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Abstract Knowledge of the internal state of rock is key to anticipate its rheological response and
susceptibility to external factors. Time‐dependent failure in rock is controlled by internal state changes,
like damage accumulation or strength degradation. But assessing internal states and changes thereof,
nondestructively and independent of external forcing is not straightforward. Residual strains, measured
with neutron diffraction techniques are used as a proxy for the internal state in material sciences. We
investigated its potential for progressive rock failure by measuring residual strain states of an untested and
three mechanically and chemomechanically pretested Carrara marble samples. We collected neutron
diffraction data for three crystal lattice planes {10

_
14}, {0006}, and {11

_
20}. Measurements showed an initial

overall contractional spatially homogeneous residual unit cell volume strain state of about −400 μstrain,
though magnitudes were strongly partitioned among measured crystal lattice planes. However, they are
equal within the spatial orientations of the intact sample. For the pretested samples, the induction and
relaxation of strains varied spatially with the pretesting stress field and environmental conditions. The
vertical extent of superposition of the initial residual strain state was greatest in wet samples, the magnitude
of induced extensional strain highest in the dry sample. This indicates chemomechanically enhanced
subcritical crack growth with concomitant residual strain relaxation as well as the mitigation of extensional
strain built up by the presence of water during pretesting. Our experiments show that residual strain has a
significant potential to provide insights into past and actual internal states to anticipate progressive rock
failure.

1. Introduction

The failure of rocks impacts the face of the Earth by driving landscape evolution, limiting infrastructure
performance, and causing natural hazards. While in brittle rock, failure proceeds in a progressive man-
ner, where microscopic, subcritical damage extends over time and eventually leads to critical deforma-
tion and macroscopic failure, the capability to anticipate their evolution is still restricted. This is
partially due to methodological limitations to gain direct and nondestructive insight into material states,
and few experimental studies on the accommodation of subcritical deformation and damage at the grain
scale. Conventionally, rheological characterization of rocks relies on destructive tests that measure the
divergence from an initial state (Brantut et al., 2012, 2014; Diederichs, 2003; Eberhardt et al., 1999).
These experiments are generally restricted to measure whole‐rock‐sample properties, like strength and
deformation, and are not designed to determine a preexisting initial state independent of external for-
cing (Covey‐Crump & Schofield, 2009; Schofield et al., 2003, 2006). In material sciences, focusing on
long‐term strength, toughness, and performance of engineered materials, thus material properties in
resistance to progressive failure, methods, and mechanistic concepts have been established to assess
the internal state of the materials and changes thereof (Ritchie, 2011; Withers, 2015). Residual elastic
strains, measured with diffraction techniques are used as a proxy for the internal state in material
sciences. With the concept of residual elastic strains, in short, residual strains, internal states, and rheol-
ogy of engineered materials can be described (Withers & Bhadeshia, 2001a, 2001b). Here, we apply the
concept of residual strain to natural rocks and measure those with neutron diffraction to better under-
stand their internal state and progressive failure.
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Rocks are subject to stresses throughout their geologic lifespan. As they exhume, both imposed confine-
ment and ambient temperatures reduce and introduce differential stresses (Zang & Stephansson, 2010).
During exhumation and the accompanied unloading, not all of the induced elastic strain energy is
released. Strains that remain in a rock in the absence of boundary loads are referred to as “residual”
(Voight, 1966). Residual strains equilibrate globally but can vary locally at the grain scale
(Friedman, 1972). Residual stresses or strains in rocks may result from thermal‐ or
mechanical‐induced purely elastic processes, inelastic yielding, or a combination of both (Holzhausen
& Johnson, 1979). Permanent deformation locks‐in elastic strains within the rock, similar to tempered
glass. Elastic distortions could also be locked in by internal self‐constraint of neighboring crystallites
and their crystallographic geometry (Meredith et al., 2001). Emery (1964, p. 244) stated, therefore, that
“[…] any rock, because it is a rock, must have in it more or less conserved elastic strain energy and that
its present condition is a transient one and represents the sum of all that has happened to the rock.”
Since then, studies have reported residual strain in rocks indicating grain‐scale strain magnitudes in
the order of ×10−3 μstrain (Friedman, 1972; Siegesmund, Mosch, et al., 2008). In geological materials,
unlike for engineered materials, stress conditions and magnitudes of external forces which were neces-
sary to produce the observed residual strains are unknown. The residual strain state has, therefore, itself
been widely used to infer the stress magnitude and spatial direction of former geological stress fields
(Engelder & Sbar, 1977; Sekine & Hayashi, 2009; Zang & Berckhemer, 1989).

Residual strains also affect the rheology of rock (Holzhausen & Johnson, 1979; Voight, 1966). It is currently
reasoned that the strain magnitude and sign reflect the interatomic spacing, spatial array of atoms in the
individual crystal lattices, and their energetic states (Withers & Bhadeshia, 2001b). The amount of compres-
sive stress that atomic bonds can repulse before breaking, defines the maximum compressive strength of the
crystal and is consequently related to the polycrystalline strength. Likewise, the amount of tensile stress a
bond can support defines the maximum tensile strength of the material. The strain state of crystal lattice
planes strongly defines the possible response of rocks to applied external forces, including bulk fracture
toughness or strength. Next to the influence of residual stresses and strains on rock deformation, externally
applied forces can relax preexisting as well as induce new strains.

In general, it is assumed that stored strains can be relaxed when grains or crystals are freed from the
neighboring constraints (Friedman, 1972). This can be achieved by the opening of microcracks and also
by grain boundary glides and chemically altered grain boundary cohesion (Engelder et al., 1977; Luzin
et al., 2014; Silberberg & Hennenberg, 1984). Spatial direction and relative magnitudes of residual
strains are controlled by the presence of microcracks created by tectonic stresses, stress relief, and
weathering, which in turn influences the mechanical strength of rock (Hoskins & Russell, 1981).
Externally applied stresses causing any local permanent deformation, by distortion of crystal structure,
chemical cementation, or thermal recrystallization could lock‐in elastic strains which would overprint
preexisting residual strains (Friedman, 1972; Holzhausen & Johnson, 1979; Withers &
Bhadeshia, 2001b). The introduction of residual strains is not necessarily spatially uniform (Figures 1a
and 1b) due to (i) heterogeneous yielding and stress concentrations at microstructural flaws, (ii) aniso-
tropic thermal expansion coefficients, and (iii) mechanical or thermal stress gradients (Holzhausen &
Johnson, 1979; Timoshenko & Goodier, 1970). Likewise, the relaxation of residual strains is spatially
variable (Nichols, 1975). Internal damage state relevant for progressive rock failure occurs due to both,
the formation of cracks (i.e., strain relief) and the inducement of especially extensional elastic strain.

