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Abstract

Sample retrieval from extraterrestrial bodies and in situ resource utilization (ISRU) activities
have been identified as some of the most important scientific endeavors of the coming decade.
With the failure of Rosetta’s Philae lander to penetrate the surface of comet 67P and obtain
a sample due to the high compressive strength of the surface, it is becoming obvious that
knowledge of the mechanical properties of materials that might be encountered in such
environments and under such conditions is critical to future mission success.

Two comet/asteroid analogs (Indiana limestone and Bishop tuff), selected based on their
contrasting mechanical properties and porosities, were tested under constant displacement
to failure (in most cases) at extraterrestrial conditions of cryogenic temperatures (295 K
down to 77 K) and light confining pressures (1 to 5 MPa). The compressive strength of
both materials was determined under varied conditions of saturation, from oven-dried (~0%
water content) to fully saturated, and both brittle and ductile behavior was observed. The
saturated limestone increased in strength from ~30 MPa (at 295 K) to >200 MPa (at 77
K), while the Bishop tuff increased in strength from 13 MPa at 295 K to 165 MPa at
150 K. Additional experiments demonstrated that thermal cycling reduces the compressive
strength of limestone, while an increase in confining pressure from 5 MPa to 30 MPa at 200
K significantly increases the strength (from 62 MPa to 85 MPa respectively) of saturated
tuff.

The results of this study will be useful to future sample retrieval missions or ISRU ma-
neuvers. The large increase in compressive strength of these saturated materials at cryogenic
temperatures means that future missions will need to prepare technology that has the en-
ergetic and mechanical capability to penetrate very hard substrates as they are likely to
encounter.

Thesis Supervisor: Sara Seager
Title: Class of 1941 Professor of Physi¢s and Planetary Science
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Chapter 1

Introduction

The National Research Council identified sample retrieval from extraterrestrial bodies as
one of the most important scientific endeavors of the next decade [1]. Major advancements
in our understanding of the initial stages, conditions, and processes of the formation of our
solar system, as well as the nature of the interstellar materials that were incorporated into
it, will be made with the return of pristine, cryogenically-preserved surface and subsurface

samples of various primitive solar system bodies.

The most primordial bodies in the solar system — asteroids, comets, Kuiper Belt Objects
(KBOs), and objects in the Oort cloud (OCOs) — are all remnants of its early period,
containing intact material from the collapse of the local molecular cloud and the onset of
solar system formation [1]. Chondrites are especially valuable as the least processed of these
bodies, containing preserved pre-solar grains whose compositions reflect processes in ancient
stars and supernovae, while KBOs and OCOs retain pristine records of the initial solar

nebula chemistry.

Direct sampling of these bodies, at various depths, will greatly contribute to our under-
standing of the primordial solar system, its initial composition and formation, as well as the
variety of changes that it has endured since its earliest beginnings. Of particular interest is

the presence of extraterrestrial water-ice.

Ice has recently become a focus for in-situ resource utilization (ISRU) [2, 3|. Water, in the
form of ice, is a necessity for sustainable human development off-planet and for processing
of extraterrestrial ore. Additionally, water (frozen within soils and rocks) is identified as one

of the most likely substrates in which to find evidence of extraterrestrial life [4]. As most
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of the water in our solar system is locked up as ice [5], detailed analysis of how to extract,
drill, or otherwise attain access to this resource is critical.

In addition to ISRU, the behavior of water-saturated material is important in all aspects
of our current space programs; from landing of spacecraft on potentially frozen surfaces,
to collection of subsurface samples and anchoring mechanisms [6, 7], to' planetary defense
tactics where it is necessary to understand how a projectile impacting an asteroid/comet
will alter its course [8].

With the recent successful landing of the spacecraft Philae on the comet 67P — and its
reported difficulties [9, 10, 11] — it is becoming clear that a detailed understanding of the
mechanical properties of the surface of any extraterrestrial body of interest is necessary.

Recent work identified potential issues with extraterrestrial drilling and extraction [4,
12, 13}, and focused on the energy requirement for drilling into permanently frozen ex-
traterrestrial soils. However, little is currently known about the behavior of water-saturated
consolidated or semi-consolidated rocks at extreme low temperatures as one may encounter
in our solar system [5, 14]. Limited laboratory work [15, 16, 17, 18] shows conflicting results,
often due to the inherent difficulty in performing experiments at such extreme temperatures.
In this study, we used a unique cryogenic tri-axial apparatus at MIT [19] to observe the be-
havior of two analogs — Indiana limestone and Bishop tuff — at low temperatures, with
specific focus on the dependence of compressive strength on sub-freezing temperature.

The results of the experiments show that the presence of ice in the pore spaces of an
extraterrestrial analog can significantly increase its overall strength at cold temperatures.
As many of the current space exploration targets involve ice-bearing bodies [1, 7], this has
profound implications.

Chapter 1 of this study provides a more detailed background of the scientific advance-
ments that can be made with an advancement in drilling and sampling techniques, the
location and form of ice in our solar system, and a discussion of failure in consolidated ma-
terials, providing the necessary knowledge for the subsequent experimental analysis. The
preparation of analog samples, along with the general experimental procedures for compres-
sive strength tests are covered in Chapter 2. Chapter 3 details the main set of experiments
determining the compressive strength of both a limestone and a tuff (serving as extraterres-
trial analogs), from sample preparation through to interpretation of the results. Additional

experiments are also described that were run to provide insight into the failure of the analog
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materials under very specific situations (that of reloading, thermal cycling, and increased
confining pressure). Finally, Chapter 4 discusses the results of the experiments in the con-
text of current and future missions, and what insights gained from this study can provide

for space explorers.

1.1 Background on In Situ Sample Retrieval

The return of pristine surface and subsurface samples from celestial, primordial bodies will
contribute to major advancements in our understanding of the formation of our solar sys-
tem. Obtaining these samples, however, will constitute a vast challenge — logistically and
technologically — for future explorers and missions.

Shallow samples (~1 m) obtained from icy bodies including asteroids, comets, KBOs
and OCOs will first and foremost be a step further than has ever been achieved before, as
subsurface samples at any depth have yet to be successfully acquired. This shallow material
can provide direct measurements of the depth that space weathering can reach, as well as
evidence of impact gardening and regolith thickness and composition.

Deeper samples (~10 m) can begin to probe the depth of the regolith layer, and whether
the body is monolithic or a gravitational aggregate {20] (depending on the total radius of the
body). Sampling at significant depths (~100 m), again depending on the body radius, can
probe the core of small bodies, accessing potentially pristine material that remains untouched
from its initial formation in the beginning of the solar system. Internal differentiation could -
be directly observed and measured at these depths, and the complexity in composition would
mirror such complexity in the early solar system.

Assuming that such bodies are products of accretionary processes, the deeper a sample
is taken the older the sampled material should be. In the presence of impacts however,
only the deepest samples may access virgin material, and only if the impacts were somehow
constrained to the shallower portions. Direct in situ measurements have the ability to provide
insight into the impact history of such bodies (how deep the impacted material resides, what
is its composition and age, and how it relates to the underlying “host” material).

Sampling will also play a key role in our search for organic matter in the solar system.
Organic matter has been identified on asteroids (or comets) [21] and satellites such as Titan

[22], and is speculated to exist on KBOs and potentially OCOs [1]. Analysis of cryogenically
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preserved samples from these bodies could help in tracing the origins of primitive organ-
ics. The deepest samples will provide a window into the unadulterated past, while the
shallow subsurface could provide evidence for organic material being easily transported and
deposited from body to body.

While the bulk of our current knowledge of asteroid and comet composition comes from
measurements of recovered meteorites and the (very) rare in situ collection of dust samples,
the true composition and saturation is not well known. In addition to direct sampling,
remote measurements can provide additional information but are not without their limita-
tions. Typical remote sensing of planetary surfaces is done using neutron, near-infrared, and
gamma ray spectrometry, along with radar measurements [23, 24, 25, 26, 27]. Neutron, near-
infrared, and gamma ray spectrometry are particularly useful at identifying the presence of
water as well as mineral compositions. However, they are confined to the very near-surface,
from the upper microns (near-infrared) to tens of centimeters depth (neutron and gamma
ray). Radar measurements, while able to penetrate to significant depths (depending on
the frequency of the source), sacrifice resolution for penetration ability. Higher frequencies
(required for increased resolution) attenuate quickly in most mediums. The combination
of shallow and deep remote sensing measurements, however, can give an indication of the
material composition and saturation of the subsurface, which can in turn aid researchers in

developing and identifying appropriate analogs for experimentation on Earth.

