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Abstract

It has been shown that temperature cycles on airless bodies of our Solar
System can cause damaging of surface materials. Nevertheless, propagation
mechanisms in the case of space objects are still poorly understood. Present
work combines a thermoelasticity model together with linear elastic fracture
mechanics theory to predict fracture propagation in the presence of thermal
gradients generated by diurnal temperature cycling and under conditions
similar to those existing on the asteroid Bennu. The crack direction is
computed using the maximal strain energy release rate criterion, which is
implemented using finite elements and the so-called G method (Uribe-Suérez
et al. 2020. Eng. Fracture Mech. 227:106918). Using the implemented
methodology, crack propagation direction for an initial crack tip in different
positions and for different orientations is computed. It is found that cracks
preferentially propagate in the North to South (N-S), in the North-East
to South-West (NE-SW) and in the North-West to South-East (NW-SE)
directions. Finally, thermal fatigue analysis was performed in order to estimate
the crack growth rate. Computed value is in good agreement with available
experimental evidence.
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1. Introduction

The formation of fractures and their growth are key processes in man-
made structures and materials. The large majority of the cases studied in
the literature are on the aforementioned structures, given their importance in
the everyday life of humans. These processes also occur in natural objects,
such as rocks, boulders, and cliffs (Cao et al., 2019; Al-Mukhtar and Merkel,
2015; Wang et al., 2019; Atkinson, 1982; Vastola, G., 2011; Eppes et al., 2015)
and are documented on several objects of our solar system, including Earth
(Collins and Stock, 2016; Collins et al., 2018), Mars (Eppes et al., 2015; Viles
et al., 2010), our Moon (Ruesch et al., 2020; Li et al., 2017), the nuclei of
comets (Attree et al., 2018; Matonti et al., 2019; El Maarry et al., 2015),
asteroids (Dombard et al., 2010a; Lauretta et al., 2019a; Walsh et al., 2019;
DellaGiustina et al., 2019; Molaro et al., 2020b), and meteorites (Delbo et al.,
2014).

The source of the driving forces that provokes crack nucleation and prop-
agation can be very diverse, ranging from unloading of the pressure stresses
under which certain rocks formed in the deep crust of Earth, tectonic stresses,
rapid mechanical stresses from impacts and thermal stresses. In the latter
case, the presence of water can enhance the cracking phenomena via the
known freeze-thaw effect (see e.g. Hall, 2004, and references therein). The
effectiveness of thermal stresses in cracking rocks and other geological units in
the absence of water has been long debated: a famous laboratory experiment
by Griggs (1936) argued against earlier claims that rocks could be fractured
by temperature variations only, the process that in general and hereafter
is called thermal cracking. However, thermal cracking gained momentum
recently and came to great attention to planetary scientists thanks to new
measurements, modelling, and observations.

More in details, it has been shown that temperature variations resulting
from the cycles between day and night can damage materials on airless bodies
of our Solar System (for references on this topic, see the introductions of
Molaro et al., 2017, 2015). This damaging process consists in the nucleation
and growth of micro-fractures inside the material due to the mechanical
stresses induced by the diurnal temperature cycles. In general the mechanical



stresses resulting from temperature gradients due to the day and night cycles
are smaller than the strength of the material (see e.g. Delbo et al., 2014;
Ravaji et al., 2019; E1 Mir et al., 2019; Hazeli et al., 2018; Molaro et al., 2017).
In this case the crack can still open and grow in a regime that is said to be sub-
critical (Atkinson, 1984); the material is increasingly damaged at each cycle
and it is usually spoken of thermal fatigue. Eventually, the application of a
large number of cycles can produce important crack growth; the crack tip can
reach a boundary of the material, such as a discontinuity or the edge of a rock;
this will cause a rapid transition from sub-critical to critical failure and lead
to material failure (see e.g. Dombard et al., 2010b; Delbo et al., 2014, for the
case of asteroids and meteorites). For example, Liang et al. (2020) studied
volumetric stress distribution in an L6 ordinary chondrite’s microstructure
subjected to thermal and mechanical loadings through the combination of
experiments and micromechanical models. It was found that under thermal
cycling, the stress concentrates more uniformly along with particle interfaces.
The authors interpret that thermal fatigue crack propagation could result in
the debonding of particles from the surrounding matrix.

Hence, on solar system bodies without an atmosphere thermal fatigue of
surface rocks, in addition to the impact of micrometeorites, can eventually
lead to rocks’ breakup and produce regolith (Dombard et al., 2010b; Delbo
et al., 2014), the latter being the layer of unconsolidated material that covers
planetary surfaces (Yano et al., 2006; Veverka et al., 2001; Murdoch et al.,
2015). In the case of the near-Earth asteroid (101955) Bennu (Lauretta et al.,
2019a), Molaro et al. (2020a) propose that thermal cracking is also able to
eject sub-cm-sized particle away from the asteroid surface, thereby offering
an explanation for the observed activity of this asteroid (Lauretta et al.,
2019b). Furthermore, it is also proposed by several studies that macroscopic
fractures, mass-wasting, and material breakdown on asteroids and cometary
nuclei could be explained as a consequence of thermal effects (Dombard et al.,
2010b; El Maarry et al., 2015; Ali-Lagoa et al., 2015; Attree et al., 2018;
Molaro et al., 2020b).