In engineered materials not only the effect of mechanical stresses on residual strain is investigated but also
environmental conditions. Physical and chemical weathering cause alteration of material properties, includ-
ing stiffness, and can enhance subcritical crack growth (Atkinson & Meredith, 1987; Nara et al., 2017;
Peck, 1983). Residual strain response and deformation mechanisms to thermally induced stresses have been
determined in geologic materials (Luzin et al., 2014; Meredith et al., 2001; Siegesmund, Mosch, et al., 2008).
However, the effect of moisture or chemically enhanced mechanisms, have only been reported for metals
and engineered materials. Here, residual strains pose a first‐order control on chemically enhanced subcriti-
cal crack growth, referred to as stress corrosion (King et al., 2008; Toribio, 1998). The effect of residual strains
on stress corrosion cracking in rocks has been postulated but has not been investigated (Atkinson &
Meredith, 1987).
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Initially, so‐called “residual stresses” (measured as residual strains) have been examined using strain relief
methods including overcoring, microcrack orientation, and density maps (Hoskins & Russell, 1981; Zang &
Berckhemer, 1989). Likewise, in conceptual approaches, residual stresses have been linked to rock failure,
exfoliation and spalling (Emery, 1964; Kieslinger, 1958; Müller, 1969). Hereby, instantaneous or
time‐dependent inelastic subcritical damage is assumed to decrease strain magnitudes. These destructive
and invasive methods measure bulk strains on the surface of rock samples. As the relaxation of the residual
strains is assumed to be achieved by the creation of new surfaces, these microcracks can then be evaluated in
thin sections. In contrast to this, neutron diffraction techniques enable the nondestructive measurement of
residual strain in the interior of solid polycrystalline rockmaterials (Holden et al., 1995; Schofield et al., 2006;
Withers & Bhadeshia, 2001a). Deviations in lattice parameters can be quantified and subsequently elastic

Figure 1. (a) Schematic pretest deformation pattern, (b) resulting induced global residual strain state without brittle
fracturing. (c) Pretest and measured sample dimensions, direction, and measurement point distribution along the
vertical axis. Fluorescent dyed thin section image of the notch area of (d) sample M5, pretested with dry condition at the
notch, (e and f) sample M2 and M4, pretested with wet condition at the notch. The extent of localized fractures is
indicated by a dotted line. The dashed area highlights the position of strain gauge measurements during the pretest.
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strain, microstructural properties, and damage can be derived. Neutron diffraction allows assessing elastic
strains at the grain‐scale on conventionally sized samples (Hall et al., 2011; Schofield et al., 2006). These
methods enable us to explore phenomena such as subcritical crack growth and creep, where
deformation‐induced microstructural and strain change are expected to be small and to assess the spatial
variability of strain change within the rock sample.

Advancing possibilities and especially in situ testing have increased the application of neutron diffraction in
rock physics, for rock mechanical problems and by providing data for numerical models. However, for
time‐dependent rock deformation experiments, in situ testing is not applicable due to time constraints at
research reactors, and testing environments are generally limited to thermal experiments, as water absorbs
neutrons. To assess time‐dependent rock deformation and wet conditions with regard to internal strain
states that we simplified the problem: We (i) focused on a well‐studied Carrara marble, a homogeneous
andmonomineralic metamorphic rock, and (ii) used mechanically or chemomechanically pretested samples
to evaluate different altered states. Neutron diffraction data were collected of an intact sample and three
mechanically and chemomechanically pretested samples, assuming that the initial residual strain state is
similar in all samples, enabling their comparison. With these data we (i) defined the initial residual strain
state of Carrara marble, (ii) assessed the inducement of strains due to the mechanical pretesting, and (iii)
inferred the role of the internal (i.e., initial residual strain) and external (i.e., subcritical mechanical loading
and dry and wet testing conditions) factors on the induced damage extent. By comparing the relative effect of
external and internal factors, our study provides novel insights into the role of residual strains on progressive
rock failure.

2. Material Characterizations and Methods

Here we report on the essential characteristics of the material and the pretesting with regard to the applied
neutron diffraction techniques. The main characteristics of the used Carrara marble (section 2.1), and the
sample preparation, pretest setup, and observations (section 2.2) are given. Details on both were reported
and discussed by Voigtländer et al. (2018). In section 2.3 we introduce the applied neutron diffraction tech-
nique and describe the measurement procedure applied in this study (section 2.4).

2.1. Carrara Marble

The Carrara marble used, consisted of monomineralic calcite (>98% CaCO3) with a mean grain size of
~200 μm and a dry density of ~2.7–2.8 g/cm3. The polycrystalline metamorphic rock samples display a
near‐random crystallographic preferred orientation (CPO) and are therefore regarded as texturally nearly
isotropic (Voigtländer et al., 2018, Figure S1).

Distinctive diffraction patterns are formed due to the trigonal crystal structure of calcite (unit cell dimen-
sions and axis: a = b ≠ c, α = β = 120°, γ = 90°, a ≈ 4.9887 Å, c ≈ 17.0623 Å; Rao et al., 1968). These char-
acteristics facilitated repeatable mechanical testing and relatively unambiguous neutron diffraction
patterns. Previous neutron diffraction measurements on Carrara marbles have affirmed the presence of resi-
dual strains within in the order of –400 μstrains due to their metamorphic history (Scheffzük et al., 2007).

2.2. Sample Preparation to Induce Residual Strain and Damage States

To obtain mechanically and chemomechanically altered states of Carrara marble we pretested samples
under dry and wet conditions previously described in Voigtländer et al. (2018). These pretests consisted of
inverted single‐edge notch three‐point (iSENB) bending creep tests on Carrara marble beams (Figure 1a).
All samples were cut from the same block. Samples dimension were 1,100 mm × 100 mm × 100 mm with
a 10 mm notch in the center (Figure 1c). The principal longitudinal stress direction was in the x direction
of the sample. Due to the loading configuration, the induced stress state was graded along the vertical axis
(z direction) as the stress shifts from tension in the upper half to compressive stresses in the lower half of
the beam (Figure 1a). Macroscopic surface deformation in the axial direction was monitored with strain
gauges at the notch tips during the pretesting (Figures 1d–1f, Voigtländer et al., 2018). Carrara marble sam-
ples, M2, M4, and M5 used for this study, were mechanically loaded in two stages, with dead weight loads
calculated for the initial sample geometry and percentage wet fracture toughness (KIC, ~1.3 MPa/m1/2,
Voigtländer et al., 2018). First, the three samples (M2, M4, and M5) were loaded to ~55% KIC. In a second
step, loads were raised to ~77% KIC in M5 and M2 (subsequently increased to ~80% KIC) and to ~85% KIC
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in M4. Throughout the testing period, calcite‐saturated water was added to the notch of samples M2 andM4,
while M5 remained dry, at ambient temperature and humidity.