1.2 Ice in the Solar System

Water-ice abounds in our solar system, existing on bodies as close to the sun as Mercury [24]
and as far as the Oort cloud [28]. In the early solar system, the density of water molecules
was high enough to condense ice from the gas phase at a temperature that defines the “snow
line” [29]. Various forms of ice, due to the different crystalline forms that water can take,
dominate under certain pressure and temperature regimes.

The most common form of ice on Earth is ice Ih [28]. Ice Ih and has a hexagonal crystal
structure, while the cubic variant (ice Ic) exists in minute amounts in the upper atmosphere
and is created through vapor deposition of ice at very low temperatures (220 K and lower)
[30]. Many other phases of ice exist, and the solid-solid transition from one phase to another

is accomplished under various pressure and temperature conditions not often encountered
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terrestrially [31]. Throughout the solar system, ice I is expected to exist on planetary bodies
and satellites in conjunction with various other phases, as well as rock and ice mixtures [32].
Additionally, amorphous ice (lacking a discernible crystal structure) is a dominant phase in
the interstellar medium [33], and is typically formed from the rapid cooling of liquid water.

In general, the presence of ice, hydrated minerals, or (potentially) clathrates speaks to
the heating history, impact history, and current pressure and temperature regimes of the
target body. In turn, we can use this information to probe fundamental questions such as
the accretion and supply of water in the early solar system, the role that bombardment may
have played in transporting water throughout the solar system, whether life currently exists
on other bodies today or in the past, and whether Mars or Venus hosted ancient aqueous
environments and the conditions under which they evolved.

The presence of amorphous ice indicates very rapid cooling at temperatures less than
130 K [34]. Though there is still speculation as to the crystallinity of ice during the cir-
cumstellar disk and planetary formation, surviving amorphous ice from the molecular cloud
collapse should be preserved outside Saturn’s orbit [35]. Discovery of this ice could provide
crucial information on the primordial solar system. Additionally, the ratio of amorphous
to crystalline ice can say much about temperature, pressure, radiation flux, and thermal
conversion regimes [35, 36].

Satellites such as Enceladus and Europa are theorized to have water oceans beneath icy
crusts, and samples from these bodies (both shallow and deep) will give insight into the
organic chemistry of the remote past, especially if water from below the crust is constantly
being brought up to shallower depths within geysers [37].

Mars and Venus have also shown evidence of having ancient aqueous environments [1],
and plans have already :begun to probe the icy depths of polar craters in search of evidence of
water, and of life [12]. If evidence of aqueous environments conducive to early life exists, and
whether life emerged and still exists today, it may be found in the frozen regolith (and below)
of the polar craters. On larger bodies such as planets, depth is directly related to time: the
deeper the investigation, the farther back the observation. With increased sampling depth,
the past life of Mars and Venus is open to us, with all its complexity.

All of the applications of sampling in icy environments mentioned so far are part of
ambitious plans that are currently being evaluated [1, 38]. Small body targets and charac-

terization of their surface/subsurface material has been identified as a top science priority.
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However, the coming decades will bring additional challenges and opportunities.

Evidence for the presence of ice in the asteroid belt is limited to hydration signatures
from infrared spectrometry, outgassing observed as comet tails, and remote measurements
[29].

Ice will likely be found beneath the surface of small bodies, shielded from solar radiation
and the vacuum of space, where it can persist for billions of years near the surface within
what is termed the “shallowly buried snow line” [29]. Recent work has shown consistently
that ice can be expected to be found near the surface not only of comets, but also of main
belt asteroids and various moons [29, 39, 40, 41, 42, 43].

For ice to be found in the subsurface, a small body (i.e. asteroid) must contain sufficient
porosity to have accumulated volatiles in the past. Porosity on asteroids is thought to exist
in two forms: micro and macro [44]. Microporosity consists of pore spaces, pore throats,
and voids between grains, on the order of tens of micrometers. Macroporosity refers to the
large-scale voids and fractures on asteroids, and may be the result of its collisional history.

From measurements of bulk density and volume, asteroid porosity estimates can be ob-
tained. The most porous asteroids appear to be C-type, with overall porosities ranging from
0% to 20% and higher [44]. It is within the porous C-type family, in particular carbonaceous

chondrites, where we expect to find substantial deposits of water ice.

1.3 Failure Theory

For almost any material, the application of sufficient load (either in compression or in ten-
sion) will cause failure. The failure, however, can have different meanings in various dis-
ciplines, and is intricately tied to the microscopic and macroscopic mechanical properties
of the material. In this study, failure is defined as the inability of a material to support
higher stress (or load), and the maximum stress supported by the material is termed the
peak stress.

As used in this study, the peak stress is synonymous with compressive strength (ultimate
strength, or simply strength), and the terms are used interchangeably.

The behavior of the material under compression both before and after peak stress is
reached (failure has occurred) can be broadly broken into two regimes: brittle and ductile.

Transitional behavior can also occur between the two regimes, where the material exhibits
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both brittle and ductile deformation characteristics. An overview of the particulars for each

regime can be seen in Figure 1-1.

Failure Mode € ceeee Britile >< Ductile >
< — Semibrittle— >
Attributes < Cataclasis. >< Plastic —— >
Permanent Strala
m-l‘*t < CI% e 3 € e 3 M 3 € e 3 5% >
Softening < >
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Mechanisms Distributed and Distributed
Localized Micrecracking, Fully Plastic
Microcracking Laocal Plasticity

Figure 1-1: Schematic diagram illustrating the characteristics of the brittle and ductile
fields, as well as the brittle-ductile transition. The shape of the stress/strain curves and
microscopic appearance of the samples are important to note, as they help to indicate the
failure method. From [45].

1.3.1 Brittle Failure

Brittle failure is best exemplified by standing a pencil upright on a table and pressing down
on it. The length of the pencil likely will not change much (though it may bend): it will not
become shorter and fatter. If the applied load is released before it breaks, it will return to
its original shape; this is known as elastic behavior. If enough pressure is applied the pencil
will snap in two, with a very clear (or localized) fracture plane.

Brittle failure occurs when it is not preceded by any significant amount of permanent
deformation, though the behavior is not entirely elastic prior to failure [46]. A small amount

of non-elastic behavior, known as yielding, often occurs just before failure. The point at
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which the behavior changes from elastic to non-elastic is known as the yield stress.

Failure in the brittle field occurs when small fractures begin to form within the material,
typically at pre-existing defects that are optimally oriented, and join together to form a
localized plane of failure [47, 48]. This is the typical macroscopic fracture or fault seen in
many failed brittle materials.

There are two principal modes of brittle failure. A shear fracture occurs when displace-
ment is parallel to the fracture surface (generally ~45° from the largest principal stress),
and is dominant in triaxial tests that employ high confining pressure [46]. Alternatively,
at low confining stress or high differential stresses, axial splitting may occur. This involves
the failure plane running parallel to the maximum principal stress and the fracture opening
being parallel to the minimum principal stress [46].

The brittle field is relatively insensitive to strain rate and temperature changes, but is
highly sensitive to pressure. An increase in confining pressure tends to reduce brittle defor-
mation, as localization of the initial small cracks is inhibited, and distributed deformation
is encouraged.

Brittle failure can be broken into various stages, with each stage representing specific
physical mechanisms within the material. Often, a stress-strain graph is helpful in observing
these stages (Figure 1-2). In the first stage, there is rapid hardening of the material as pre-
existing microcracks that are oriented perpendicular to the direction of loading are closed.
This is generally reversible, though some pore collapse that occurs may be irreversible.

The second stage is often known as linear-elastic behavior, and involves the elastic de-
formation of grains. While generally reversible, there may be some sliding on pre-existing
failure planes. The rock type and amount of confining pressure will greatly affect the size
of this stage, which is capped by the yield stress.

The third stage, following the onset of the yield stress, shows a departure from elasticity.
Dilation may occur as microcracks proliferate and propagate (generally parallel to the load
direction).