For all the reasons above, thermal fatigue cracking is now considered a
space weathering mechanism. On the other hand, direct evidence of thermal
cracking on asteroids (and comets) is still relatively scarce (but strongly
growing) and the details of the process in terms of spatial and temporal scales
still poorly understood. One of the first studies that invokes this phenomenon
to explain certain in situ asteroid observations is the work of Dombard et al.
(2010b).Using images obtained by NASA’s Shoemaker mission of the surface
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of the asteroid (433) Eros, these authors noted boulders that appear to
break and erode in place, producing fragments that fill the inside of craters,
creating characteristic “ponds” of regolith. Another observational evidence,
obtained from images of NASA’s OSIRIS-REx mission (Lauretta et al., 2014),
is constituted by the detection of exfoliation sheets on some of the boulders
on the asteroid (101955) Bennu (Molaro et al., 2020b). The thickness of
the exfoliation sheets is consistent with the depth inside boulders at which
thermoelastic simulations show stress concentration as a result of diurnal
temperature variations (Molaro et al., 2020b). However, it has been shown
on Earth (McFadden et al., 2005) and Mars (Eppes et al., 2015) that one
of the most diagnostic observations of thermal cracking induced by diurnal
temperature variations is a preferential meridional direction (north to south)
of the fractures on surface rocks. The reason is very simple: during the day
the Sun moves in the sky from the east to the west. As a consequence, the
temperature gradients are directed essentially in the same direction (west
to east). Fractures mainly propagate in a direction perpendicular to that
of maximum principal stress. Therefore it is expected that this direction of
propagation is essentially from the north to the south, when they are driven by
these diurnal temperature cycles. There are hints of predominance of fracture
directed in the north to the south and in the north-west to the south-east on
the boulders of the asteroid Bennu (Delbo et al., 2019). However, a modelling
of the crack propagation direction in conditions similar to those existing on
Bennu is still lacking. The aim of this work is to provide theoretical foundation
for analysis and interpretation of fracture directions on small asteroids with
properties similar to those of Bennu. For our simulations, a thermo-mechanical
model will be used to predict stresses on Bennu’s boulders and an appropriate
crack propagation method based on principles of fracture mechanics.

The paper is organised as follows. In Section 2, the developed thermome-
chanical model is presented. This section also reviews crack growth direction
theory using an energetic approach for linear thermoelasticity fracture me-
chanics problems. One simple example is presented in Section 3 to show the
accuracy of the proposed method when calculating the crack propagation
direction due to the presence of thermal gradients. The results are compared
against observed crack propagation directions on asteroid Bennu. In section
4 the computed crack propagation directions are discussed. Finally some
concluding remarks are presented in Section 5.



2. Methods

Primary goal of this work is to compute the direction of crack propagation
due to thermal strain in a geometry corresponding to a typical boulder on
the surface of the asteroid (101955) Bennu, the target of NASA’s sample
return mission OSIRIS-REx. Here it is made the hypothesis that most of the
fractures observed on the surface of the boulders by Lauretta et al. (2019a),
DellaGiustina et al. (2019), and Delbo et al. (2019) are due to the growth of
surface cracks. Molaro et al. (2020a) also discuss stresses inside boulders that
could cause cracking deep inside the rock mass.

The geometry of our problem is schematised in Fig. 1, where it is shown
a cubic-like boulder extruding from the equator of the asteroid, of which only
about half of the equatorial belt is simulated.

The mesh is divided in triangular facets. A thermophysical model (Delbo
et al., 2015) is used to calculate the temperatures of all facets as a function
of time, as described in the following sections. The temperatures of the
boulder facets are then used in a thermoelastic model in order to compute
the strain and stresses as a function of the position in the boulder and time.
Next, fracture mechanics theory is used to estimate the propagation direction
of a tiny notch that is placed on the horizontal (a’, a”) face of the cubic
boulder. This is done by computing the strain energy release rate *, which is a
well-known fracture mechanics parameter (Griffith, 1921). The implemented
thermoelastic model as well as the used methodology for the computation of
the energy release rate (G) are explained in the following sections.

2.1. Thermo-physical model

The first step of the presented method consists in using a well-established
thermophysical model (Spencer et al., 1989; Delbo et al., 2015) to solve the one-
dimensional heat diffusion problem. Temperature is calculated as a function
of time for all the surface elements of the mesh depicted in Fig. 1. Boundary
conditions are given by the variable day/night illumination including the
shadows cast by the local terrain of the mesh on itself, radiation of the heat
in space, conduction in the sub surface, and mutual heating (Rozitis and
Green, 2011). The physical parameters of the material used in this work
are given in Table 1. These properties were taken from Delbo et al. (2014).