Because these samples were to be used in this study on the internal states, they were only allowed to creep
but not to fail. We had no criterion when that would happen. Experiments showed that, as soon as tertiary
creep was reached, failure of the samples could not be prevented. This was (i) due to our simple dead weight
loading system and (ii) the speed of dynamic fracturing. To prevent this, we unloaded the samples when the
strain rates at the notch tip increased by an order of magnitude and we assumed that tertiary creep was being
approached. This was the case for samples M2 and M4, with wet condition at the notch loaded to ≥80% KIC

after 27, respectively 25 days in the pretest. Dry samples in the same testing configuration did not approach
tertiary creep during testing periods even at loads of ~85% KIC unless water was introduced to the notch.
Possible chemomechanical effect leading to these behaviors are discussed in Voigtländer et al. (2018) and
references therein. M5, the dry pretested case was unloaded at the termination of the testing period after
48 days. Figure 1d–1f are fluorescent‐dyed thin section images of the notch areas of samples M5, M2, and
M4, highlighting the microstructurally visible damage induced during the pretest. Thin sections of samples
tested with water present at the notch (Figures 1e and 1f) revealed single localized fractures along grain
boundaries. No induced fracture was observed in the thin section of sample M5 (Figure 1d).

Cylindrical subsamples (ø = 50 mm, h = 100 mm) were cored vertically through the center of samples M5,
M2, andM4 for the neutron diffractionmeasurements (Figure 1c). For the study reported here the “wet” pre-
tested samples M2 andM4 represent coupled chemomechanical altered states, the “dry”M5, a mechanically
superimposed residual strain state. The loading path and duration of the three samples varied. These time‐
and stress‐dependent effects cannot be resolved with the applied method. With the neutron diffraction, we
determine the vertical extent of the damage zone and the associated grain‐scale deformations. Next to the
pretested samples a reference sample, M0 was cored from an untested Carrara marble beam, to assess the
initial, inherited residual strain state.

2.3. Neutron Diffraction

Neutron diffraction is the application of elastic neutron scattering to determine the atomic structure of a
material. The advantage of neutrons, compared to X‐ray diffraction is their penetration depth of up to tens
of centimeters (Holden et al., 1995). This allows evaluating the internal structures of polycrystalline materi-
als without surface or edge effects. Diffraction measurements utilize the reflective properties of atoms
ordered in crystal lattice planes, following Bragg conditions (Bragg, 1924). These structures show specific
reflection angles (2θ°) and specific peak positions (dhkil) in the according diffraction patterns (Figure 2a).
Measurements of residual strains rely on the elastic deformation within polycrystalline materials, which
cause changes in the spacing of the lattice planes (d‐spacing) relative to their strain‐free conditions. These
distortions of the lattice planes alter the reflection angle and with it the peak position in reference to a
strain‐free or undistorted lattice (d0hkil) (Noyan & Cohen, 1987; Withers & Bhadeshia, 2001b). A shift in
the peak position is thus a measure of the elastic microstrain εhkil, estimated by

εhkil¼ dhkil − d0hkilð Þ
d0hkil

(1)

Where a positive peak position deviation indicates extensional strain, a negative value is a relative contrac-
tion (Figure 2b). These types of microstrains are also termed intergranular strains as they have been linked to
elastic strains locked in between grains or crystals (Withers & Bhadeshia, 2001a). Distortions of lattice planes
can also alter the dispersion of the reflected neutrons resulting in changes of the peak positions and shape
metrics (Ungár, 1998). Our neutron diffraction measurements were conducted at the SALSA strain diffract-
ometer at the Institute Laue‐Langevin (ILL), Grenoble, France (Figure 2c) which is specified to measure the
peak positions in 2θ° space, with a precision of approximately ±3.5 × 10−5 Å (Pirling et al., 2006).
Assessment of peak shape metrics like the full‐width at half maximum (FWHM), which signifies plastic
deformation within grains and crystallites, are therefore viewed as subsidiary and are reported in
Supporting Information S1.
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2.4. Measurement Protocol and Strain Estimation

SALSA measures small sections of diffraction pattern spectrum covering mainly single reflection peaks.
For this study, neutron diffraction data were collected of diffraction peaks corresponding to crystallo-
graphic planes {11

_
20}, orthogonal to the a axis, and {0006}, orthogonal to the c axis. By measuring these

two orientations we can describe the unit cell of the calcite crystal. Additionally, {10
_
14}, a prism face,

was measured alongside with {11
_
20} due to the close position of the diffraction peaks in the recorded

spectra. At SALSA, the thermal neutrons flux is continuous with an intensity of ∼⃒5 × 107 ns−1 cm−2.
We measured with a wavelength of λ = 1.64 Å. Neutron wavelengths are selected by a
double‐focusing monochromator, and SALSA is equipped with radial focusing collimators for a precise
gauge volume, in our stud of 40 mm3 (2 × 2 × 10 mm).

The geometry of the experimental setup, shown in Figure 2c, is chosen with the detector positioned in
regard to the direction of the sample to measure with the scattering vector parallel to the pretesting

Figure 2. (a) Angle dependence of incident and reflected rays due to crystal lattice d‐spacing and (b) schematics to
evaluate intergranular elastic strains by peak position shift (c) SALSA diffractometer and experimental setup.
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loading direction x (hereafter referred to as axial strain, εx), or perpendicular, in y (hereafter referred to
as tangential strain, εy, Figure 1c). Samples are then manually adjusted and placed horizontally to col-
lect data along the z axis from the notch or in the case of the reference sample M0 from its upper sur-
face to the bottom of (hereafter referred to as vertical strain, εz). At each measurement point, strain was
measured in the three spatial orthogonal directions (Figure 1c). Sampling progressed in 0.5 mm steps of
gauge volume from the surface or notch for the first 5 mm below before the interval was increased to
10–20 mm for the rest of the samples M2, M4, and M5. Steps were again reduced to 0.5 mm for the
5 mm from the bottom of the sample in M0. Results provided at least 25 measurement points per sam-
ple, direction, and crystal lattice planes. Each measurement point comprises 4,000 scatter counts.

Diffraction data were fitted using a single Gaussian peak fit in LAMP (Large Array Manipulation
Program), the standard diffraction fitting software provided by the ILL (Richard et al., 1996). An indi-
vidual background fit clearing standard instrumental errors has been applied to all diffraction spectra.
In addition to the acquisition of the peak position of the three crystal planes, we estimated the unit cell
volume regular calcite crystal structure, based on {11

_
20} and {0006} measurements. Strain‐free reference

states (d0hkil) are theoretically derived based on calcite single crystal unit cell dimensions (Rao
et al., 1968). To isolate the effects of the mechanical and chemomechanical pretesting (see section 2.2), these
calculations were compared to the untested sample M0. Serving as a reference state, the mean peak position
along themeasured section ofM0was used exempt the fivemeasurement points near the surface top and bot-
tom, as they might show edge effects.