The fourth stage occurs when the microcracks coalesce and localize into a plane. Though
it is not known if localization occurs before or after reaching peak stress, the material can no
longer support higher stresses, and failure has been achieved. Following failure, the material
may still be able to support a reduced load as the friction along the fracture plane resists

the applied stress, while others may have failed so catastrophically that they can essentially
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support no load (Figure 1-2).
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Figure 1-2: The measured stress (red) and calculated strain (green) as a function of experi-
ment time, showing (a) failure with strength retention and (b) catastrophic failure with no
strength retention. Since the experiment was conducted under constant displacement rate,
the time axis can also be viewed as piston displacement. Stage I: closing of microcracks,
Stage 2: linear elastic regime, Stage IIL: plastic yielding / development of microfractures /
strain hardening, Stage IV: slip weakening phase. Both graphs are real data obtained from
samples (a) ILS-OD-295 and (b) ILS-WS-150-C.

1.3.2 Ductile Failure

Ductile behavior occurs when a material is able to sustain large strain (high deformation)
without macroscopic fracturing. That is, the localization of the microfracturing does not
occur as it does in the brittle regime. Typically, ductility may occur in less consolidated
materials (granular, poorly lithified), or under high temperature or high confining stress
conditions. High temperatures can encourage crystal plasiticity, while high confining stress

will serve to suppress brittle behavior.
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Ductile deformation involves distributed deformation of the material, where no localized
plane can be seen. In addition, the stress-strain profile will not display the sharp stress
drop seen in brittle fracturing (Figure 1-1). Instead, a steady-state can be reached wherein
continued loading is met with continued strain, and a peak stress may not be reached. If
failure is reached, the material can often support the same amount of stress in the post-failure
region (Figure 1-1), where only a small amount of strain-softening is seen.

While ductile behavior is relatively insensitive to confining pressure, it is highly sensitive

to temperature and strain rate.

1.3.3 Transitional Failure

Brittle-ductile transitional, or semibrittle, behavior is characterized by a combination of
localization and distributed deformation and can occur in various materials under certain
conditions of pressure and temperature. As the transition regime is approached, the shear
failure plane becomes a zone of intense deformation and fine scale fracturing. The transition
from brittle failure to semibrittle flow can be identified by the absence of strain localization
and the absence of conspicuous stress drops in the stress-strain profile [45]. Like brittle
failure, the primary deformation is caused by cataclasis and the behavior is sensitive to

pressure.

1.3.4 Strength of Ice

Recent studies on mixtures of ice and rock grains [33] indicate that the compressive strength
of the mixture will decrease as the volume fraction of the weak phase (i.e. ice) increases.
That is, the more ice that is present, the weaker the aggregate will be, with a minimum
strength being the strength of the pure weak phase.

The compressive strength of pure ice is sensitive to both temperature and to confining
pressure, but only weakly dependent on strain rate [49]. A study of the inelastic properties
of ice Th [50] indicates a sharp increase in compressive strength with confinement at low
confining pressures, followed by a decreased sensitivity at higher confinement. Decreasing
temperature also increased the strength, with values of ~70 MPa at 165 K and ~40 MPa
at 195 K under 5 MPa of confinement obtained. A more recent study showed similar results
[51], with a compressive strength of ~22.5 MPa at 233 K at very low confinement.

While the mechanical strength of ice Ih has been experimentally determined, other phases
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with differing crystal structures, grain sizes, and densities will likely have a wide variety of
mechanical strengths. In particular, lower density ices like Th (0.92 to 0.93 g/cm?) are likely
weaker than higher density variants, such as ice VII (1.65 g/cm?) [31].

Both brittle and ductile behaviors have been observed in the deformation of ice. Lower
temperature and higher strain rates promote brittle behavior, while ductile behavior domi-

nates at temperatures greater than 195 K and follows a steady-state flow law [49].

23



24



Chapter 2

Methods

2.1 Materials

The two materials chosen for this study were Indiana limestone and Bishop based on their
mechanical properties, mineral compositions, and availability.

Though asteroids vary considerably in their composition [52], water-bearing bodies are
likely of the carbonaceous chondrite class (CC) [2, 53], comprised mainly of silicates, oxides,
sulfates, and the minerals olivine and pyroxene. In order to contain significant amounts
of water-ice (not bound in hydtosiliéates), porosity is needed (estimates vary from 0% to
30% porosity in CCs [44, 54]). However, as the maximum axial load limit of the experi-
mental apparatus was 200 MPa, it would likely be unable to cause failure in a basaltic rock
composed of olivine and pyroxene. Therefore, Indiana limestone was chosen as a suitable
sample material due to its availability, porosity (~15%), low compressive strength at room
temperature [55], and its history of use in compressive strength studies [4, 17, 18, 55].

A much softer material, and thus likely deformable by the experimental apparatus, is tuff.
Tuff is a light, porous rock made of volcanic ash that forms after deposition of a pyroclastic
flow. The Bishop tuff is a middle Pleistocene ash bed that was formed about 0.74 million
years ago when a large volume of rhyolite tephra was catastrophically erupted in the Long
Valley area of California, over only a few short days [56]. It consisted of two discernible
stages; an initial stage in which a large volume of tephra was generated and formed an air-
fall pumice unit, and a second ash flow stage that is radially distributed around the source
area. During the second stage, enormous volumes of ash were ejected into the atmosphere

and formed an ash fall — a blanket-like deposit that covers more than a million square
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kilometers of the Western US [56].

The second stage, the sequential, thick ash flows and falls that form the Bishop tuff ash
bed, provides a suitable comet/asteroid analog. The tuff primarily consists of quartz, ortho-
and clino-pyroxenes, zircon, titanomagnetite, ilmenite, allanite, biotite, oligoclase, apatite,
and rhotite [57]. Similarly, carbonaceous chondrites are known from meteorite samples to
contain olivine, pyroxenes, and magnetite, while other meteorite types contain examples of
most each mineral present in the tuff [58]. Comets, on the other hand, consist mainly of the
silicates olivine and pyroxene [59)].

Most importantly though, the tuff represents an interesting medium that is neither fully
consolidated nor completely granular and unconsolidated. That is, it lies on a spectrum
between a very solid rock like the Indiana limestone and an unconsolidated, soil-like regolith.
It has a high effective porosity (estimated for the ash flow layer at between 20% and 35%),
a total porosity of 35% and 45% [60], and is slightly compacted. A similar material could be
found on a planetary body at a depth significant enough to induce slight compaction (the
depth at which this could occur would of course be dependent on the size of the body —
shallower for a larger body than a smaller one). Our own analysis of the porosity, performed
by comparing the calculated bulk density to the density of the constituent grains in the
tuff, was in rough agreement with a calculated total porosity from 45% to 55%, indicating

a significant amount of intragranular porosity.

2.2 Sample Preparation

Preparation of limestone samples followed typical protocol for tri-axial load experiments [46].
Cylindrical cores obtained from a single large quarried limestone block were machined to
the standard core dimensions of 63.5 mm length and 25.4 mm diameter. All samples except
for the control were initially heated to 373 K in a vacuum oven for 24 hours to remove as
much initial water content as possible. Following the drying process, desiccative storage
aided in avoiding reabsorption of atmospheric water. The air-dried (AD) control sample,
which remained at laboratory conditions, consequently retained its original water content.
Large pieces of the Bishop tuff were obtained from the Chalfant Quarry near Bishop,
California. Figure 2-1 shows the location of the samples. The pieces were then cut into bricks

and, due to the extremely soft nature of the rock, hand sanded into rough cylinders. These
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cylinders were then carefully ground to a constant 25.4 mm diameter and subsequently cut
to 63.5 mm length, with the ends made as parallel as possible.

To minimize thermal shock, samples of both limestone and tuff to be tested at low
temperatures (240 K, 150 K, or 77 K) underwent a two-step freezing process. First, samples
were placed in a freezer and allowed to adjust to the ambient 238 K temperature for at least
two hours. Meanwhile, the cryogenic rig was cooled to the desired testing temperature.
Subsequent transfer of the test sample into the cooled rig allowed for a minimum of 1.5

hours equilibration to the testing environment.

Figure 2-1: Location where Bishop tuff samples were acquired at Chalfant Quarry in Bishop,
California. Large blocks were taken from the region encompassing the ash and surge flows.

Saturation

While all limestone samples underwent initial oven drying (designated OD), only three of
the samples were to be tested as such. These samples were left in a dessicator at room
temperature while awaiting testing.

Saturation of limestone samples destined to be water-saturated (WS) occurred by vac-
uum imbibition. The limestone cylinders were placed inside vacuum tubes and connected

to a vacuum pump. After initial evacuation, the tubes were backfilled with deionized and
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degassed water, ensuring as much of the pore space was saturated as possible.

