Weibull expression
with 1 — 0¢,/(0¢), the equivalent quantity derived from stress. Their comparison tests
how the fitted softening shape represents the normalized capacity loss. Q,, by contrast,
records the electrical rebound. The two descriptions retain the different mechanical and
electrical sequences identified in Section 3.2.
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Figure 16. Peak-referenced equivalent damage under the conditions of Figure 15. Points give
1 —0¢,/(0,¢), and the line gives the fitted Weibull expression in Equation (11).

3.3.3. Test of an Incremental Electrical Term

Figure 17 evaluates the electrical term within a nested nonlinear regression. The
strain-dependent baseline is retained, and rebound history supplies a candidate additional
contribution to capacity loss. This construction tests whether the electrical change accounts
for stress variation beyond that already associated with increasing strain. The additional
cumulative hazard is written as:

H,=xQ, Dg=1-exp(-H,), x>0 (12)

Here, H o is the additional model hazard associated with resistivity rebound, « is its
dimensionless coefficient, and Dy, is the corresponding damage term. The nonnegative con-
straint makes this term represent additional attenuation of load capacity. Setting x = 0 recov-
ers the strain-dependent baseline, so the two descriptions can be compared within the same
mechanical framework [42,44]. The remaining capacities are combined multiplicatively:

D* =1- (1-D})(1 - Dg) (13)

—— Re-optimized Weibull shape at each k
025k @ Minimumatk =0

0.20

0.15F

0.10

Profile log-residual sum of squares
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0 2 N 6 8 10 12 a
Nonnegative electrical coefficient, k

Figure 17. Profile of the regression objective for nonnegative x under the conditions of Figure 15. The

parameter m is reoptimized at each k. The ordinate gives the squared logarithmic residual sum from

Equation (15), with a minimum at « = 0.

Here, D* is the combined peak-referenced damage. Equation (13) applies the electrical
attenuation to the capacity remaining after the strain-dependent contribution. Multiplica-
tion keeps the remaining fraction between zero and one and makes the two model hazards
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additive in logarithmic form. Conversion to the original reference in Equation (6) gives
1— Dy = (1-D,)(1-D"), followed by ¢ = Eoe(1-D,)(1-D") = f—:ea —D*). Dy
refers to the original reference structure, whereas D* refers to the structure at peak stress.
This distinction preserves the peak load while representing the additional post-peak decline.
Substitution yields:

m . 1
o(e) = ap(gi) exp{—% - KQp(s)}, €=¢, (14)
P

Equation (14) applies for ¢ > ¢,. The peak stress and peak strain fix the reference
scales, m controls the curvature of strain-dependent softening, and « controls the additional
attenuation associated with rebound history. At the peak, Qp = 0 and the relation gives
0 = 0,. The baseline has a horizontal peak tangent. For a differentiable electrical history,
that tangent is retained when kQ’p(¢,+) = 0. The formulation therefore accommodates the
measured separation of the mechanical peak and electrical minimum while maintaining an
explicit mechanical reference.

The parameters are estimated by nonlinear least squares on logarithmic stress ratios.
This transformation expresses deviations relative to the local stress level and compares the
baseline and electrical extension on the same scale:

2

T, ) = Z{h‘[ o; ]+ (s,-/Spn)l -1 . KQI} (15)

0,€i1€,

Here, 0; is stress at strain ¢; and Q; is the corresponding electrical history. Withx = ¢/¢,,

x" -1
m

the regression can be written as —ln[%] = + xQ,. The normalized stress loss
P

is thus separated into a nonlinear strain term and a term linear in k. Equation (15) gives
equal weight to squared logarithmic residuals. In Figure 17, m is reoptimized at each fixed

®, and the objective increases from its minimum at x = 0. The regression therefore selects
olnac
oK

of the electrical term: it lowers calculated stress only where Q, is positive. Here, this direct

the strain-dependent baseline for this interval. The sensitivity = —Q, explains the role

effect occurs at the final two positions, after softening is already established.

3.3.4. Local Calibration and Parameter Sensitivity

Figure 18 compares the fitted relation with the compression response at 0.70 g/cm?,
—30 °C, and 15 mm/min. The regression follows the stress decline after the peak while
preserving the measured peak scales. With m fixed, the residual is defined as the natural
logarithm of the ratio of measured stress to the stress calculated by the model without the
electrical term. Estimating « is then a constrained linear projection of these residuals onto
the electrical history. Minimization gives:

Z Qi
>

K*(m) = max|0, — (16)

Here, x* is the optimal nonnegative electrical coefficient for a specified m. With £Q? > 0,
Equation (16) reduces the joint fit to a one-dimensional search in m. A logarithmic search
over 0.01 < m < 150 followed by interval refinement gave m = 10.463 and x = 0. The peak
scales are 0, = 2.544 MPa and ¢, = 4.069 x 1072, with E; = 68.794 MPa and ¢, = 5.093 x 1072.
This peak constraint gives the shape parameter a direct mechanical interpretation. For

https://doi.org/10.3390/ma19214511


https://doi.org/10.3390/ma19214511

Materials 2026, 19, 4511

20 of 24

dz(”/ ‘Tp)
dx?