3. Results
3.1. Residual Strain State of Carrara Marble

Neutron diffraction data of the pristine sample M0 showed an overall contractional residual strain state
throughout the vertical measured section and sample spatial orientations (x, y, and z, Figures 3 and S2).
The sum of the unit cell volumetric lattice strain in the three spatial directions was nonzero (Figures 3
and S3). The magnitudes of residual strains varied by measured crystal planes, ranging from an average of
−435 (±455) μstrain in {10

_
14}, to −890 (±500) μstrain in {0006}, to −2015 (±697) μstrain in {11

_
20} in all

sampled spatial orientations (Figure 3). The unit cell volumetric strain related to an average volumetric con-
tractional state of about −370 (±160) μstrain (Figure 3). We use this initial strain state as the background
against which the changes in the pretested samples, described below, are interpreted.

3.2. Strain State Pretested Carrara Marble

Here we present the principal observations of the residual strain state measured in the pretested sam-
ples working downward from the notch tips to the base of the samples (Figure 1c). The overall residual
strain states of the preceded tested samples M2, M4, and M5 were contractional (Figures 4–6).
Extensional, intergranular axial strains, in reference to the mean strain state of untested sample M0,
were observed in all samples in the measurement points 10–20 mm (in z) below the notch. Beyond
these points, the strain states were contractional and approached the reference mean strain of M0
toward the neutral axis. Measurements below the neutral axis of the samples exhibited a less contrac-
tional strain state than the reference strain state. The crystallographic planes {0006} and {10

_
14} showed

a greater absolute deviation from the reference sample M0 (up to 4,000 and 2,000 μstrain, respectively),
while crystal planes of {11

_
20}, kept a compressive strain of about −2,000 μstrain in all samples and all

spatial directions (Figures 4–6). A general difference between the dry (M5, Figure 4) and the wet pre-
tested (M2 and M4) samples was observed in the vertical extent and magnitude of the induced strain
pattern (Figures 5 and 6).
3.2.1. Strain State in the “Dry” Mechanically Pretested Case
The overall residual strain state of the mechanically dry pretested sample M5 was contractional for all three
crystal planes and in the unit cell volumetric strain (Figure 4). However, the strain state within the first 5mm
below the notch (in z) of the sample was extensional, markedly in the axial direction (Figure 4a). The mag-
nitude of these induced extensional intergranular axial strains just below the notch‐tip range from ~500 to
1,800 μstrain in {10

_
14} (Figure 4a), ~1,000 to 3,500 μstrain in {0006} (Figure 4b), and ~200 to 400 μstrain

in unit cell volumetric strain (Figure 4d). In opposition to the extensional axial strain state, tangential strains
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were contractional, in the range of about −250 to −500 μstrain in {10
_
14}, −2,500 to −3,500 μstrain in {0006},

and −500 to −600 μstrain in the unit cell volume below the notch.
3.2.2. Strain State in the “Wet” Chemomechanically Pretested Cases
In the wet pretested samples, a change in the assessed crystal lattice planes and the unit cell volume in refer-
ence to M0 was detected up to 30 mm below the surface along the vertical measured section (in z, Figures 5
and 6). The unit cell volumetric strains were in an overall contractional state between −1,000 and
−50 μstrain in all spatial directions, while the individually measured crystal planes exhibited local exten-
sional strain primarily in the x direction (Figures 5 and 6).

In the axial direction of sample M2 an absolute extensional strain state was observed within the first 2 mm
below the notch in crystal lattice planes {0006} (Figure 5b). In crystal planes {11

_
20}, the strain deviated from

the reference sample M0 of up to 1,000 μstrain (Figure 5c). In the unit cell volume, the axial strain corre-
sponds with the reference strain state up to ~12 mm below the sample surface (Figure 5d). Below these first
millimeters, up to 25–30 mm of the vertical section, the strain state in the axial direction showed a strong
contractional strain state in all measured crystal lattice planes. These strong contractional axial strains were
contrasted by less contractional strains (in reference to M0) in the y and z directions.

Sample M4 showed extensional axial strain at the notch tip of ~900 μstrain, as well as at 17 mm of
~1,400 μstrain in lattice planes {10

_
14} (Figure 6a). In between these extensional strains, a steady increase

and a subsequent decrease in contraction was observed which terminates at ~16 mm. Extensional strain
states at 15–20 mm (in z) were also observed in diffraction peaks of crystal planes {0006} of ~500 to
1,800 μstrain (Figure 6b) and less contractional strain in the unit cell volume (Figure 6d). The superimposed
change in reference to the state of M0, vertically exceeds the visible fracture tip (Figure 1f) by about 1.5 mm,
below this, the strain state in all spatial directions is contractional.

Figure 3. Average residual lattice strains of sample M0 in the three spatial direction and their mean in crystal planes
{10
_
14}, {11

_
20}, {0006}, and the unit cell volume. The overall strain state is contractional. Magnitudes vary by crystal

planes and less by spatial orientation.
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Figure 4. Residual lattice strain of single crystal plane and unit cell volume of sample M5 along the vertical measured section. (a) Crystallographic planes {10
_
14},

(b) {0006}, (c) {11
_
20}, and (d) the unit cell volume. The spatial directions are indicated by color and symbol. Strains are given with their error bounds and a

three‐point running average in dashed lines (SMA). Vertical black dashed line represents the mean, the gray bound the standard deviation of reference M0.
Vertical extent (in z) of the notch is inferred from a thin section image (Figure 1d, Voigtländer et al., 2018). The extent of the damage zone is discussed in the text.
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Figure 5. Residual lattice strain of single crystal plane and unit cell volume of sample M2 along the vertical measured section. (a) Crystallographic planes{10
_
14},

(b) {0006}, (c) {11
_
20}, and (d) the unit cell volume. The spatial directions are indicated by color and symbol. Strains are given with their error bounds and a

three‐point running average in dashed lines (SMA). Vertical black dashed line represents the mean, gray bound the standard deviation of the reference M0.
Vertical extent (in z) of the notch and visible fracture are inferred from a thin section image (Figure 1e, Voigtländer et al., 2018). The extent of the damage zone is
discussed in the text.
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Figure 6. Residual lattice strain of single crystal plane and unit cell volume of sample M4 along the vertical measured section. (a) Crystallographic planes {10
_
14},

(b) {0006}, (c) {11
_
20}, and (d) the unit cell volume. The spatial directions are indicated by color and symbol. Strains are given with their error bounds and a

three‐point running average in dashed lines (SMA). Vertical black dashed line represents the mean, gray bound the standard deviation of the reference M0.
Vertical extent (in z) of the notch and visible fracture are inferred from a thin section image (Figure 1f, Voigtländer et al., 2018). The extent of the damage zone is
discussed in the text.
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4. Discussion

Wemeasured the residual strain of Carrara marble samples by neutron diffraction to better understand their
influence on the rheology and how they are altered by time‐dependent and environmentally enhanced
deformation. Neutron diffraction techniques essentially measure the lattice planes of the crystallites. Due
to the nearly randomized CPO of our Carrara marble (Figure S1) no distinct influence of texture on the dif-
fraction pattern was expected. The peak position of the three measured lattice planes, {10

_
14}, {0006}, and

{11
_
20} in reference to strain‐free positions represent/indicates the bulk intergranular strain state of the

assessed gauge volume. In our experiment, it was ~2 × 2 × 10 mm (~40 mm3), equivalent to ~20 grains.
The measured magnitude and sign represent the sum of all residual strains of the individual crystallographic
planes within that gauge volume. The strain state is discussed concerning this representative elementary
volume (REV) of rock.