Two saturation states were intended for the tuff samples: air-dried and water-saturated.
Little additional preparation was done on the air-dried samples aside from ensuring the
ends were completely parallel. This was performed using a special cylindrical jig initially
developed at MIT. The jig allows a cylindrical sample to be held in place while a razor is
used to scrape away small amounts of material at the sample ends. As the ends of the jig
are completely parallel, so too are the resulting ends of the sample.

Saturation of the tuff was a difficult process that required multiple attempts in order to
avoid complete sample destruction.

Similar to the limestone, the tuff samples (left slightly longer than 63.5 mm) were placed
in vacuum tubes and connected to a vacuum pump. Once under vacuum, deionized and
degassed water was passed through the samples, with the intent of occupying all of the pore
space. Difficulty occurred when the granular edges of the tuff samples stuck against the
cylinder walls, causing the upper portions of the samples to fail in tension. This resulted in
samples that had considerable horizontal, ice-filled fractures.

Suitable samples were created by sanding down the sample edges to slightly below 25.4
mm, preventing the granular edges from catching on the tube walls and ensuring no failure
in tension.

Once saturated, all samples (limestone and tuff) were left within the vacuum tubes and
placed in a freezer to be kept at 243 K overnight. As the tubes were on a copper plate,
freezing occurred from the bottom up and any trapped gases were forced to the top of
the sample. This reduces the potential for air bubbles to form in the pore spaces of the
sample, likely reducing the overall compressive strength by serving as points of weakness (or
weakening by having some pore spaces filled with air rather than ice).

Using the same jig as described for the air-dried samples, the resulting frozen cylinders

of tuff and ice were shaved down to 63.5 mm with parallel ends.

2.3 Experimental Procedure

Following equilibration to the testing environment, sample loading began. The compressive
strength of the samples was determined using the apparatus and techniques developed by

Durham, Heard, and Kirby [49]. The experiment ran at a constant displacement rate of
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0.004 mm/s, which for a 63.5 mm diameter sample results in a strain rate of ~6.3 x 1073
s™L.

While the unconfined compressive strength (UCS) is a desirable property to be measured,
there is often uncertainty in obtaining UCS measurements. This uncertainty is often due
to pre-existing microcracks in the sample, which can be closed upon application of a small
amount of confining pressure and the scatter in the data reduced [46]. For all temperatures,
nitrogen gas provided confining pressure (5 MPa for most experiments, except for two which
will be discussed in Chapter 3), and thin indium sleeves jacketed the samples.

Due to timing and availability of material, no effort was made to determine error asso-
ciated with the limestone samples, as only one experiment was run at each testing point.
However, results from previous studies [17] indicate an error of +/— 12 MPa, based on five
repetitions, is reasonable (see Figures 3-1 and 3-2). For the Bishop tuff, three samples tested
at 150 K provide an error estimate of +/— ~20 MPa, and will be discussed in more detail in
Section 3.2. More accurate error estimates can be made with additional repetition, ideally
ten or more, though it is often practically infeasible due to limited sample availability and

time.

Determining Ultimate Strength

A force gauge connected to the sample assembly records in millivolts the differential load
(axial load provided by the piston minus confining pressure provided by the nitrogen gas) on
the sample while the piston is displaced upward at a constant rate. Displacement continues
until a spike in the recorded load is seen, which indicates that the piston has contacted the
sample.

Once initial contact occurs, the piston is again displaced upward, and the measured load
is observed. The sample is stressed until failure occurs, wherein a drop in the load is seen,
or until the load capacity of the apparatus is reached. If the sample fails completely, no
load is supported and the experiment is completed. However, if the sample is still able to
support a load, additional displacement can help to determine the strain-weakening portion
of the stress curve (see Figure 1-2).

Data correction is necessary in order to convert the recorded data (load and displacement)
into stress and strain measurements. Detailed information on these corrections can be found

in Appendix A.
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Chapter 3

Compressive Strength Experiments

In this chapter, we determine the compressive strength of both Indiana limestone and Bishop

tuff under dry and saturated conditions, and at cryogenic temperatures. From this, we obtain

the temperature dependence of compressive strength for the comet and asteroid analogs .
Additional experiments provide insight on the effects of thermal cycling, reloading, and

increased confining pressure on the compressive strength.

3.1 Indiana Limestone

3.1.1 Results

Samples, saturations, testing temperatures, and ultimate strengths are provided as Table
3.1, and the results can be seen graphically in Figure 3-1. What is immediately noticeable is
that a decrease in temperature caused a significant increase in compressive strength of the
water-saturated samples (WS), while no significant increase in strength was observed in the
oven-dried (OD) samples.

At 240 K, the water-saturated (ILS-WS-240) ultimate strength was 94 MPa, an increase
in strength of 62 MPa compared to the air-dried control sample (ILS-AD-295). At 150 K
and 77 K, the saturated samples (ILS-WS-150 and ILS-WS-77, respectively) were so strong
that the apparatus was unable to provide sufficient load to cause them to fail. Therefore,
though their peak stress is in excess of 200 MPa under 5 MPa of confining stress, the exact
strength of both samples cannot be determined.

The limestone samples showed evidence mainly of brittle deformation, with an initial
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linear elastic response followed by a non-elastic phase, final yielding, and slip-weakening in

the post-failure regime (Figure 1-2), as described in Section 1.3. However, sample ILS-WS-

240 has a stress profile that may indicate brittle-ductile transitional behavior (see Figure

B-2).
Sample Confining Pressure Temperature Saturation Thermally Ultimate Strength
(MPa) (K) State Cycled? (MPa)
ILS-AD-295 1 295 AD N 32
ILS-WS-240 5 240 WS N 94
ILS-WS-150 5 150 WS N 200+
ILS-WS-77 5 77 WS N 200+
ILS-OD-295 5 295 OD N 59
ILS-OD-150 5 150 OD N 79

Table 3.1: Experimental results from compressive strength tests on Indiana limestone under
air-dried (AD), oven-dried (OD), and water-saturated (WS) conditions. ILS-AD-295 is con-
sidered the control sample. An increase in strength with decreased temperature is apparent
for fully saturated samples.

3.1.2 Interpretation

The compressive strength experiments on Indiana limestone provide insight into the behavior

of water-saturated, consolidated rock at low temperatures. Three important conclusions can

be drawn from the results:

1.

The presence of ice in pores can significantly increase the strength of the saturated
material at low (cryogenic) temperatures.

Comparison of the control sample to ILS-WS-240, ILS-WS-150, and ILS-WS-77 in-
dicates that the presence of ice in the pore space of the limestone samples serves to
increase the strength significantly. An overall strength increase of greater than 100
MPa was observed between ILS-WS-240 and ILS-WS-150, which is a strengthening
of slightly more than a factor of two. However, since it is known that water in the
pores of a limestone will weaken it at room temperature (due either to the reduction
of surface energy at the crack tip [61] or stress corrosion effects [62]), we would expect
the water-saturated strength at 295 K to be less than that of the control. An overall
strengthening of more than 170 MPa (<35 MPa to >200 MPa) is observed, which is

at least a four-fold increase in strength from room temperature to 150 K or 77 K.

The slight increase in oven-dried strength between ILS-OD-150 and ILS-OD-295 may

be well within experimental error (see Figure 3-1). There does not seem to be a viable
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Figure 3-1: Graphical representation of the experimental results of compressive strength
tests on Indiana limestone. Air-dried (AD), oven-dried (OD) and water-saturated (WS)
samples were subjected to compression at various temperatures. A decrease in temperature
results in a large strength increase for the saturated samples, and relatively little increase
for the air-dried samples. Note that water-saturated samples at 150 K and 77 K did not
fail, therefore the maximum load achieved is represented by the dot and the dashed arrow
indicates that the ultimate strength resides at a larger value. The maximum estimated error
is based on the work of Mellor in 1971 [17] (see also Figure 3-2).

explanation for the increase in strength of a dry rock, aside from arguments considering
the thermal expansion of various grain types. The samples in this study, being rela-
tively homogeneous Indiana limestone, should have minimal variation in grain type.
However, no previous study has been done on the low-temperature dependence of

oven-dry rock.

2. A small amount of confining pressure can significantly increase the strength of a satu-
rated material.
Comparison of the results of this study to that of previous studies on the unconfined
compressive strength [17] (Figure 3-2) demonstrates that a small amount of confining
pressure can significantly increase the strength of the saturated rock. The maximum
unconfined compressive strength achieved in the previous study was ~175 MPa and

occurred at 150 K, while samples ILS-WS-150 and ILS-WS-77 in this study exceeded
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200 MPa at both 150 K and 77 K (at 5 MPa confining pressure). The increase seen

in this study is likely the result of the higher confining pressure.