IThe strain energy release rate represents the change of elastic strain energy per unit
area of crack extension.



They correspond to the Carbonaceous Chondrite sub-type CM2 Murchison
meteorite. This is considered to be a good analog of asteroids belonging to
the C-complex broad spectroscopic class (DeMeo et al., 2009). The asteroid
Bennu also belong to the C-complex (Hamilton et al., 2019).

Quantity name, symbol Units Value Reference
Rotational period, P s 15,469.2 1]
Bulk modulus, K MPa 29,000 2]
Shear modulus, u MPa 18,000 2]
Young modulus, F MPa 44.,742.857 2]
Poisson’s ratio, v 0.2428 2]
Bulk density, p kg m3 1,662 2]
Thermal conductivity, A W mmt K™!' 5x10™ 2]
Thermal expansion coefficient, o K! 8.5 x 107 2]
Heat capacity, c J kg7t Kt 500 2]
Reference temperature, T, K 250 3]
Paris pre-factor, C m [MPa y/m]™ 3 x 107* 2]
Paris exponent, n 3.84 2]

Table 1: Thermal and mechanical properties and their default values used in this work for
the simulations of the crack propagation directions on asteroid Bennu. References: [1] =
Barnouin et al. (2019), [2] = Delbo et al. (2014), [3] = this work.

2.1.1. Thermoelastic model

Delbo et al. (2019) observed and mapped cracks on boulders on the surface
of the asteroid Bennu using OSIRIS-REx images that can be approximated
as parallel to the local surface of the asteroid. On the other hand Delbo
et al. (2014), Ravaji et al. (2019) and El Mir et al. (2019) considered cracks
propagating perpendicularly to the local surface. For this reason, current work
is interested in the component of the crack growth parallel to the local surface
of the asteroid, namely the plane perpendicular to the X-axis of the mesh of
Fig. 1. To study this case, a 2-D model where the initial crack is placed on
the a” and a” facets of Fig. 1 is used. These two facets are treated together
in the following as the single planar face that is called “a-face” (Fig. 2). The
separation of the a-face in two facets is required to make the implemented
thermo-phyisical model, that uses triangular facets only, compatible with the
meshing algorithm.



The vertical E and W facets of the 3D mesh of the thermo-physical model
(Fig. 1) are respectively mapped to the vertical right and left sides of the
beam simulated by the proposed thermoelastic and fracture mechanics model
(Fig. 2).

The crack propagation on the a-face is essentially driven by the 2D
temperature gradient created by the strong temperature mismatch between the
E- and W-face, it will be explained later on in Section 3. These temperature
gradients exist throughout the whole day/night cycles and strongly depend on
time. There is also a component of the temperature gradient perpendicular to
the a-face, which causes crack propagation in the sub-surface. This component
has been studied by Delbo et al. (2014), EI Mir et al. (2019) and Ravaji et al.
(2019) providing laws to estimate the crack growth rate in that direction.

Here, therefore, only the temperature gradient is considered in the a-face.
To do so, the heat diffusion equation is used to calculate the temperature as
a function of space and time in the a-face given as boundary conditions the
temperatures on the E- and W-faces, which are determined by the asteroid
thermo-physical model.

When temperature variation takes place inside an elastic continuum, it
generally induces thermal stresses. This phenomenon can be taken into
account through the linear addition of thermal strains to mechanical ones.
Once the thermal problem has been solved, the effect of the temperature
variation on the mechanical response of the body can be included in the total
strain (€), which can be decomposed into an elastic, plastic and thermal part,
as it is shown in equation (1):

.. __ elastic plastic thermal
€ij = € + € + € : (1)
) . . lasti .
where €;; is the total strain tensor, ef*"¢, €***“ and €/ are respectively,

the elastic, plastic and thermal strain tensors. In this work it is assumed that
there is no plastic strain ( efjl-“mc = 0). Therefore, equation (1) simplifies into:
€ = zgjl'astic + EZLermal; (2>

where thermal strain is defined as:
ef?”m“l = aATd;;, where AT =T =T, (3)
In equation (3), « is the thermal expansion coefficient [K~!], AT is the
difference between the computed temperature and the reference temperature,



latter one being the temperature where there is no strain. Finally d;; is the
Kronecker delta (§;; = 0 for i # j, §;; = 1 for i = j). It is assumed that the
reference temperature is the average of the temperatures given in Section 3.
It is also assumed an isotropic thermal expansion coeflicient.

