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ABSTRACT: The distribution and amount of ground ice on Mars is an important issue to be addressed
for the future exploration of the planet. The occurrence of interstitial ice in Martian frozen ground is
indicated by landforms, such as fluidized ejecta craters, softened terrain, and fretted channels. However, experimental data on the rheology of ice-rock mixture under Martian physical conditions are
sparse, and the amount of ground ice that is required to produce the viscous deformation observed in
Martian ice-related landforms is still unknown. In our study, we put forward a three-dimensional
non-Newtonian viscous finite element model to investigate the behavior of ice-rock mixtures numerically. The randomly distributed tetrahedral elements are generated in regular domain to represent the
natural distribution of ice-rock materials. Numerical simulation results show that when the volume of
rock is less than 40%, the rheology of the mixture is dominated by ice, and there is occurrence of a
brittle-ductile transition when ice fraction reaches a certain value. Our preliminary results contribute
to the knowledge of the determination of the rheology and ice content in Martian ice-rock mixture. The
presented model can also be utilized to evaluate the amount of ground ice on Mars.
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INTRODUCTION
The physical state of water on Mars has fundamental ramifications for both climatology and astrobiology (Aharonson and Schorghofer, 2006; Whalley
and Azizi, 2003). Subsurface radar sounding data indicate that lobate debris aprons found in Deuteronilus
Mensae in the mid-northern latitudes of Mars are
composed predominantly of the mixture of rock debris
and water ice (Plaut et al., 2009). The occurrence of
interstitial ice in Martian frozen ground is indicated by
landforms, such as fluidized ejecta craters, softened

Parallel Numerical Analysis on the Rheology of the Martian Ice-Rock Mixture

terrain, or fretted channels (Byrne et al., 2009; Milliken et al., 2003). Some of these features, like lobate
debris aprons, are theorized to have been formed by
the viscous deformation of ice-rock mixture like rock
glaciers on earth (Li et al., 2005). The rheology of
ice-rock mixtures has been studied under terrestrial
conditions for engineering purposes at low pressure
and stress near melting point (Yasui and Arakawa,
2008; Mangold, 2003). However, experimental data
on the rheology of ice-rock mixture under Martian
physical conditions are sparse, and the amount of
ground ice that is needed to produce the viscous deformation observed in Martian ice-related landforms is
still under investigation (Durham et al., 2009). Furthermore, it is time-consuming and also very expensive to perform these kinds of measurements in the
laboratory. Thus, numerical simulation is a practical
solution.
Our study investigates the behavior of ice-rock
mixtures numerically. The large-scale threedimensional finite element tests are proposed in order
to determine the rheology of the Martian ice-rock
mixture. The randomly distributed tetrahedral elements are generated to represent the natural ice-rock
mixtures. This method has been successfully applied
to investigating the rheology of rocks composed of
multiple minerals (Cui et al., 2008). The randomly
generated tetrahedral elements are partitioned to denote the rock or the ice material, respectively. Each
subpartition can be assigned different parameters of
ice or rock components. Then, the stress and strain
rates of the ice-rock mixture under the physical conditions similar to Martian subsurface are produced by
finite element numerical tests. For a given component
ratio, a cluster of numerical models are generated
randomly and analyzed statistically.
Our numerical test results are largely in accordance with the experimental results under terrestrial
conditions, which can verify the rheological parameters of the ice-rock mixture on Mars. The randomly
distributed ice-rock mixture shows the occurrence of a
brittle-ductile transition when ice fraction at a certain
proportion. However, the difference still exists due to
difference between the realistic and the numerically
generated distribution of ice or rock components. In
order to reduce the measurement error to a reasonable
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range, the numerical specimen must be large enough
to include sufficient number of particles (tetrahedral
elements or their subpartitions).
NUMERICAL MODEL CONFIGURATION
Governing Equations
The
steady-state
viscous
strain
rate

ε = (dε / dt )ss of polycrystalline ice is described by a
power law relationship (Weertman, 1983)
ε = Aσ n exp(-E/RT )
(1)
where σ is the differential stress; T is the temperature;
R is the gas constant; and A, n, and E are parameters
characterizing the material, respectively, A denotes the
constant of the viscous parameter, and it can be the
function of temperature and bulk pressure, E represents the activation energy. When the temperature is
constant, equation (1) can be expressed by
ε = Bσ n
(2)
where B is the constant, and B=Aexp(-E/RT) is the inverse of the effective viscosity.
The equations of equilibrium, geometric, effective stress, effective strain, and constitutive could be
respectively expressed as
σ ij , j + f i = 0
(3)