First, we discuss the initial residual strain state of Carrara marble with the observations of the untested refer-
ence sample M0. Second, we compare the residual strain of pretested samples, M2, M4, and M5 with the
initial residual strain state of M0, to infer the role of the internal and external factors on progressive rock fail-
ure. We focus on how subcritical crack growth during the pretest have caused inducement and relaxation of
initial residual strain state and speculate how the initial residual state might have influenced the progression
and extent of damage during the pretest.

4.1. Initial Residual Strain State

The general expectation of the internal strain state of the untested sample M0 would be that, as there was no
traction on the surface, the sample would bemacroscopically in elastic equilibrium. Neutron diffraction data
of the intact reference sample M0 showed, that the Carrara marble maintained contractional strains in the
order of ×10−4 in the unit cell volumetric and ×10−3 in single crystal lattice orientations at the location
and scale of the representative elementary volume (Figures 3 and S2). The sum of the unit cell strains in
the three spatial directions was contractional by about −1,000 μstrain (Figure S3). If the sum is not equili-
brated at this scale, it implies that the material has undergone deformation along and in‐between grains
(Pintschovius, 1992). Analogous experiments have shown that extensional and contractional strains are both
present, in close proximity to each other on the local grain‐boundary scale (Friedman, 1972; Gallagher
et al., 1974; Holzhausen & Johnson, 1979). The bulk contractional residual strain state of our sample thus
indicates that contractional strains dominate within the crystal structures measured in the diffraction gauge
volumes along the vertical sample section. For our Carrara marble, we assume that the material deformed as
a continuum with locking‐in residual strains homogenously throughout the material while it was deformed
and exhumed in the crust. Here, the sum of the measured gauge volumes is the representative elementary
volume discussed in the following. In this context, we observed for our intact sample spatially isotropic unit
cell volume strain magnitudes of −400 (±190) μstrain in x direction, −370 (±190) μstrain in y direction, and
−340 (±115) μstrain in the z direction (Figure 3). We discuss the generality of these states and their implica-
tions for the interpretation of stress memory and first‐order, highly idealized material properties in a
stress‐based framework. In detail, this assumption is not valid as a polycrystalline material like Carrara mar-
ble will have deformed and build up strain in a noncontinuous fashion across grain boundaries and crystals.
However, this distinction is not resolved in our neutron diffraction measurements.

In geological studies, most residual strain data of rocks is considered as strain memory and interpreted
regarding the potential paleo‐stress field (Engelder & Sbar, 1977; Sekine & Hayashi, 2009; Zang &
Berckhemer, 1989). A scenario of how the residual strains are locked‐in, the Carrara marble would either
be by the external tectonic forcing or internally organized by material properties during the formation of
the Apuan Alps. For Carrara marble, it has been reported that the rocks were buried to a depth of 20 to
40 km when reaching metamorphic peak conditions (D1), followed by successive rapid exhumation up to
a depth of 10–15 km (D2) (Balestrieri et al., 2011; Carmignani & Kligfield, 1990). Our samples showed a rela-
tive homogeneous microstructure and a near‐random CPO (Voigtländer et al., 2018). These microstructures
are the result of static recrystallization during these deformation phases (Molli et al., 2018; Molli &
Heilbronner, 1999). Deviatoric stresses, whichmight have been arising from decompression and cooling dur-
ing exhumationwould have balanced each other when rock reached the surface (Zang& Stephansson, 2010).
However, our data show, that residual strains still exist in the intact Carrara marble sample, M0. This would
indicate that the residuals strains were induced, highly simplified speaking, under hydrostatic condition. The
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potential to develop residual strains under hydrostatic conditions has been described by Savage (1978) for
granites. Due to varying thermal expansion coefficients in the two considered materials by him, residual
strains form due to the cooling rock bodies. Resulting shear stress at the interfaces of the twomaterials would
lock‐in elastic strains without volume or shape changes, similar to variational principles of Hashin and
Shtrikman (Avseth et al., 2010; Hashin & Shtrikman, 1962; Watt & Peselnick, 1980). In a monomineralic
material as the Carraramarble, this can be explained by considering the specific thermal properties of calcite.
Calcite crystals show highly anisotropic thermal expansion coefficients, with expansion parallel to the crys-
tallographic c axis and contraction parallel to the crystallographic a axis (e.g., Rao et al., 1968). In our Carrara
marble, where we have randomly distributed orientations of the crystal axis, the highly anisotropic cooling
response of the crystallographic axis of the calcite minerals would result in elastic mismatch and deviatory
strains especially along grain boundaries with different crystallite orientations and thermal expansion coeffi-
cient. The calcite rock volume, would thus internally tense up during the general cooling. This thermally dri-
ven locking mechanism of strains, analogous to the tempering of glass, would probably affect the rheological
properties of the rock and especially its strength (Bruner, 1984; Hoskins & Russell, 1981; Nichols &
Abel, 1975).

In material science, the residual strain state is often interpreted concerning its effect on rheology and
material strength (Toribio, 1998; Withers, 2007). Applying this broadly to rock, the inherited measured
general contractional strain state of our Carrara marble can be described as a degree of rock strength.
Rock strength is typically indicated in a stress‐based framework. A first‐order estimate, following
Hooke's law, assuming a Young's modulus of 49 GPa (Alber & Hauptfleisch, 1999), and taking our mea-
sured mean unit cell volumetric strain of −370 μstrain of sample M0, equates to residual stresses of
−18.1 MPa. To exploit residual strain measurements in a stress‐based framework, elastic constants
would need to be measured in the same material as well. In addition, if the estimated general residual
stress state is compressive, like in our Carrara marble sample M0, this would exert indirect tensile stres-
ses at the same time. The magnitude of the indirect tensile stress would be the contractional residual
stress times the Poisson's ratio. Assuming a Poisson's ratio of about 0.19–0.29 (Alber &
Hauptfleisch, 1999) the general residual stress state of our Carrara marble would indirectly stress the
bulk material, in a first approximation, by about 3.4–5.2 MPa. Independent Brazilian indirect tensile
strength tests of the same Carrara marble yield a bulk strength of about 5 MPa (Voigtländer et al., 2017).
Accordingly, we interpret that the rock is near critically prestressed. Additionally induced contractional
strains in the order of −400 μstrain though, could facilitate indirect tensile microcracks. The relaxation
of residual strains is readily accomplished by microcracking, mainly along grain boundaries. The con-
tractive prestressed or prestrained microstructure thus would define the fracture toughness and
long‐term fundamental strength of the rock. Residual strains would, at least partially, define the magni-
tude of external loading or stress intensity required to initiate or progress fracturing in intact rock. This
is discussed in regard to the pretested samples in the following section 4.2.