In the presented method a weak thermomechanical coupling is assumed.
Which means that the temperature is initially obtained from the heat problem
and then introduced into the mechanics computation. This is possible since the
characteristic time scale of the thermal problem is several orders of magnitude
greater than the characteristic time scale of the crack propagation problem.
For the solution of a thermoelastic problem, first, the temperature distribution
inside the body is computed by solving the heat transfer problem. Then, the
resulting temperature distribution is input to the mechanical problem as an
initial strain. In elasticity, the Hooke’s law for homogeneous and isotropic
materials is defined by Equation (4):

0ij = Nijerr + p(€ij + €5i) (4)

where 0;; is the stress tensor and A and p are respectively, the Lamé’s first and
second parameters. When thermal strain is included, Equation (4) becomes:

Uij = )\(51] (€kk — 30(AT> + 2,u(eij — OéATél]) (5)

2.2. Energy Release Rate (G)

Crack propagation requires energy. The amount of energy released during
the fracture process is known as energy release rate (G). Commonty, G is
widely used in the literature in order to find the crack propagation direction
for a given configuration. To compute the crack propagation direction, a
criterion based on the azimuthal distribution of the energy release rate around
the crack tip is used. Multiple crack propagation directions are tested and
then select the one that maximises G. Namely, in the plane of the a-face, the
azimuth of the maximum energy release rate is identified, as it is known that
crack propagation will take place in that direction. This method was tested
and validated in Uribe-Sudrez et al. (2020).

The G-value is evaluated using all virtual and kinematically admissible
crack length displacements. The direction of crack propagation (6y) can be
determined by:



(%)9:90 =0,

Za <0 (6)
<d92 )9:90 -

In equation (6), according to the work done by Erdogan and Sih (1963), there
is a limit angle corresponding to pure shear: 6 = 4+70.54°. In this work,
for the computation of the energy release rate (G), the numerical technique
known as G method (Destuynder et al., 1983) is used. The G# method’s
implementation is quite simple and multiple extensions are available.

The strain energy release rate is the decrease in the total potential energy
(w,) during a growth of crack area (dA). To determine the variation of the
total potential energy in cracked solid €2, F* is defined as an infinitesimal
geometrical perturbation ¢ in the vicinity of the crack tip:

F*:R® > R® -
VM € Q, F5(M) = M® = M + V(M)

where the virtual field V gives the location of each point of the perturbated
solid using its initial position (M) before the perturbation. When the pertur-
bation ¢ is sufficiently small, Destuynder et al. (1983) showed that the stress
field (o) and the displacement field (u) on the perturbed configuration may
be expressed as:

0 =0 +eot

IS 1 (8)
U =u-+eu

where o' and u! are the first order variations of the stress and displacement
fields during the infinitesimal perturbation € on €. The total potential energy
variation during a crack extension is then obtained when ¢ aims towards 0:

(9)

The virtual displacement field V representing the virtual kinematics of
the crack has the following properties:

da e—0 €

e V is parallel to the crack plan.
e V is normal to the crack front.

e The support of V is only needed in the vicinity of the crack.

9



e ||V]| is constant in a defined region around the crack tip.

When implementing the G6 method, first, it should be defined two contours
C} and Cy around the crack tip. Those contours divide this region into three
domains Cipt, Cring and Ceyy as it is shown in Fig. 3.
The virtual displacement field, V (v, v5), is defined by equation (10).
v1 = (1 — 42) cos()
V= (10)

vy = (1— ﬁ—g) sin(6)

Where O is the crack tip, B is an integration point belonging to the ring, A
and C' are the intersections between OB and C; and C5 respectively (inside
and outside contours of the ring); and 6 is the virtual direction of propagation
measured with respect to the crack axis. Propagation direction is defined as
a function of an angle . Hence the values of V in the three domains are:

e The norm of V in C},; is constant and equal to 1.
e The norm of V in C,;,, varies continuously from 1 to 0.

e The norm of V in C,,; is equal to 0.

When there is neither thermal strain nor load applied directly to the crack
faces, the total potential energy may be expressed as:

1

where 05 is the stress field, U; is the displacement field, and f; the external
loads. When an infinitesimal perturbation ¢ takes place, derivatives and
integrals on the perturbed part can be expressed using a first order “limited
development” of operations related to the non-perturbed part. Due to this,
the energy release rate may be expressed as:

1
G = / (Uz'jUj,ka,i - §UijUj,z‘Vk,k) dAring (12)
ring

where V; is the virtual displacement field, U;; is the gradient of the dis-
placement field, V}; is the gradient of the virtual displacement field, V}, j is
the divergence of the virtual displacement field and A,;,, is the integration
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region. Additionally, as V; varies only inside C;,,, the integration will only
be performed over Cing (Aring). In Fig. 4-a, elements belonging to C,;y, are
marked with a green dot. A discrete set of 6 values will be used for a virtual
crack propagation. The 6 values are selected inside the range [—70°,70°]
(Erdogan and Sih, 1963) with respect to the crack axis. For each one of the 6
values, an associated G value will be computed. In Fig. 4-a the virtual ring
in which all the integration points are considered is depicted. Fig. 4-b shows
that G can be computed for each value of 6, which makes the identification of
the 0 value that maximises G(0) straightforward. Fig. 4-b shows the curve
G(0) for a crack where its crack axis is equal to 90° (E), in this case the
direction of propagation is equal to 120° (NW - SE).