x=¢/e,and k =0, = —m. The fitted m therefore sets how rapidly the response

x=1
curves downward from the peak. The numerical relation is:

. 10.463
—_— -1
( 4.069x10-2 )

)
2,069 x 102 ) b1 10463

o) = 2.544( (17)

In Equation (17), o is in MPa and ¢ is dimensionless. The fitted interval extends from
e = 4.069 x 1072 to 4.720 x 1072. At its upper end, x is approximately 1.160 and the model
gives 0/0, = 0.813 and Dy" = 0.300. The equivalent capacity loss exceeds the relative
stress decrease because the reference stress grows with continued strain. This distinction
explains why stress reduction alone does not equal the peak-referenced damage variable.
The selected k = 0 retains the mechanical baseline, while the electrical variables describe
the accompanying contact adjustment and rebound.

251
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Figure 18. Local nonlinear regression of the post-peak stress response under the conditions of

Figure 15. The gray line gives the mechanical response, points denote the seven electrical sampling
strains, and the blue line gives Equation (17) over the fitted interval.

Fit quality is evaluated in the original stress units as well as through the logarithmic
regression objective:

NE
1 e Z (0; — ‘71‘)2
RMSE = I\—IZ(@. o)}, RR=1-2—— (18)
o= Zl(gz‘ —7)2
i=

Here, 0; is calculated stress, o is the average over the fitted positions, and N, = 7.
Equation (18) gives RMSE = 0.041 MPa and R? = 0.920. Relative to peak strength, the root-
mean-square error is approximately 1.596%. Residuals defined as calculated minus observed
stress are positive in the middle and negative near the end. The relation therefore slightly
overestimates stress before underestimating the final retained capacity. This pattern directs
attention to the evolution of softening curvature and the resistance carried by surviving or
renewed contacts. Leaving out one position at a time changed m from 10.30 to 11.42, while
« remained zero. The stable selection of the baseline in this sensitivity check complements
the objective profile in Figure 17. Together, the fit and residual analysis support a peak-
referenced description of the local load decline.

The mechanical regression and electrical history describe complementary consequences
of contact evolution. Stress depends strongly on the contacts that carry the largest forces,
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whereas apparent resistivity combines transport through the specimen with contact polar-
ization [39]. Limbrock et al. found temperature-dependent conduction and polarization in
partially frozen rocks over 10 mHz to 45 kHz [51]. This adjacent evidence supports treating
the electrical contribution as frequency-dependent rather than as a direct count of failed
contacts. In the present interval, the strain baseline describes the stress decline and the
electrical variables retain the sequence of contact adjustment and rebound. The resulting
framework connects the mechanical reference to a concurrent electrical observation without
forcing the two feature strains to coincide. It provides a practical basis for interpreting load
loss together with electrical change under the specified temperature and density conditions.

4. Conclusions

(1) The replicated factorial program showed different temperature, density, and loading-
rate responses. At 0.50 g/ cm?® and 25 mm/min, warming from —50 to —10 °C reduced
reported peak strength by approximately 70.9%. At —30 °C and 15 mm/min, increas-
ing density from 0.50 to 0.70 g/cm? raised strength to approximately 2.37 times its
initial value. Peak strain declined as density increased. The combination is consis-
tent with improved load transfer and less space for rearrangement before the peak.
Loading rate reduced peak strain while strength varied nonmonotonically. The re-
ported within-condition CV summaries describe repeatability; adjusted factor contrasts
require specimen-level analysis.

(2) Cooling and densification both increased strength, but their effects on initial process
apparent resistivity had opposite signs. Densification lowered that electrical level by
62.6% in the reported density series. Electrical interpretation must therefore retain
temperature and density as conditions. Peak stress and the observed resistivity mini-
mum are distinct response features. Their strain separation provides the appropriate
basis for testing correspondence within paired specimen records.

(3) The Weibull baseline described the reported local mean response over seven post-peak
strain positions. The reported calibration gave m = 10.463, x = 0, RMSE = 0.041 MPa,
and R? = 0.92. Only the final two positions had positive rebound history. The nonneg-
ative electrical extension did not improve the fitted objective over that interval. The
relation provides a local description of post-peak load loss and a test of additional
electrical information. Its parameters describe the analyzed mean response and are
not averages of specimen-specific fits. Xiao et al. [46] explicitly model densification
and pressure sintering. Here, the Weibull relation summarizes the reported mean
post-peak shape.

(4) The results provide a basis for interpreting concurrent measurements under specified
material conditions. Field monitoring requires calibration for temperature, density,
preparation history, and the electrode arrangement. Complete post-peak electrical
records and independent batches are priorities for testing the local relation. Imaging
or full-field deformation should examine the proposed contact mechanisms and their
relation to the two observed signals. Future model development could represent
compaction and evolving contacts explicitly.
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