Despite the uniform residual strain pattern in all spatial orientations along the measured section, we
observed a distinct variation in the magnitudes of residual strains among the three measured crystal lattice
planes, from an average of −435 μstrain in {10

_
14}, to −890 μstrain in {0006}, to −2,015 μstrain in {11

_
20}

(Figure 2). The variation of the magnitude of residual strain in the measured crystal lattice planes can be
attributed to the crystal structure of calcite, which forms the Carraramarble. In crystallographic deformation
experiments, the basal plane c, thus on {0006} <11

_
20>, and especially the prism face<r>, on {10

_
14} <20

_
2
_
1>,

have been determined as common slip planes in calcite crystals (Barber et al., 2007; De Bresser &
Spiers, 1997). While slip along {10

_
14} <20

_
2
_
1> is even active at room temperature and low critical‐resolved

shear stress (De Bresser & Spiers, 1997), c slip has only been found at high temperatures (Barber et al., 2007;
Borg & Handin, 1967). Active slip on these planes would counteract the induction and locking‐in of strain.
Therefore, it can be argued that either during the formation of the Carrara marble less strain energy could
be locked‐in on crystal planes {0006} and {10

_
14} or that time‐dependent relaxation since the Apennine oro-

geny took place preferentially on those planes. In crystal planes {11
_
20}, on the contrary, higher magnitudes

of residual strains can build up because they do not slip, but are in the c slip direction and thus elastic strains
can preferentially be locked‐in along those. The initial lower magnitude of compressive residual strains
makes those crystal planes more susceptible to external forces and conditions and evoke a rheological
anisotropy.
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4.2. Superposition of Residual Strain State by Mechanical and Chemomechanical Pretests

During the inverted single‐edge notch bending creep pretest samples M2, M4, and M5 exhibited various
degrees of macroscopic strain at the notch tip and exhibited a remnant strain upon unloading
(Voigtländer et al., 2018). Thin sections of notch area showed single localized fractures initiated at the notch
in the samples, M2 andM4 tested with water present at the notch during the pretest (Figures 1e and 1f). The
effect of this induced damage, its extent, and the possible mechanisms involved on the residual strain state
we assess by comparing the measured residual strain states against the intact initial residual strain state of
sample M0. Knowing the initial residual strain state of our Carrara marble (Figure 3) we can then speculate
how this might have influenced the progression and extent of damage during the pretest. By this, we ulti-
mately, want to infer the relative role, and control, of internal and external factors on progressive rock fail-
ure. Slight initial variations samples may have implications on the degree of inferred induced and relaxed
residual strains in the pretested samples.

The overall pattern of alteration of the residual strain state by pretesting the samples corresponded to the
loading configuration (Figures 1a and 1b), as expected. In all three samples, spatially heterogeneous super-
position of the initial residual strain state was visible along the vertical axis. The rebound pattern follows the
graded externally applied stress, the principal stress directions, and stress concentrations due to the inverted
single‐edge notch three‐point bending configuration (Figure 1a and 1b). We define the vertical extent of the
superposition of residual strains as the “damage zone” (Figures 4–6). The vertical extent of the induced
strain pattern differs remarkably from the environmental conditions during pretesting. The strongest super-
position of the initial residual strain state is observed along {10

_
14} lattice planes, the least along {11

_
20}. The

magnitude of induction of residual strains corresponds to the variation in the initial magnitude of each mea-
sured crystal lattice planes in the reference M0. Even though the residual strain state is altered by the exter-
nal factors, the overall residual strain states of pretested samples are still in contraction (Figures 4–6).

Spatially variable changes in residual strains of the pretested samples exhibited two levels of internal self‐
constraint, as individual crystallites are unable to expand or contract as they would like in response to
any external loading because of the concomitant expansion and contraction of their neighboring crystallites.
One level is due to the bonded polycrystalline bulk structure of the sample and another due to the interde-
pendency of the calcite crystal axis. The first level we discuss with the focus on crystal lattice planes {10

_
14},

along which we observed the strongest superposition in the samples spatial orientations. Comparing all
three measured spatial orientations, extensional strains in the x direction near the notch or fracture tip
are countered by contractional strains in the y and z directions (Figures 4a, 5a, and 6a). Because our neutron
diffraction measurements were conducted on unloaded samples, the relationship does not follow the
Poisson's ratio as would be expected during loading conditions. Due to the unloading, elastic strains could
rebound at the termination of the pretest where they were not obstructed by any permanent damage around
them in the vertical section. Due to tensile stress concentration near the notches, induced and relaxed strains
showed the strongest deviation in comparison to reference sampleM0 in themajor principal deviatoric stres-
ses in the axial direction of the pretest configuration. This may explain the local extensional strain enhance-
ment near the notch tip in M5, as well as the stronger contractional strain below until the neutral axis
(Figure 4a). The stronger contraction, compared to the mean reference state, would be the effect of the
induced extensional strains in the section above, which instead of rebounding the elastic strain back to
the initial state created a strain shadow or deficit below the permanent deformation. Holzhausen and
Johnson (1979) showed this pattern and response conceptually in analogous experiments of bent beams.
In the three‐dimensional case, the rebound or relaxation of the strain pattern might be less pronounced as
a reduction in one spatial direction can be balanced by an increase in one or another.

The second level of accommodation of the strain change is observed within the crystals structure, as single
axis is not able to rebound freely. This is the type of internal self‐constraint within the crystal axis as has been
described regarding thermal stressing (Meredith et al., 2001). An internal self‐constraint is obvious in com-
parison of the crystallographic planes {0006} and {11

_
20} and the corresponding changes in the unit cell

volume. Because unit cell volume has been calculated from the {0006} and {11
_
20} measurements, corre-

sponding changes of the a and c axes are subsumed within. Within the damage zone of samples M2 and
M4, the unit cell volumetric strain in all spatial directions is close to the initial reference mean strain state
of M0 (Figures 5d and 6d). Inducement or relaxation of strain along one axis was likely balanced by the
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other. Below the damage zone, the unit cell volume strain diverges more, especially in the axial strain.
Within this section, the dominant crystal lattice plane for the strain state is {11

_
20}. Along these lattice planes,

strains could have been built up during the pretesting, as glides and slides, which might relax strain, are
countered by the initially high contractional residual strain magnitudes (Figure 3), resulting in a local strain
enhancement.