Furthermore, due to the presence of thermal strain in this work, the
inclusion of additional terms in the G# method is necessary. In elasticity
according to Hooke’s law, the stress and strain tensors can be defined as
follows:

045 = Uijkl €kl (13)
where Cj;1; is the fourth-order elastic constitutive tensor. Combining equations

(13), (2) and (3) leads to the definition of the stress tensor taking into account
thermal strain:

04 :Cz’jk’l (ékz - (IAT(SM> (14)

When thermal strain is accounted for, equation (8) is still valid. Therefore,
according to Suo and Combescure (1992); Brochard and Suo (1994), the equa-
tion for the GO method in the present of thermal strain is given:

1
G = / (UijUj,ka,i — 5% (U;i — aAT i) Vier + aaMTthj) dAying (15)
ring

where « is the thermal expansion coefficient, AT (AT = T — T,.s) is the
difference between the computed temperature and the reference temperature,
0i; is the Kronecker delta and 7', is the gradient of the temperature. A
schematic representation of the sequential solution of the thermomechanical
problem presented in this work is provided in Fig. 5.
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2.3. Fatigue crack growth model

For linear elastic materials, K and G are uniquely related as follows
(Anderson, 2005):

!

K2 K2 K? E =F for plane stress
G = { I,I + I with E = i _E - for plane strain (16)
E E 20 v
H= 50+

where G is the energy release rate, K;, K;; and Kj;; are respectively the
stress intensity factors for mode I, mode I1 and mode I'11, F is the Young
modulus, v is the Poisson’s ratio and p is the shear modulus. Due to the fact
that present work deals with thermal cyclic stress (tension-compression), only
mode [ loading is assumed. Once the energy release rate (G) is known, it is
possible to compute the stress intensity factor (K7). Assuming plane strain
conditions, a relation between G and K can be stated from equation (16):

GE
1—v?
where K7 is the stress intensity factor, GG is the energy release rate, F is the
Young modulus and v is the Poisson’s ratio. Paris’s Law (Janssen et al., 2004)
allows to relate the rate at which the crack length (a) grows as a function of
the number of cycles (IV) to the maximum variation of stress intensity factor
(AK7) over the whole cycle. Paris’s law is presented in equation (18):

Ky = (17)

da

dN
where a is the crack length [m], N the number of cycles [—], AK; the range
of stress intensity factor [Pa m®®], C' [m (Pa m®®)™"] and n [—] are material
properties fitted to experimental fatigue data.

The beam presented in Fig. 2, also referred as the a-face in this work, is
embedded in a mesh that is different from the one showed in Fig. 1. The
aforementioned mesh is an isotropic unstructured triangular one, that is
refined in the neighborhood of the crack tip (Fig. 4-a). The thermoelasticity
problem is solved on this mesh through the finite element method (FEM).
The developed thermoelastic model has been implemented in CimLib, a C++
in-house finite element library developed at CEMEF (Digonnet et al., 2007).
Regarding the thermal problem, the available finite element framework in

= C[AK,]" (18)
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CimLib is a classic one where the variable temperature (7') is solved through
an implicit formulation (Ryan et al., 2020). The mechanical problem is solved
using an implicit formulation (mixed) with first-order elements using linear
interpolation functions for both velocity and pressure. In this formulation
both variables are P1. This element combination, linear in both o and
p (P1/P1), does not satisfy the inf — sup condition (Arnold et al., 1984;
Brezzi and Fortin, 1991). The latter, being a condition related with the
mathematical convergence characteristics of the finite element formulation.
The in f — sup condition ensures the solvability, stability and optimality of the
finite element solution and is crucial in establishing its quality (Bathe, 2001).
Through the inf — sup condition, a problem can be assessed in order to see if
it is well-posed or not. A problem is called well-posed if: (i) a solution exists,
(ii) the solution is unique and (iii) the solution depends continuously on the
given data (in some reasonable topology) (Hadamard, 1902). To overcome
this issue, an extra degree of freedom (DOF) in the center of each element is
added in ¥. This extra DOF is condensed and thus written as a function
of the remaining DOF's of the element. The use of this extra DOF is a
well-known stabilization technique often called “bubble” or P17 /P1. This
technique satisfies the inf — sup condition, and has been implemented in the
CimLib (El Khaoulani, 2010; Cao, 2013).

3. Results

In this work, the simulations begin by calculating temperatures for the
mesh of Fig. 1 using the asteroid thermophysical model described in section
2. The asteroid is placed at a distance of 1.12 au from the sun. This
corresponds to the semi major axis of the orbit of the asteroid Bennu. The
resulting temperatures of the E- and W-faces are shown in Fig. 6. Next,
these temperatures are input into the thermo-mechanical model. This second
model predicts the stress over the domain of the a-face as a function of
space and time. Since the presence of cracks highly affects the stress field,
different simulations for different crack positions and orientations for the same
temperature fields are run.