εij = (ui , j + u j ,i ) / 2

(4)

σ=

3
1
[σ xx 2 + σ yy 2 + σ zz 2 + (σ xy 2 + σ yz 2 + σ xz 2 )]
2
2
(5)

ε =

2
1
[ε xx 2 + ε yy 2 + ε zz 2 + (ε xy 2 + ε yz 2 + ε xz 2 )]
3
2
(6)
1

σ = ηε n

(7)

we can get the average value of effective viscosity η
by least square method as
1 N
1
lgη = ∑ (lg σ i − lg εi )
(8)
N i =1
n
where the subscript i indicates the tetrahedral elements;
and N is the total number of elements in our numerical
model.
Finite Element Model
Our numerical specimen is a cylinder containing
a mixture of randomly distributed sand and ice grains,
as shown in Fig. 1. The cylinder measures 10 mm in
diameter and 40 mm in length. Conventional triaxial
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compression tests are conducted to calculate the instantaneous strain rate by large-scale parallel finite
element simulations. The hydrostatic pressure is fixed
to 12 MPa. It is consistent with the pressure in Martian subsurface at 1 km in depth. The constant temperature T=263 K is considered. B and n are constants
for ice and rock. The parameters utilized in our study
are listed in Table 1. In our numerical tests, η=
1.091 0×108 and n=3, respectively.

into 28 698 grids, which formed 1 035 297 tetrahedrons. Since one grid denotes one grain of ice or rock,
these grids can represent grains of very small sizes. In
our parallel solver, we adopted the domain decomposition method (DDM) (Craig, 1997) to divide the
computing domain into sub-domains. The preconditioned Krylov-subspace parallel solvers are utilized on
distributed computer node to calculate linear sparse
system simultaneously. Figure 2 illustrates the partitioned subdomains and the dual points on the inner
boundaries of one subdomain.

Figure 1. The randomly distributed spatial granularity specimen consisted of ice and rock. It displays our finite element numerical model created
by randomly mixed ice and rock. The left figure
shows the ice and rock’s spatial distribution, and
each color represents one kind of component. The
right figure shows the randomly distributed spatial
configurations of ice and rock.
Table 1 Parameters in ice-rock mixture numerical simulation (Turcotte and Schubert, 2002)
Parameters
Temperature (K)
-1

-1

Gas constant (J·mol ·K )
-n -1

A for ice (MPa ·s )

Symbol

Value

T

263

R
Aice

8.314
8.8×105

n for ice

nice

3

E for ice (kJ/mol)

Eice

60.7

A for rock (MPa-n·s-1)

Arock

6.7×10-12

n for rock

nrock

6.5

E for rock (kJ/mol)

Erock

268

Parallel Computation
Previous work indicates that to reduce the measurement error in the simulation of rheology, the numerical specimen must be large enough to include
sufficient number of particles (Banks et al., 2008).
Thus, large-scale parallel finite element simulation has
to be used. In our study, the model has been divided

Figure 2. Partitioned subdomains in DDM parallel
solver (left) and the dual point (grids with different
colors) in one subdomain (right).
RESULTS AND DISCUSSION
We calculated the strain, stress, the effective
stress, the effective strain rate, and the effective rheology by equations (5)–(8). To verify our parallel numerical model, we first calculated the pure ice model.
The input parameters are listed in Table 1. The results
of the differential stress and strain are shown in Fig. 3.
The parameters calculated from the results are
η=1.098 1×108 and n=3.007. Compared with input
parameters (η=1.091 0×108 and n=3), the relative errors are 0.65% and 0.23%.
After we verified the feasibility of pour ice model,
we use the same code to conduct the ice-rock mixture
simulation. We supposed that the rock is quartz,
whose parameters were listed in Table 1. To compare
our numerical test results with the experimental data,
we set the volume fraction of ice in the mixture to be
48%, which is the same with the experiment made by
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Figure 3. Steady-state strain rate versus differential stress for ice model.