Potential transitional behavior observed at 240 K will be further discussed in Section
3.4
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Figure 3-2: Comparison of the results of this study on Indiana limestone with those of
Mellor (1971) [17], who determined the unconfined compressive strength of the limestone
(saturated, oven-dried, and air-dried) at cryogenic temperatures. An increase in strength is
seen for samples under higher confining pressure, except for a notable saturated sample at
240 K. Note that the error estimates of Mellor’s measurements are based on five replications.

3.2 Bishop Tuff

3.2.1 Results

Samples, saturations, testing temperatures, and resulting ultimate strengths can be seen in
Table 3.2 and Figure 3-3. What can immediately be seen is that a decrease in temperature
causes a significant increase in the compressive strength of the saturated tuff, while no
change is seen in the air-dried samples.

To start, an initial room temperature, air-dried strength measurement (control sample)

was required. This serves as a base point or control sample for comparison of the later
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Sample Confining Pressure = Temperature  Saturation  Ultimate Strength

(MPa) (K) State (MPa)
BT-AD-295(1) 5 295 AD 13
BT-AD-295(2) 5 295 AD 14
BT-WS-240 5 240 WS 26
BT-WS-200 5 200 WS 62
BT-WS-150(1) 5 150 WS 179
BT-WS-150(2) 5 150 WS 164
BT-WS-150(3) 5 150 WS 138
BT-SI-150 5 150 SI 65
BT-AD-150 5 150 AD 15

Table 3.2: Experimental results from compressive strength tests on Bishop tuff under air-
dried (AD) and water-saturated (WS) conditions, as well as one standard ice (SI) sample.
Note that samples BT-WS-150(1-3) were used to determine the error associated with the
experiment (see Figure 3-3).

results at lower temperatures. As before, 5 MPa of confining pressure was used to reduce

noise in the data.

The control samples (BT-AD-295(1) and (2)) had ultimate strengths of 13 MPa and 14
MPa under 5 MPa of confining stress. This indicates that the tuff is quite soft, which became
obvious during the sample collection and preparation. As Figure 3-4 shows, the linear strain
profile and the shape of the stress curve (along with the deformation characteristics) indicate

ductile failure, and that cataclasis is the dominant failure mechanism.

If 200 K is a transitional temperature between the ductile and brittle fields, we should
expect lower temperatures to exhibit more brittle behavior. That is indeed the case, as
the experiments at 150 K show (Figure 3-4, sample BT-WS-150(2)). The water saturated
samples (three samples were run at 150 K to produce an estimate of error) all show brittle
failure, with the classic stress profile and axial fractures described in Section 1.3. High
strengths were recorded for these samples (BT-WS-150(1-3)): 179 MPa, 164 MPa, and 138
MPa respectively. The resulting average value and associated error at this temperature is

therefore 160 +/— 20 MPa. The calculated error bar is indicated in Figure 3-3.

Additionally, both a sample of standard ice [49] (BT-SI-150) and an air-dried tuff sample
(BT-AD-150) were prepared and tested at 150 K and under 5 MPa of confining pressure
to provide the compressive strengths of the individual components of the saturated tuff.
Neither the standard ice (ultimate strength of 65 MPa) nor the air-dry (15 MPa) come close

to the strength of the ice-tuff mixture.
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Figure 3-3: Graphical representation of the experimental results of compressive strength
tests on Bishop tuff. Air-dried (AD) and water-saturated (WS) samples were subjected to
compression at various temperatures. A decrease in temperature results in a large strength
increase for the saturated samples, and no increase for the air-dried samples. A sample of
standard ice (SI) was tested at 150 K (blue circle), as well as a single sample at elevated
confining pressure (30 MPa, orange circle) which will be discussed in more detail in Section
3.4. Note that the error bar is based on three samples all run under the same conditions at
150 K.

3.2.2 Interpretation

The experiments provide insight in to the behavior of a water-saturated, semi-consolidated
granular material at cryogenic temperatures. Three important conclusions can be drawn

from the results:

1. The presence of ice in pores can significantly increase the strength of the saturated
material at low (cryogenic) temperatures.
Comparison of the air-dried tuff at room temperature to the water-saturated samples
at 240 K, 200 K, and 150 K show a clear trend of non-linearly increasing strength.
The air-dried samples do not show a significant increase in strength between 295 K
and 150 K, which is to be expected, as no ice exists in the pore space to provide the

additional support.

2. The presence of ice within the pore space of a porous material will result in a composite
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Figure 3-4: A comparison of the stress (red) and strain (green) profiles and deformation
characteristics of four Bishop tuff samples at various temperatures. The stress curves and
deformation characteristics indicate a transition from ductile (BT-AD-295 (2)) through tran-
sitional (BT-WS-200) to fully brittle (BT-WS-150 (2) behavior.

material that is stronger than either of its individual constituents.
As is seen in Figure 3-3, the strength of the tuff itself at 150 K and under 5 MPa
of confining pressure is 15 MPa and the strength of ice itself is 65 MPa. However,

the combination of the two (a saturated tuff sample) at the same temperature has a
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strength of 160 MPa. This means that the composite material — tuff and ice — is

almost 100 MPa, (~146%) stronger than the strongest constituent material.

Considering the fact that the dry tuff can be seen as a composite material composed of
tuff and air in the pore spaces, the result is consistent with expectations. Replacement

of the air with a much stronger material (ice) results in a much stronger composite.

. Brittle-ductile transitional behavior occurs between 240 K and 150 K for a saturated
granular material. '

The stress and strain characteristics of the air-dried sample at 295 K and the water-
saturated sample at 240 K show distinctly ductile failure, with a very short initial
elastic phase proceeded by a long yielding phase (accompanied by almost constant
straining, Figure 3-4). At 200 K, however, the water-saturated sample begins to have
a much more pronounced elastic region at the onset of loading, with strain being
delayed until the yielding portion begins. This indicates a transition into the brittle
field, which is exemplified by the stress and strain profile of the water-saturated sample

at 150 K.

Furthermore, the deformation characteristics of the samples support the hypothesis
that a transition is seen from the ductile to brittle fields. The air-dried sample at 295
K shows evidence of cataclasis, as does the water-saturated sample at 240 K, though
some axial fractures are evident. At 200 K, the sample still appears to have distributed
deformation without any visible localized fractures, but by the time 150 K is reached

the failure is almost entirely brittle within a highly localized plane (Figure 3-4).

Finally, a comparison of the tuff behavior to previous studies on ice under high confining

pressure and low temperature [50] (Figure 3-5) shows a strong similarity in the overall trend.

This may indicate that the behavior of ice plays a dominant role in the combined material

of ice and tuff, with the tuff providing the general increase in strength.

3.3 Summary of Main Experiments

The experiments discussed here provide fundamental information for future space programs

and planetary surface analysis.

Material such as tuff is likely present on many bodies in the solar system, specifically
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Figure 3-5: Comparison of the compressive strength of saturated Bishop tuff samples to
standard ice under high confining pressures (50 MPa) and similar strain rates (the strain
rate of this study is 6.3 x 107° s71). Similarity in the trends indicates that the behavior of
ice dominates the composite material.

those that are tectonically and geologically active. As relatively unconsolidated as the Bishop
tuff is, we speculate that similar material could be found near the surface of planets or
asteroids. Carbonates, while not present on other bodies as they are on Earth (sedimentary
rocks formed from the carbonaceous shells of aquatic animals), do exist on asteroids [58]
and calcite is a very common mineral in our solar system. Other materials of a similar
density and porosity likely exist as well, allowing limestone to serve as a suitable analog for

behavioral studies.