Namely, the propagation direction for an initial crack in different positions
inside the domain of the a-face is computed, as shown in Fig. 2. In addition,
for each position of each initial crack, its orientation is varied. Namely,
when the crack is attached to the W-face the crack propagation direction is
computed for different initial orientations with azimuth angles ranging from
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46° to 134°. Azimuth angle is increasing clockwise (i.e. from the north to the
east) and is equal to zero when it is pointing vertical up (i.e. to the north).
When the crack is attached to the E-face, the crack propagation direction
is simulated for different initial crack orientations having azimuth angles
ranging from 226° to 314°. Finally, when the crack is attached to the north
(top) side of the a-face (also called beam), the crack propagation direction is
simulated for different initial crack orientations with azimuth angles ranging
from 136° to 224°. In all the described cases, the length and the width of
the a-face were fixed to 100 mm and 4 mm respectively. These values were
chosen after studying: (i) the characteristic time of the thermal problem as
well as (ii) the minimum required width of the a-face in order to avoid the
boundary effects on the results and (iii) to avoid a high computational cost.
Due to the fact that there is no temperature gradient in the vertical direction
in the aforementioned simulations, a larger height of the domain does not
affect initial crack propagation direction. Similarly, this work does not intend
to evolve the crack with time.

The results are presented using the so-called windrose diagrams, which
can be considered as circular histograms that represent the distribution of
the computed crack propagation directions. It should be noticed that for a
rotation of 180° of the circular histograms (windroses) these are identical.
This is due to the fact that crack propagation direction (azimuthal angle)
has to be independent of the beginning and ending point of a crack, i.e., for
each one of the computed crack propagation directions 6, in the histograms
there are also count the direction # + 180°. For the scenario where crack
propagation direction is computed for an initial crack tip placed in different
positions inside the domain of the a-face and for different crack orientations,
the windroses are presented separately.

Figure 7a shows the windrose diagram for the case of a crack attached
to the W-face. Computed crack propagation directions are preferentially
oriented in the North-West to South-East (NW-SE) direction, regardless of
the initial different orientations of the cracks taken into account. Furthermore,
a minimum number of computed crack propagation directions are oriented
East (E) to West (W). In Fig. 7b it is shown the windrose diagram for the case
of a crack attached to the E-face. In this case the preferential orientation of
the computed crack propagation directions is in the North-East to South-West
(NE-SW) direction. There are also few cracks propagating in a direction
aligned East (E) - West (W). The last case, where the crack is attached to
the north (top) is shown in Fig. 7c. According to the windrose diagram, the
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preferential orientation of the computed crack propagation directions is in
the North to South (N-S) direction.

Finally in Fig. 8 it is presented a windrose diagram that gathers all the
cases described above. In summary, the distribution of all the computed crack
propagation directions are preferentially oriented in a higher concentration
in the North to South (N-S), in the North-West to South-East (NW-SE)
and in the North-East to South-West (NE-SW) directions as it was already
described.

It is noted that the cracks simulated up to now have a length considerably
smaller than the ones observed on the boulders on the surface of Bennu
(Molaro et al., 2020b; Lauretta et al., 2019a; DellaGiustina et al., 2019; Walsh
et al., 2019; Delbo et al., 2019). In the following, the crack propagation
direction is studied as a function of the initial crack size. From the different
configurations shown in Fig. 2, it was selected the case for the crack attached
to the E-face. For this, crack propagation direction is computed by placing
the crack tip at 3 different positions inside the domain of the a-face; for each
one of this positions 3 different lengths of the a-face were used; for each one
of these cases the orientation of the crack was varied as it was done in the
previous simulations.

we varied the orientation of the crack as it was done in the previous
simulations.

Figure 9 shows that for a small crack length (lsmafm mm), increasing
the length of the a-face does not play an important role in the distribution
of the computed crack propagation directions. Computed crack propagation
directions are preferentially oriented in the North-East to South-West (NE-
SW) direction, with a few amount of computed crack propagation directions
going to the East (E) and to the West (W).

In Fig. 10, it is possible to see that when increasing the length of the
a-face for cracks whose lengths are W mm, the distribution of the
computed crack propagation directions oriented in the North to South (N-S)
direction decreases, while the cracks oriented in the North-East to South-West
(NE-SW) direction increase. It should also be noted that the amount of cracks
directed to the East (E) and the West (W) decreases when increasing the
length of the a-face from 500 mm to 1000 mm.

Finally, in Fig. 11 it is presented the windrose diagrams for a configuration
where crack length is equal to 200 mm. Taking into account that the

[sin azimuth|

length of the a-face took the values of 200 mm, 500 mm and 1000 mm, for
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this last case, the configuration of the a-face with a length equal to 200 mm
was not simulated. Fig. 11 shows that when increasing the length of the
a-face from 500 mm to 1000 mm, a redistribution of the computed crack
propagation directions takes place. The initially cracks preferentially oriented
in the North-East to South-West (NE-SW) direction changed their orientation
into the North-West to South-East (NW-SE) direction.