Figure 4. Steady-state strain rate versus differential stress for comparison at a fixed ice fraction of
48% with fixed temperature and pressure. Our
numerical simulation results are compared with
the experimental results (Mangold, 2003).
Mangold (2003). Figure 4 shows the comparison of
our numerical simulation results and experimental results. This comparison proved the feasibility and efficiency of our method.
In Fig. 4, we can also see that there are different
magnitudes of simulation results and experimental results. As mentioned before, since the experiments at
very low temperature and high pressure are timeconsuming and expensive to perform, there are no accurate parameters available at the present time. The
parameters used in our study are extrapolated from
empirical formulas in stead of real experiments, which
possibly introduces the differences. Another reason is
that we did not consider the effects of dispersed particulates. Some experimental results suggest that vis-

179

cous drag occurs in the ice as it flows around the hard
particulates, and mixed-phase ice is tougher than the
pure ice (Song et al., 2007; Durhan et al., 1992).
Under different volume fractions of ice and rock,
we generated a cluster of numerical models. The strain,
stress, the effective stress, the effective strain rate, and
the effective rheology were also calculated and analyzed statistically. Figure 5 shows that the effective
rheology of the mixture varies with the volume fraction of rock, which changes from 0 to 1. The rheology
parameters of the mixture are gradually increased
from the rheology of ice to that of the rock. When the
volume of rock is less than 40%, the rheology of the
mixture is dominated by ice. There is occurrence of a
brittle-ductile transition when ice fractions at a certain
value. However, the values of rheology are different
even under a certain component ratio due to the distribution of components. As components are randomly
distributed in our numerical model, the error decreased with the increasing of the ratio between the
volume of the specimen and average volume of gains.
In order to confine the error to a reasonable range, the
ratio value is set to be 2.0×104 in this study. Because
we generate new randomly distributed models each
time, the spatial arrangement of grains would change
the rheology of the mixture. However, at a constant
volume fraction, there are many other factors that
would induce the difference of rheology values, e.g.,
randomize, micro fracture, and pore shape. How these
factors influence the mixture needs further study in
order to better understand the porosity and ice content
of ice-rock mixture on Martin surface. We will do
these researches in the future.
CONCLUSIONS
Our numerical benchmark showed that utilizing
large-scale parallel finite element numerical simulation method to investigate the rheology of ice-rock
mixture is effective and feasible. If we know the rheology parameters of the components under certain
conditions, we can calculate the parameters of the
mixtures by numerical experiments and statistical
analysis rather than the time-consuming and expensive
laboratorial experiments. Since parallel computing is
much more convenient and efficient than the
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Figure 5. Effective rheology of the mixture varies with the volume fraction of rock that changes from 0 to 1.
Table 2

Difference between the simulation (our study) and the experimental results (Mangold, 2003)
Simulation results (our study)

Differential stress (MPa)

Experimental results (Mangold, 2003)

Steady-state strain rate (s-1)

Differential stress (MPa)

Steady-state strain rate (s-1)

1.0

0.868 7×10-8

1.92

3.145×10-7

2.0

0.190 4×10-7

1.98

5.391×10-7

3.0

0.351 6×10

-7

2.29

7.552×10-7

4.0

0.693 7×10-7

2.48

4.712×10-7

5.0

0.133 4×10-6

6.0

0.234 1×10-6

2.80

1.252×10-6

7.0

0.376 4×10

-6

3.01

1.295×10-6

8.0

0.564 8×10-6

3.80

2.907×10-6

9.0

0.806 0×10-6

4.28

2.907×10-6

10.0

0.110 7×10-5

5.29

4.819×10-6

——

——

5.88

1.280×10-5

——

——

6.08

1.046×10-5

——

——

6.28

9.141×10-6

——

——

——

——

7.93

3.075×10-5

——

——

8.53

3.402×10-5

laboratorial experiment, by changing the volume fraction and differential pressure conditions, we can establish a direct relationship of rheology parameter of
one mixture consisting of any kind of components.
These results will contribute to the knowledge of the
porosity and ice content of Martian ice-rock mixture.
It also can be used to estimate the amount of ground
ice in different latitudes on Mars. The estimated parameters can also be utilized to uncover the strength
profiles of the Martian megaregolith and geomorphic
consequences.

8.355×10-7

7.723×10-6
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