The spatial variable introduction and relaxation of residual strains during the pretesting produced a spa-
tial anisotropy within the initially spatially isotropic residual strain state in Carrara marble (Figures 3–
6). It has been observed that spatial persistence of residual strains would be aligned with preferred
orientations of fractures in rocks (Friedman & Logan, 1970; Weinberger et al., 2010; Zang &
Berckhemer, 1989). If the residual strain is spatially inhomogeneous, it is expected that the local strain
may lead to a change in direction of fracture propagation that is not necessarily aligned with the global
stress direction (Friedman & Logan, 1970; Lee et al., 2011). It has been shown for engineering materials,
that the propagation of a single fracture is influenced by the residual strain state at its tip
(Withers, 2015). If the residual strain state at the fracture or notch tip is contractive, it poses a counter-
force against applied tensile stresses and thus retards further fracture propagation. Contrary, in an
extensional residually strained state, fracture propagation is likely to be enhanced (Withers, 2015). If
we take into consideration the initial overall compressive residual strains within the representative ele-
ment volume and the sum of them found in the Carrara marble (Figure 3), they should have counter-
acted the induced extensional strain during the pretesting. The unloaded state we have measured
though shows extensional strain in the dry, and less contractional strains in the wet pretested samples.
Reloading this “new” preexisting strain state would face less resistance to critical deformation and
macroscopic failure, thus the progressive damage state. Implying that these strain or stress components
are additive, then rocks can potentially fail under significantly lower external loads than expected. It has
been shown that hygroscopic or thermally triggered expansion adds to preexisting extensional strains by
mechanical loading (Collins & Stock, 2016; Voigtländer et al., 2018).

The environmental conditions during the pretest seem to have largely affected the mechanisms and pattern
of relaxation and induction of strains, and thus the progressive damage state. While the vertical extent of
superposition of the initial strain state is greatest in wet samples M2 andM4 (Figures 5 and 6), the magnitude
of induced extensional strain is highest in the dry sample (Figure 4). Mechanistic explanations for the intro-
duction and relaxation of residual strains in rocks are still preliminary (Scheffzük et al., 2004; Varnes &
Lee, 1972). The inducement of extensional strains and relaxation of contractional residual strains are prob-
ably complementary and conditioning processes. Similar to the rate and magnitude of subcritical damage
mechanisms, knowledge on the induction or release of residual strain energy over time is still limited
(Chen et al., 2015; Engelder, 1993; Nichols, 1975). In the following, we discuss possible mechanisms regard-
ing the influence of the “dry” and “wet” pretest conditions that (i) build up strain or (ii) lead to relaxation, in
both cases contributing to the progressive damage.
4.2.1. Superposition by Subcritical Mechanical Stress in “Dry” Condition
In the “dry” pretested sample M5 the strain state is particularly altered at the notch and in the axial direction
where tensile stress had been greatest and the geometry fostered stress concentration. The stress was not cri-
tical to initiate a macroscopic fracture, as only some grain boundary decohesion around the notch was evi-
dent in thin section analysis (Figure 1d, Voigtländer et al., 2018). From the microstructural analysis, we
would assume that the sample was still intact and has the same fracture toughness as the untested sample.
From the residual strain measurements though, we see differences in comparison to the reference sample
M0. The residual strain magnitude is reduced and even in extension in the first 5 mm below the notch, in
all three measured crystal planes and an expansion of the unit cell volume in the x direction (Figure 4).
The measured gauge volumes in these millimeters below the notch we call the damage zone. We attribute
these strain states to damage mechanisms which were incomplete in the creation of new surfaces. Even
though inelastic intergranular deformations in calcite, like grain boundary sliding, can be activated at room
temperature (Passchier & Trouw, 2005), it seems that the subcritical loading has not fully facilitated the
necessary critical stress. Thus, they caused no or little relaxation and instead locked‐in extensional strains
(in x direction) by local, probably only partial but permanent plastic deformation like glides, tilts, and twists
of grain boundaries (Platt & De Bresser, 2017). Even small induced deformations would lead to residual
strain buildup due to the dense, brittle, and self‐constraining microstructure of the Carrara marble. It has
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also been shown by Darling et al. (2004) that even though deformations at the grain boundaries make up
only a few percent of the material volume, they can dominate the average lattice strain of the REV.

The residual strain state along the vertical measured section in the dry sampleM5mimics the expected stress
gradient and orientation dependency found in beam theory of material sciences (Holzhausen &
Johnson, 1979; Timoshenko & Goodier, 1970). Below the damage zone, there is little to no superposition.
At the bottom of the samples, where stress magnitudes were also high but due to the loading configuration
in compression, the strain state is close to the mean reference state. This can be expected, as rocks and mate-
rial bonds are generally stronger in compression than in tension (Damjanac & Fairhurst, 2010). Drymechan-
isms to lock‐in strain or to relax are controlled by the applied stress magnitude and mode. Brantut
et al. (2014) showed that failure of rock, though in compression, occurs at the same amount of inelastic
strain, independent of the loading rate. The induced residual strain, although disparate from the use of
inelastic strain as a proxy in the aforementioned study, indicates that the amount of strain (energy) was
not met to initiate a fracture and possibly fail, independent of the longer pretesting period of sample M5 (sec-
tion 2.2). To initiate and progress a fracture in a simple Griffith crack scenario, either the applied stress
would need to be risen or the conditions altered. The introduction of water can readily change the potential
surface energy and shift the Griffith curve from a nonpropagating to a propagating crack (Lawn, 1993;
Sadananda et al., 2017). This could be observed in dry Carrara marble samples loaded in the same testing
configuration which would not fracture and fail at loads ≥80% of the fracture toughness, unless water was
introduced (Voigtländer et al., 2018). This behavior has also been reported for other geomaterial and engi-
neered materials (Malkin, 2012; Rehbinder & Shchukin, 1972).
4.2.2. Superposition by Subcritical Mechanical Stress in “Wet” Conditions
The “wet” pretested samples document the combined influence of subcritical loading conditions and reac-
tive fluid on the residual strain state. In reference to the dry sample M5, the vertical extent of the damage
zones is greater in the wet samples M2 and M4 (Figures 5 and 6). Within these sections the residual strains
are extensional only in the measured crystallographic planes but not for the unit cell volumetric strain.
Residual strains in the x direction are superimposed to a less contractional state in reference toM0. In micro-
structural thin section analysis of the notch area localized developing fractures were visible in both samples.
The visible fracture tips were at a depth of ~12 mm in M2 and ~16 mm in M4 (Figures 1e and 1f). The frac-
tures are localized and follow grain boundaries (Voigtländer et al., 2018). Regarding the mechanisms alter-
ing the residual strain state, the creation of traction free surfaces by a progressed fracture is assumed to be a
key control (Friedman & Logan, 1970; Nichols & Abel, 1975). However, in our samples, the effect of the local
relaxation of residual strains seems to be weaker on the bulk measurement than the introduction of strains,
where a small fraction of grain boundaries affect the gauge volume (Darling et al., 2004). The general
assumption that microcracks and fractures relax internal elastic strains by creating traction‐free surfaces
may only be confirmed (i) at the very local level and (ii) for cracks near free surfaces where they can result
in volumetric extension. As the initiation or progression of a fracture entails the redistribution of the stresses
that caused the process in the first place. However, the localized fracture is within bulk material where crys-
tallographic planes are still in contraction. In the interior of the sample, the concomitant grains around the
narrow fracture path dominate the residual strain state of the measured gauge volume. In the vicinity of the
fracture tips, we observe more extensional strain states, similar to the notch area in the dry sample, indicat-
ing the introduction of elastic strains, without the creation of new surfaces. Another, not yet further inves-
tigated feedback could arise from fracture energetic perspective because residual strain stores energy which
will likely affect the dynamics of brittle fracturing by providing additional fracture energy if released (Davies
et al., 2012; Hill, 1963). As brittle intergranular damage can release stored strain energy, its dissipation con-
tributes to further brittle fracture progression or the induction of strains ahead of the fracture (Lawn, 1993;
Withers, 2015).