Figure 12 shows the stress field through the maximum principal stress for
three cracks with different orientations: attached to the W-face and directed
to the East, attached to the north face of the boulder and directed to the
South, and attached to the E-face of the boulder and directed to the West.
It is worth noting that in all the cases, the computed crack propagation
direction (dashed black line), the one that maximises G, is perpendicular to
the direction in which the maximum principal stress takes place (dashed white
line). For all cases, the maximum stress near the crack tip over a temperature
cycle exceeds some MPa, which is a significant fraction of the typical strength
of carbonaceous chondrites and even comparable to the strength of boulders
on Bennu (Ballouz et al., forthcoming). This indicates that cracks propagate
under these stresses. Although it should be noted that, theoretically, the
stress at the crack tip is supposed to be almost infinity (c0), it depends a
lot on the mesh size. The use of quarter-point elements (Barsoum, 1976) is
recommended for better accuracy of the stress field.

To study whether the crack is propagating it can also be used the typical
approach of thermal fatigue and determine the crack growth length per cycle
using the Paris’ law. To do so, the configuration in which the crack is attached
to the W-face was chosen. Additionally, it was selected an orientation of the
crack (azimuthal angle) equal to 90°, i.e. pointing to the east. In this case,
as the maximum energy release rate (G,,q,) is known, and assuming plane
strain conditions, it is possible to compute the maximum stress intensity
factor (K maz) using equation (17). In this case, G4, in the thermal cycle
is equal to 5.15 x 107* [M Pa . mm], therefore, using equation (17), K;
is equal to 4.95 [MPa . mm®®]. Due to the fact that in this work it is
dealt with stresses generated by thermal cycles, the crack tip is subjected to
both tensile and compressive stresses over a full cycle. Thus, ignoring crack
closure (Suresh, 1998), the lowest stress intensity factor experienced by the
crack tip is simply zero. According to this, it follows that AK; is equal to
4.95 [M Pa . mm®®]. For the case where constant crack growth is assumed,
it can be computed that for the presented thermal cycle, the crack growth
rate is 2.42 x 107" [mm . cycle™'], which is of the order of 0.5 [mm . yr—!]
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(or ~ 0.5[m] in thousand years), in good agreement with previous studies
(Delbo et al., 2014). This indicates that cracks would propagate on Bennu’s
boulders solely due to diurnal thermal stresses. It is cautioned here that crack
propagation is a non linear process, where the rate of propagation is among
other parameters a function of the position of the crack tip with respect to
the temperature gradient. This means that a full simulation of the crack
growth from the beginning until its size is comparable to the size of the
hosting boulder should be carried out in order to estimate the time required
to fracture the boulder, which is beyond the scope of this paper.

4. Discussion

We begin to notice that in Fig. 7a, 7b and 7c, the range of computed
crack propagation directions is preferentially concentrated in some sectors of
the windrose diagrams. This could be explained by the fact that when a crack
orientation is defined, the range of possible crack propagation directions, is
determined by the limit angle corresponding to pure shear defined in the work
of Erdogan and Sih (1963). This value is approximately +70° with respect to
the crack axis orientation. It should also be noted that, the crack was only
placed at three different places inside the domain, i.e. attached to the East,
the West faces and attached to the North rim of the domain. This means that
not all the angles belonging to the range [0°,360°] were taken into account.
For example, in Fig. 7b, i.e., for the case of a crack attached to the E-face,
the computed crack propagation directions range from 202.5° to 292.5°. From
this figure, it is worth noting that most of the computed direction are oriented
to the South-West (SW), and due to the already explained symmetry of the
wind rose, the preferential orientation of the computed crack propagation
directions is in the North-East to South-West (NE-SW) direction.

When plotting the windrose diagrams for the three evaluated cases (crack
attached to the E-, W-face and the north rim of the domain) in the same
graph, as shown in Fig. 8, the sector grouping the majority of the computed
directions is the one oriented in the North to South (N-S) direction, followed
by the groups oriented in the North-West to South-East (NW-SE) and in the
North-East to South-West (NE-SW) directions, respectively. Looking at the
results of the three simulated cases, it is worth noting that cracks on asteroid
Bennu propagate mainly in the North-South (N-S) direction.

In Fig. 12 it should be noticed that the computed crack propagation
directions in the three cases presented there, are perpendicular to the axis of
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the maximum principal stresses, as stated by the literature. This makes us feel
confident about the results coming out from the coupled thermoelastic model
with the linear elastic fracture mechanics approach that was implemented in
this work. Additionally, it is worth mentioning that our model to compute
crack propagation direction was validated in previous work (Uribe-Suarez
et al., 2020).

From Fig. 9 it can be noticed that for short crack lengths, the increasing
of the length of the a-face does not highly affect the tendency of the distribu-
tion of the computed crack propagation directions. Cracks mainly continue
propagating oriented in the North-East to South-West (NE-SW) direction.
When increasing the length of the a-face from 500 mm to 1000 mm, a few
amount of cracks changed its orientation into the North-West to South-East
(NW-SE) direction. It tells us that even if the temperature gradient along
the a-face changes, cracks of short length are not affected.