The significant increase in compressive strength seen in both the saturated limestone and
saturated tuff due to a decrease in temperature is of utmost importance to future sampling
missions. Energy considerations for drills are highly dependent on the compressive strength

of the material to be penetrated [63|, as described by the specific energy (SE) [4]:

Waritting
SE = —= 3l
ROP- A (#0)

where Wipijiing is the power consumed during drilling (in J/s) — a function of weight

on bit, rotational speed, and torque), ROP is the rate of penetration of the drill bit into
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the substrate (in m/s), and A is the cross-sectional area of the resultant borehole (in m?).
Specific energy is a complicated function that involves many variables related to both the
physical properties of the medium being drilled and to the drilling method itself [4, 63], and
is measured in units of energy per unit volume (J/m?) or stress (Pa). It has been observed
that the minimum specific energy of a material is often quite similar to the unconfined
compressive strength (UCS) of that ‘material [63], which indicates that UCS may be directly
related to the maximum efficiency of drilling a substrate. However, the relationship between
specific energy and UCS is not currently known. One can observe a correlation between the
two (Figure 3-6) if all the drilling variables are held constant and only UCS is altered. Note
that in the case of confined compressive experiments, the UCS can be estimated from the
confined compressive strength using Mohr analysis [64] (UCS is equivalent to the cohesion

parameter).

Knowledge of the strength of the material is therefore critical in predicting the energy
required to penetrate it with a drill bit. In Chapter 4, specific energies for materials such as
the Indiana limestone and Bishop tuff will be calculated and compared to current mission
equipment. Lander harpoons will also need an estimate of the substrate strength to optimize

the velocity at which they are ejected.

The ductility of a substrate is also of paramount importance, and the transitional behav-
ior observed at 200 K is critical to the prediction of substrate behavior for landers, drilling,
and geomorphology. The strengthening effect of confining pressure also gives insight into
the material properties at depth in planetary bodies, beneath the penetration depth of our

remote sensing tools.

3.4 Additional Experiments

In addition to the main set of experiments previously described, which aimed at character-
izing the effect of temperature on the compressive strength of two porous planetary analogs,
three more experiments were performed to address the effects of thermal cycling, sample

reloading, and significantly increased confining pressure.
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Figure 3-6: Specific energy of various sandstones and a lunar simulant as a function of UCS
(from [4]), and the unknown extension to higher strength materials.

3.4.1 Amended Experimental Procedures

Thermal Cycling

Thermal cycling tests were run on the Indiana limestone and involved subjecting both a
saturated and oven-dried sample to one freeze-thaw cycle (ILS-WS-150-C and ILS-OD-150-

C, respectively), and then compressing until failure at 150 K.

After the initial saturation and cooling of two limestone samples as described in Chapter
2, the samples were both allowed to thaw out over a period of 24 hours. Once equilibrium
with room temperature was reached, both samples were placed in a vacuum oven for another

24 hours to remove as much water as possible from the pore space.

One sample was then re-saturated and re-cooled using the aforementioned technique.
The second sample, to be tested dry, was placed into a sealed bag after drying. Both

samples were left to cool for 24 hours in the freezer, as before.

Both the saturated and the oven-dried cycled samples were tested under the same con-
ditions of temperature, confining pressure, and displacement rate as their non-cycled coun-
terparts (150 K, 5 MPa, and 0.004 mm/s respectively). This allows for an easy comparison

between the resulting compressive strengths.
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Reloading

The reloading (loading until failure, unloading, and then reloading under the same con-
ditions) of a single water-saturated limestone sample was investigated at 240 K (sample
ILS-WS-240%).

In this experiment, the intent was to observe the effect of reloading of a sample that had
previously failed (ILS-WS-240). The initial sample, water-saturated at 240 K, displayed
potential transitional behavior in both its stress-strain profile and its deformation (Figure
B-2). By reloading the sample, the transitional nature can be observed and confirmed, as
brittle failure would result in a lack of load support while ductile failure would allow for
continued support of loads near the peak stress.

After the initial failure of the water-saturated limestone sample at 240 K, it was placed
once more into the apparatus and tested again (ILS-WS-240*) at the same experimental

conditions as the initial run.

Elevated Confining Pressure

In this experiment, the effect of increased confining pressure on a sample of the saturated
tuff at 200 K was investigated. Transitional behavior was observed at this temperature (see
Section 1.3), and an increase in confining pressure will help to determine the extent of brittle
failure. Recall from Section 1.3 that the brittle regime is sensitive to confining pressure while
the ductile regime is not, and that an increase in confining pressure serves to inhibit brittle
failure.

A water-saturated sample of tuff, prepared as described in Chapter 2, was tested un-
der similar conditions of temperature (200 K) and displacement rate (0.004 mm/s). The

confining pressure, however, was increased to 30 MPa using nitrogen gas.
3.4.2 Results

Thermal Cycling

The experimental results can be seen in Table 3.3 and Figure 3-7, along with the non-cycled
counterparts described in Section 3.1.
As expected, the cycled samples were weaker than the non-cycled samples at the same

testing conditions. The oven-dried sample (ILS-OD-150-C) was weaker by 6 MPa than its
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Sample Confining Pressure Temperature Saturation Thermally Ultimate Strength

(MPa) (K) State Cycled? (MPa)
ILS-AD-295 1 295 AD N 32
ILS-WS-240 53 240) WS N 94
ILS-WS-240* 5 240 WS N 60
ILS-WS-150 5 150 WS N 200
ILS-WS-77 5 7 WS N 200
ILS-WS-150-C 5 150 WS Y 198
ILS-0OD-295 D 295 oD N 59
ILS-OD-150 5 150 oD N 79
ILS-OD-150-C 5 150 oD Y 71

Table 3.3: Additional compressive strength experiments (highlighted in black) performed
on Indiana limestone in this study. The previously discussed experiments are indicated in
gray. Samples with a “C” indicate one thermal cycle, while the sample with a “*” indicates
reloading,.

non-cycled counterpart (ILS-OD-150), and the water-saturated sample (ILS-WS-150-C) was
compressed to failure, with an ultimate strength of 198 MPa.

The stress-strain profiles of both samples, along with their deformation characteristics,
can be seen in Figure 3-7. In comparison with the non-cycled counterparts (Figure 3-8),
it is obvious that the strain profiles are little changed. The only difference is the reduced
strength and, in the case of the oven-dried cycled sample, a slight increase in the strain-

softening phase post-failure.

Reloading

Upon reloading of the sample, it showed immediate evidence of strain while the stress
profile built to a peak stress of 60 MPa (see Table 3.3). Failure then occurred and the
sample began to strain-soften until displacement was stopped (Figure B-7). Once removed,
localized failure was apparent in the upper portion of the sample, indicating brittle failure.
However, comparison of the initial stress-strain profile (Figure 3-9) with the reloaded profile
shows that the peak stress reached was the steady-state post-failure stress of the initial

sample, indicating ductile behavior.

Elevated Confining Pressure

The sample (BT—WS—200-30), under the additional confining pressure, achieved a higher
ultimate strength than sample BT-WS-200 at 5 MPa (Table 3.4 and Figure 3-10): 85 MPa

and 62 MPa respectively. While the increase in strength was expected, the stress-strain
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Figure 3-7: Comparison of the stress-strain profiles and deformation characteristics of
thermally-cycled Indiana limestone samples at 150 K. Both samples were weaker than their
non-cycled counterparts.

profile of the two samples is strikingly similar, showing an initial elastic response followed
by a near steady-state stress response to almost linear strain.

The deformation of the two, however, is quite different (as seen in Figures C-3 and C-
9). The 5 MPa sample shows a more barrel-shaped deformation, while the 30 MPa sample
displays the narrow waste typical of 100% ice ductility and a more rumpled jacket, all

indicating ductile behavior.

3.4.3 Interpretation
Thermal Cycling

The decrease in strength seen in the thermally cycled samples is expected, and the results
of the experiment confirm that, even at low temperatures, freeze-thaw cycles can weaken
both saturated and dry consolidated rock.

Thermal cycles weaken the material by progressive microfracturing due to the crys-

tallization pressure of ice growth during freezing [65] and the subsequent removal of the
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Figure 3-8: Comparison of the stress-strain profiles of the cycled (-C, dashed lines) and
non-cycled (solid lines) oven-dried-(OD, red) and water-saturated (WS, green) limestone
samples. Both cycled samples were weaker than their non-cycled counterparts.

Sample Confining Pressure ~ Temperature  Saturation  Ultimate Strength
(MPa) (K) State (MPa)
BT-AD-295(1) ] 295 AD 13
BT-AD-295(2) D 295 AD 14
BT-WS-240 5 240) WS 26
BT-WS-200 5 200 WS 62
BT-WS-200-30 30 200 WS 85
BT-WS5-150(1) 5 150 WS 179
BT-WS-150(2) 5 150 W8S 164
BT-WS-150(:3) 5 150 " WS 138
BT-SI-150 5 150 Sl 65
BT-AD-150 5 150 AD 15

Table 3.4: Additional compressive strength experiment (highlighted in black) performed on
Bishop tuff in this study. The previously discussed experiments are indicated in gray.

load-bearing ice via oven-drying eliminates the strengthening effect of the ice. Thus the de-
crease in strength of the oven-dried sample is explained, as the cycled sample now contains
more microcracks due to the initial freezing.