The combined effect of the mechanical loading and the wet conditions in samples M2 and M4 likely lead to
the initiation of the fractures observed in the thin sections. During the pretesting, material bonds were
mechanically strained in extension, which likely lowered the activation energy for chemical reactions,
resulting in the rupture of the bonds and the progression of the fracture at loads ≥80% of the fracture tough-
ness. This is in agreement with Griffith flaw extension theories (Lawn, 1993; Sadananda et al., 2017). Though
the slightly higher deadweight loading in comparison to the dry pretested sample (80–85% compared to 77%
KIC) cannot completely be ruled out of having had an effect, chemomechanically enhanced subcritical crack
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growth in our pretesting configuration would have caused a positive feedback on the stress intensity, at the
same loads. Chemical and mechanical reasons for enhanced damage and strain changes in rocks in wet
environments have traditionally been discussed separately. Stimulated by material sciences research, the
interactive nature and positive feedback of chemical and mechanical mechanisms have recently raised
increasing interest. Stress corrosion cracking has been introduced to geosciences and is assumed to be an
important control in rock mechanics and Earth surface processes (Atkinson & Meredith, 1987; Brantut
et al., 2013; Eppes & Keanini, 2017). Stress corrosion cracking is an umbrella term for mechanisms which
involve lowering of the activation energy for chemical processes, by thermal or mechanical strain energy.
In the case of calcareous Carrara marble, the chemical process would be dissolution. In rock mechanics
application, the enhancement of this chemical process is generally considered to be due to externally applied
stress. The effect of residual strains have been mentioned but not included in numerical models or interpre-
tations of stress corrosion tests (Atkinson & Meredith, 1987; Potyondy, 2007). In material sciences, residual
strains have been recognized to be integral parts of these chemically enhanced progressive fracture mechan-
isms, especially if the strain state is extensional (Toribio, 1998; Withers, 2007). General enhancement of dis-
solution kinetics due to strain or stress concentration has been experimentally demonstrated in calcite
crystals (Schott et al., 1989). Based on the initial contractional residual strain state we would expect that they
delayed stress corrosion mechanisms in our “wet” pretested samples M2 and M4 until induced extensional
strains outpaced the residual strains and lowered the reactivity limit. Residual intergranular strains, their
magnitude, and sign as well as their variation in the measured crystallographic planes, could mechanisti-
cally explain observed general effects of stresses on chemical kinetics and the anisotropy of crystal reactivity,
in dissolution and weathering (Pollet‐Villard et al., 2016; Wheeler, 2018).

Besides chemical effects, there seems to be a mechanical effect of water on the superposition of residual
strains. The wetting of weakly interlocking grain boundaries can lower the resistance to friction, by lubrica-
tion and wedging (Baud et al., 2000; Nicolas et al., 2016). While dry slides would be built up strains by friction
and wear, wet, lubricated, smooth interfaces can glide along each other without the inducement of new
strains (Homola et al., 1989; Violay et al., 2014). This can explain the remaining overall, and average contrac-
tional unit cell volumetric strain state of the wet samples (Figures 5d and 6d), although samples M2 and M4
exhibited greater vertical damage extent than dry sample M5. Likewise, the lower overall extensional resi-
dual strains observed in wet samples may derive from more efficient relaxation after the pretests, as grain
boundaries slides could be reversed. While we observed chemomechanical enhancement of subcritical crack
growth, the presence of water also mitigates strain built up or the locking‐in of extensional strains. This
effect has not been described before but may play an important role especially in progressive rock failures
in the upper crust, where water is ubiquitously present.

5. Conclusions

We addressed the impact of residual strains on progressive rock failure, a subject of considerable field,
experimental, and numerical studies. The importance of internal controls on progressive rock failure has
been stressed in hazardous rock slope failures, but concepts and proxies to assess them have not yet been
clear (Bjerrum & Jørstad, 1968; Krautblatter & Moore, 2014). Progressive rock failure studies in the context
of building materials such as Carrara marble façade panels have highlighted material properties and the
internal state (Koch & Siegesmund, 2004; Siegesmund, Ruedrich, et al., 2008). They showed how the extent
of progressive damage is controlled by environmental conditions. It could be shown that the bowing poten-
tial of these panels can be linked tomaterial properties including residual strains (Scheffzük et al., 2004). Our
study differs from previous work on progressive rock failure in that it considers internal controls and the
change thereof in a systematic and conceptual framework. We assessed the internal state with the proxy
of residual strain states, measured with neutron diffraction techniques. The results from our study provide
first insights into the residual strain state of Carrara marble and the superposition by mechanical and che-
momechanical alteration in relation to what is commonly referred to as the stress memory.

We further documented the relationship between the initial state and the response of the rock to external
loading. Results also show how dry or wet pretesting conditions affect the damage mechanism and the
resulting transient residual strain state. Our experiment demonstrates that subcritical mechanical and che-
momechanical external loading can relax stored contractional residual strains and induce extensional
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strains in Carrara marble samples. We, therefore, hypothesize, that the initial residual strain state defines
the general efficiency of external drivers to progressively weaken the rock. Our results show that the overall
residual strain state of our Carrara marble is contractional, and thus provides an initial counterforce toward
extensional stresses. The homogeneous and isotropic initial state of the rock is readily superimposed and a
spatial anisotropy in the strains introduced. Varying magnitudes of residual strain along the measured crys-
tal lattice planes also indicate a microstructural anisotropy, which is likely exploited by external conditions
and loading.

We could show how, in principle, internal states can be investigated. For the study of progressive rock fail-
ure, this implies that both time dependency as well as internal state dependency need to be considered and at
best be quantified. Quantification of the residual strain states of rocks thus helps to explore a wide range of
challenges and characterize mechanical and rheological properties of rocks. Residual strain states could also
be used to define the initial material strength, independent of an applied stress, and extensional strains could
be used to describe internal damage states. Neutron diffractionmethods, therefore, contribute to better char-
acterize the internal state of rocks and anticipate progressive rock failures.

Data Availability Statement

Supporting information S1 can be obtained from the journals homepage and contains additional Figures S1,
S2, and S3. Data can be accessed via this site (http://doi.ill.fr/10.5291/ILL-DATA.1-02-149).
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