According to Fig. 10, when crack length increases, a redistribution of
the computed directions takes place. It is possible to see two main groups,
one oriented almost in the North to South (N-S) direction and another one
oriented almost in the West to East (W-E) direction. Meanwhile, for the case
when the crack length is very long compared with the length of the a-face,
as depicted in Fig. 11, a marked tendency is clearly observed. Computed
crack propagation directions are preferentially oriented in the North-West
to South-East (NW-SE) direction, which is consistent with the observations
performed by Delbo et al. (2019).

Taking into account that the duration of the thermal cycle used in this
work is 4.3 h, and assuming a constant crack propagation rate, the crack
growth rate computed here, whose value is 2.42 x 107* [mm . cycle '], is
equivalent to a crack growth rate of about 0.5 [mm . year—']. This value is
not quite different from the one measured by Delbo et al. (2014) through
laboratory experiments on two meteorites: a carbonaceous chondrite and
an ordinary chondrite. However, as stated in Delbo et al. (2014), the crack
propagation rate is typically a nonlinear function between the crack size, the
maximum variation of the stress intensity factor over the whole cycle and
material properties. However, considering that this work is a first attempt to
describe crack growth due to thermal fatigue, the results are promising.
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5. Conclusion

An approach to compute 2D crack propagation direction under the pres-
ence of thermal gradients has been presented. It combines thermoelasticity
and linear elastic fracture mechanics theories in order to compute crack propa-
gation directions driven by diurnal temperature cycling and under conditions
similar to those existing on the asteroid Bennu. Through the different scenar-
ios simulated in this work, the robustness and the accuracy of the proposed
approach in terms of crack propagation direction is shown.

It is found that the distribution of the computed crack propagation
directions for different configurations on a simple domain simulating Bennu’s
boulders, show a preferential direction from North to South (N-S) and from
North-East to South-West (NE-SW) for shorter cracks. For longer cracks, the
preferential direction is from North to South (N-S) and from North-West to
South-East (NW-SE). This conclusion is supported by observations performed
by Delbo et al. (2019).

According to the results obtained by means of our thermomechanical
model combined with a well-known fatigue model (Paris’s law) and assuming
constant crack growth length, it is found that on asteroid Bennu cracks grow
at rate approximately equal to 0.5 [mm . year—!]. This is a value very similar
to the one found on experiments perform in the work of Delbo et al. (2014),
giving us a good insight of the promising approach proposed.

However, it is cautioned that crack propagation is a highly non-linear
process. In order to estimate the time to fracture Bennu’s meter-sized rocks a
full-blown simulation shall be performed to calculate the crack growth rate at
different crack growth stages. This is really important because crack growth
rate highly depends on the geometry and on the stress intensity factor at the
crack tip, and those will change as the crack tip evolves trough the domain.
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Figure 1: Schematic representation of the cubic-like boulder extruding from the equator
of the asteroid, of which only about half of the equatorial belt is simulated to obtain the

temperature distribution on faces E and W.
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Figure 2: Geometry and boundary conditions for the face of the boulder parallel to the
surface. Crack tip position and crack axis were varied. The length of the a-face is also

varied in our simulations.
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Figure 3: Contours and domains used to computed G using the G method.
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Figure 4: a) Ring of elements around the crack tip. b) G(8) curve for the maximun energy
release rate criterion for a crack where its crack axis equal to 90°.
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Figure 5: Schematic representation for the thermoelastic fracture analysis performed in
this work.
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Figure 6: Temperatures Ty, (W-face) and T (E-face) used as thermal boundary conditions.
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(a) W-face (b) E-face (¢) north (top)

Figure 7: Windrose diagrams for different crack orientations and cracks attached to a) the
W-face, b) the E-face and to c¢) the north.
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Figure 8: Windrose diagram gathering the cases where crack is attached to the W-face, to
the E-face and to the north (top) for different crack orientations.
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(a) a-face length: 200 mm (b) a-face length: 500 mm (c) a-face length: 1000 mm

Figure 9: Windrose diagrams for a crack attached to the E-face when crack length equals

O reazimaza MM and the length of the beam was varied for different crack orientations.
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(a) a-face length: 200 mm (b) a-face length: 500 mm (c) a-face length: 1000 mm

Figure 10: Windrose diagrams for a crack attached to the E-face when crack length equals

O reazimaza MM and the length of the beam was varied for different crack orientations.
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(a) a-face length: 500 mm (b) a-face length: 1000 mm

Figure 11: Windrose diagrams for a crack attached to the E-face when crack length equals

O reazimaza MM and the length of the beam was varied for different crack orientations.
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Figure 12: Maximum principal stress (M Pa) for a crack attached to a) the W-face, b)
the E-face and to c) the north (top). In all cases, the dashed black line represents the
computed crack propagation direction, while the dashed white line represents the axis
associated with the maximum principal stress.
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