Upon re-saturation, however, one could expect that entry and subsequent freezing of
ice into the initial microfractures would negate the weakening effect. In this experiment a
weakening effect is still seen, though it is impossible to tell how significant the effect is due

to the inability to cause failure of the non-cycled sample.

Reloading

The contradictory nature of the results indicates that the sample has experienced transitional

behavior. While the final deformation shows localization of failure along a clearly-defined
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Figure 3-9: Comparison of the stress profiles of two limestone samples at 240 K. The dotted
line represents the reloaded sample, while the solid line represents the original sample. Note
that the maximum strength of the reloaded sample(ILS-WS-240%) is approximately equal
to the final post-failure strength of the original (ILS-WS-240).

plane, the stress-strain profile indicates ductile behavior with immediate strain and a peak
stress equivalent to the steady-state stress of the original sample.

These contradictions can be explained by the fact that reloading of the sample caused
~3% total strain, which is the defined amount that a semibrittle material can sustain before
failure [45]. Therefore, the sample was strained enough that localized failure occurred even

though the behavior was in the semibrittle regime.

Elevated Confining Pressure

The increase in confining pressure, from 5 MPa to 30 MPa, increased the strength of the
material while also inhibiting brittle failure, resulting in more ductile behavior. The result
supports the concept that the saturated tuff is experiencing transitional behavior between
the brittle and ductile regimes at this temperature. The results of the saturated tuff at
150 K indicate that the material is firmly in the brittle regime, while at 240 K and warmer
ductile behavior dominates.

Considering the fact that ice is known to have almost entirely ductile behavior at tem-
peratures warmer than 195 K [49] (the only brittle behavior occurring at low confining
pressure), and transitional behavior at 195 K, the results of this experiment indicate that

the ductility of ice may be the dominant constituent in the overall behavior of the saturated
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Figure 3-10: Comparison of the stress profiles of two saturated Bishop tuff samples, one
under 5 MPa of confining pressure (BT-WS-200, solid line) and one under 30 MPa (BT-
WS-200-30, dotted line). The additional confining pressure caused a significant increase in
compressive strength.

tuff.
The increase in strength due to increased confining pressure, on the other hand, is likely
due more to the behavior of the tuff than the ice, as ice is known to be weak under even

greater confining pressure (~7 MPa strength at 50 MPa confining pressure) [66].

3.4.4 Summary of Additional Experiments

The experiments described in this section serve to further our understanding of how these
two planetary analogs — a consolidated limestone and a less consolidated tuff — could
behave under various planetary conditions.

Thermal cycling is a process well known to alter planetary surfaces, including asteroids,
Mars, and of course the Earth [67, 65, 68]. Through progressive fracturing of surface mate-
rial, it could even be a dominant method of “rubblizing” regolith. It is shown here that, even
when saturated with water, thermal cycling still has the effect of reducing the compressive
strength of a consolidated limestone.

Ductility and brittleness have extremely important roles to play in how material behaves
under certain conditions of pressure and temperature. By reloading a failed saturated lime-
stone sample, it is shown that, at 240 K, the material can still support a significant load
before failing again. However, significant strain (3%+) could cause localization of the failure

plane, and fracturing will begin.
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Elevated confining pressure — more suitable to the study of the interior of larger plan-
etary bodies where overburden or tectonic pressures may dominate — will increase the
compressive strength of water-saturated material. Ductility, however, will be encouraged at
temperatures near 200 K and warmer.

From spacecraft landers using harpoons to penetrate the near-surface, subsurface drills
attempting to access pristine planetary material, to the geomorphology of planetary surfaces,

the strengthening and weakening effects described here are important considerations.
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Chapter 4

Discussion

The work performed in this study on the compressive strength of asteroid and comet analogs
and others involving ice/rock aggregates [33] support the assertion that the increase in ice
strength is the dominant factor in the overall strengthening of the studied materials, and
that the presence of ice on planetary, cometary, or asteroidal bodies is an important factor

to consider when planning extraction or landing maneuvers [69].

Our findings begin to probe the fundamental questions that current and future space
explorers will face. How do we extract material from extraterrestrial bodies? How hard or
soft will the substrate be? What technologies will we need, and how much energy will be
required to extract the resource? How do we land on and anchor to the body? The questions
are legion, and many new missions being prepared have sample acquisition as the primary
goal [1] (eg. the Comet Surface Sample Return and the South Pole-Aitken Basin Sample

Return missions).

The increase in strength observed in saturated porous materials -— both consolidated and
semi-consolidated — at low temperatures demonstrates the need for a detailed understand-
ing of the mechanical properties of the saturated substrate of a potential extraterrestrial
body. This understanding can come from additional laboratory experiments under specific
extraterrestrial conditions, as well as incorporating geomechanical modeling into interpreta-

tion of laboratory results and analysis of prior landing/sampling missions.

Planetary bodies — be they asteroids, comets, moons, or planets — are found at a
wide variety of temperatures, pressures and saturations [52], and are composed of a vast

array of materials both strong and weak. The temperatures explored in this study are
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relevant to comets and asteroids throughout the solar system, where surface temperatures
can reach below 90 K [70], and to planets and other celestial bodies with known cryogenic
surface temperatures (Enceladus, Europa, Phobos and Deimos, the Moon, etc). This study
observes the mechanical behavior of relatively weak saturated substrates under cryogenic

temperatures and relatively low pressures.

However, previous studies [17] also involved similar experiments performed on signifi-
cantly stronger granite samples (<1% porosity and a density of 2.64 g/cm3). The composi-
tion of granite could be expected to be similar to that of a carbonaceous chondrite or any
magmatic planetary body. The results of the study on the unconfined compressive strength
of granites show a similar increase in the saturated strength at low temperatures, with a
maximum occurring at 150 K; a result that is surprising given the low porosity nature of
the granite. One would expect a low porosity to result in a low volume of water in the pores
and therefore less of a strengthening effect. It seems, however, that the presence of water
inside any pore space at sufficiently low temperature may increase the strength.

It is obvious that such an increase in strength as seen in this study will have profound
effects on the energy required to drill into a saturated, frozen substrate. As mentioned, the
specific energy of a material is the energy required to penetrate into it, and is a function of
the material’s compressive strength. A material such as a limestone, saturated and found
at sufficiently low temperature, could have a compressive strength in excess of 200 MPa
(Figure 3-1). Basalt, a more geologically reasonable asteroid analog, has a UCS in the range
of 280 MPa and has been shown to have a specific energy (with rotary percussive drilling
methods) of ~1000 MJ/m3 [71].

If one assumes a frozen and saturated limestone to have a similar specific energy as basalt
under the same drilling conditions, we can begin to look at drilling energy requirements.
Current proposed extraterrestrial drills use 100 W of available power as a reasonable standard
[4]. Assuming the required borehole has a radius of 0.01 m and a depth of 1 m, a specific
energy of 1000 MJ/m3 would result in a total required energy input of ~314 kJ and a total
drilling time of ~52 min. This compares well to terrestrial testing of various substrates in
a vacuum, in which the average drilling rate was 1 m/h with a 100 N weight on bit (WOB)
[71].

The MUPUS-PEN, however, had 12 W of maximum available power and intended to

penetrate into 2.6 x 10™° m3 of cometary material [72]. For a medium with a specific energy
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of 1000 MJ/m3, a total energy of 26 kJ is required and a total drilling time of 36 minutes.
A material such as a tuff, on the other hand, if found saturated and at sufficiently low
temperature, could have a compressive strength near to 100 MPa (assuming no confining
stress). Though no data exists on the specific energy required to drill into such a material,
Figure 3-6 suggests that it may be close to 700 MJ/m3. Following the previous analysis, a
total energy input of 18 kJ is expected with a total drilling time of 25 minutes. A very soft
material (such as the unsaturated tuff with an unconfined compressive strength of less than
10 MPa) could have a specific energy of 20 MJ/m? or less, resulting in 260 J of total input

and one minute of drilling time.

While there are sample retrieval missions currently proposed, the Rosetta/Philae mission
in 2014 would have been the first to successfully retrieve a comet sample. Though the full
details of Philae’s scientific measurements on the comet 67P have yet to be analyzed and
published, much of the data released to date indicates that the surface was far stronger
than expected [9, 10, 11}, and penetration by the sampling device (MUPUS-PEN) was not
successful. Considering that cometary surfaces are thought to be mixtures of dust and water-

ice, the results of this study indicate that significant strength should indeed be expected.

Philae, after being ejected from the Rosetta spacecraft, descended ballistically to the
surface of 67P at its first landing site (Agilkia). Two subsystems — a cold gas system and
anchoring harpoons — failed upon touchdown, leaving the lander to strike the surface at
about 1 m/s relative to the comet surface. The impact bounced the lander off of the comet,
and after about two hours of ballistic flight, multiple landings and subsequent bouncing, the
lander came to rest at Abydos. The mechanical properties of the surface were estimated

based on analysis of the lander mechanics [9].

Preliminary energy balance analysis from the initial touchdown at Agilkia shows that the
comet surface is strongly damping, with roughly 50% to 80% of the lander’s kinetic energy
dissipated in the comet soil. However, the failure of the MUPUS-PEN probe to penetrate
the surface at Abydos (even after three hours of hammering at increasing energy levels),
indicates that the compressive strength of the surface material there is greater than 4 MPa.
Additionally, the lander’s feet and ice screws hardly penetrated the surface at all, which
supports the hypothesis that the surface at Abydos is much harder than that at Agilkia.
Current mechanical models suggest a compressive strength of 1 kPa at Agilkia and greater

than 2 MPa at Abydos [9, 70].
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Note, however, that these estimates are lower bounds based on the inability of the probe
to penetrate the surface. The maximum energy level reached by the hammering mechanism
was ~4 J - [70], and recall the above estimate of 260 J required input energy to penetrate a
10 MPa material. This information, combined with the fact that the diurnal temperature
of the comet varied between 90 K and 130 K, suggests that a much greater compressive
strength is certainly possible.

The results of this study support such an assertion. If water is present in the pores
of a cometary regolith, and the material is encountered at such low temperatures, our
study implies that a significant compressive strength should be expected. At full saturation,
compressive strengths in excess of several tens of MPa are plausible. Full saturation is not
expected, and thus this estimate should be considered an upper bound, with the lower bound
being that estimated by the MUPUS-PEN team (2 MPa). Future landers must be equipped
with drills capable of providing greater than ~300 J of energy in order to penetrate a surface
that could have a compressive strength of 10 MPa or greater.

An important note, however, is that the mechanism of ice deposition on comets, as-
teroids, and other planetary bodies is expected to be quite different than that on Earth.
Namely, on airless and nearly-airless bodies, vapor-deposition is expected to be the primary
deposition mechanism [74, 75, 76]. At low saturations, there is evidence showing that the mi-
croscopic structure of vapor-deposited ice is drastically different than that of conventional
ice deposition [74, 77]. Ice can, depending on the pressure and temperature conditions,
deposit either at grain contacts or at surface defects within a granular material (Figure 4-1).

Ice that deposits at grain contacts is known as “necking” ice. This results in ice structures
very similar to those created on Earth by saturation of a granular material with water prior
to freezing (the water will coat the grains and freeze in place).

However, under certain conditions |74, 77], ice will deposit at surface defects and grow
filaments in the direction of an external thermal gradient. The resulting ice structure, known
as “filament” ice, is unlike any ice structure that would form under typical laboratory satu-
ration techniques (as performed in this study and others [78]). The nature of the filaments
suggests that this could be a weaker structure within the granular material than necking
ice.

Furthermore, while 5 MPa of confining pressure used in the experiments to reduce data

scatter, it is unlikely that such pressures would be encountered in the near-surface of a
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nearly-airless or airless body. With no surface pressure, most of these bodies would have to
be exceptionally large (planet-size) in order to have subsurface pressures that reach 5 MPa.
For example, the subsurface pressure of Ceres would reach 5 MPa at about 8500 m depth,

as calculated using the standard equation for overburden pressure:

=5 4 [D " o(2)dz (41)

where p, is the surface pressure in Pa (assumed to be zero for airless bodies), g is the
gravitational acceleration of the body (roughly 0.284 m/s?), p is the average body density
(2.08 g/cm?® for Ceres, and assumed to be constant with depth), and z is depth in m. A
smaller (airless) body would not be expected to reach 5 MPa at any depth.

Necking Ice Filament Ice

@ regot ~ Vapor-Deposited

Ice

Figure 4-1: Schematic representation of “necking” and “filament” ice as observed by Hudson
[74] and Siegler |77]. Due to the structure of filament ice, it is speculated to be mechanically
weaker than the structure formed by necking.

Therefore, the values of compressive strength determined in this study (saturated under
normal laboratory conditions and 5 MPa confining pressure), should be recognized as a
potential upper bound to the strength expected on asteroid or comet near-surfaces.

With multiple sample-retrieval missions planned for the near future and an intent to
make in situ resource utilization a reality, the increase in compressive strength of a satu-
rated, porous material is a critical consideration in ensuring mission success. Expecting and

preparing for very hard surfaces with a strength greater than 10 to 50 MPa will help our
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future explorers access the subsurface of pristine celestial bodies and return the samples to
Earth for analysis.

The results of this study also show that more research needs to be done in order to fully
explore the variety of materials, saturations, pressures, and temperatures that we are likely
to encounter in our solar system and beyond. In particular, knowledge of the mechanical
properties is severely lacking. Additional experiments exploring the behavior observed in
this study at the extremes of temperature and pressure will serve to expand our knowledge

and prepare us for the future extraterrestrial scientific endeavors we aim to undertake.
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Appendix A

Stress and Strain Corrections

Multiple corrections need to be made to the recorded data in order to provide an accurate
estimation of the stress imparted on, and the strain undergone by, the sample.

Stress corrections are relatively simple, and involve zeroing the load reading at the point
of first contact (FC), then converting from millivolts to MPa using an established conversion
factor:

oa = (L - Lo)es (A1)

where o4 is the differential stress (axial stress minus confining stress), L and L, are the
measured load and the load reading at first contact, respectively, and c; is a the apparatus
conversion factor from mV to MPa.

Converting piston displacement to sample strain is a slightly more complex process. The
piston is not completely rigid and undergoes a small amount of strain proportional to the
load applied (ue;). The recorded displacement of the piston (urec) is the difference between
the measured displacement (d) and the zero point occurring at the first contact position
(do). That is,

Upec = d — dy (A2)

Ue] = TGCel (A.3)

where c¢g; is the conversion factor from inches displacement to MPa.
A correction must be applied to the displacement that takes into account the furthest
advancement of the piston (ureff), the maximum displacement experienced by the piston

due to the stress imparted on the sample (u., ), and the actual shortening of the sample as
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measured post-experiment (ugct,):

Uacty

Ucorr = —— ——
Urecy — Uels

The actual displacement is therefore

Ugct = ('U/rec - Uel)ucm‘r

and the resulting strain is
— Uqact
lo

where [, is the original sample length.
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Appendix B

Indiana Limestone Tests
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Figure B-1: Stress-strain profile and deformation of sample ILS-AD-295.
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Figure B-2: Stress-strain profile and deformation of sample ILS-WS-240,
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Figure B-3: Stress-strain profile and deformation of sample ILS-W5-150.
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Figure B-4: Stress-strain profile and deformation of sample ILS-WS-77.
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Figure B-5: Stress-strain profile and deformation of sample ILS-OD-295.
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Figure B-6: Stress-strain profile and deformation of sample ILS-OD-150.
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Figure B-7: Stress-strain profile and deformation of sample ILS-WS-240* (reloaded ILS-WS-
240).
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Figure B-8: Stress-strain profile and deformation of sample ILS-WS-150-C (thermally cycled
TLS-WS-150).
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Figure B-9: Stress-strain profile and deformation of sample ILS-OD-150-C (thermally cycled
ILS-OD-150).
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Appendix C

Bishop Tuff Tests
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Figure C-2: Stress-strain profile and deformation of sample BT-WS-240.
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Figure C-3: Stress-strain profile and deformation of sample BT-WS-200.
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Figure C-4: Stress-strain profile and deformation of sample BT-WS-150(1).
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Figure C-5: Stress-strain profile and deformation of sample BT-WS-150(2).
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Figure C-6: Stress-strain profile and deformation of sample BT-WS-150(3).
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Figure C-8: Stress-strain profile and deformation of sample BT-AD-150.
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