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The precursory acceleration of deformation is widely validated as a method
for predicting the failure time. Damage evolution inside rocks generally results in com-
plex strain patterns in the vicinity of failure and various responses of deformation
in different directions. However, it is still unclear what the differences and similar-
ities are during the evolution of strain components. In this paper, we compare the
evolving properties of strain components in different directions based on experiments
of sandstones under uniaxial compression. It is shown that the temporal patterns of
vertical strains are much more complex in spatial distributions than that of horizontal
strains. The horizontal strain presents two kinds of time courses characterized by pre-
cursory accelerations in both the strain localized zone and its surrounding areas, and
the evolution without accelerations in positions is far from the strain localized zone.
However, the vertical strain components corresponding to loading direction present
complex evolving patterns with five kinds of time courses. The final amplitudes of
horizontal strains are much higher than vertical components. Horizontal strains fol-
low the power law acceleration with the well-defined exponents, but the exponents
for vertical components are more scattered. Thus, horizontal strains can be applied
to predict the failure time.
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1. Introduction

Understanding the deformation pattern evolving to catastrophic

failure in rocks is fundamentally important for describing the process to frac-
turing in geomedia and identifying the evolving trend to natural disasters in
crust such as earthquakes, landslides, and volcanic eruptions. Crustal deforma-
tion monitoring [1, 2] and measurements of the deformation evolution of rocks
tested in lab [3–6] have shown the complexity and heterogeneity of evolution in
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deformation patterns are related to earthquakes, volcanic eruption, and rock fail-
ure. Monitoring the evolution of a heterogeneous deformation field of rocks is cru-
cial to reveal the failure mechanism and recognize the route to catastrophic fail-
ure. Field monitoring such as GNSS (Global Navigation Satellite System) [7–9]
and InSAR (Interferometric Synthetic Aperture Radar) [8, 10] indicates that
deformation localizations occur in fault zones. In laboratory experiments, the
digital image correlation technique (DIC) has been widely applied to measure
the deformation field [11]. In such a technique, subsets of the deformed images
are numerically correlated with the reference pixels used to determine full field
surface displacements. Displacements are determined from the positional differ-
ences between the centers of the reference and target subsets [12, 13]. Strain
field measurements of deformed rocks illustrate the initiation and propagation
process of localized zones [3, 4, 14, 15]. After an initial deformation phase char-
acterized by random and weak fluctuation, the localization zone nucleates where
the macroscopic failure finally occurs [3, 4, 16]. Strain localization is a key mech-
anism of catastrophic failure in rocks and serves as a precursor of the fracture
plane formation [3, 4, 17]. However, the relationship between the strain field
evolution and the final macroscopic failure is still unclear.

Based on the field data and experimental results, deformation, and other
response quantities such as acoustic emissions and seismicity, usually present
precursory accelerations that are described by Voight’s relation [18–20], that is,

(1.1) Ω̇−αΩ̈ = A,

where Ω is a monitoring response quantity such as deformation, acoustic emis-
sion, or seismic event, α indicates the degree of acceleration, and A is a con-
stant. The superscript dot represents the first-order derivative or the second-
order derivative of Ω with respect to time t.

Equation (1.1) can be further rewritten as

(1.2) tf = k1/β(dΩ/dt)−1/β + t

with k = [A(α − 1)]1/(1−α) and β = 1/(α − 1) [21, 22]. Such a failure fore-
cast method [21–26] has been demonstrated by retrospective prediction of fail-
ure in laboratory experiments [27–31], landslides [32–34], volcanic eruptions
[18, 20, 35–37], and structural health monitoring [38]. However, it is unclear
whether the different components of strains present a similar trend approaching
catastrophic failure.

Heterogeneous evolution of deformation is a pervasive phenomenon in failure
processes of rocks [3, 4, 14, 15, 17, 39–44]. Deformation of rocks generally undergoes
an early almost homogeneous spatial distribution with weak fluctuation, then the
nucleation of a localized zone, and propagation of the localized zone that finally
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leads to catastrophic failure [3, 4, 45, 46]. This evolving process of localization
could involve the competition and selection of several nucleated localized zones,
which results in the complex deformation evolution inducing catastrophic failure.
Distinguishing the spatiotemporal evolving properties of different components of
strains is still a challenge although it is a fundamental requirement for improving
failure prediction and understanding mechanisms of catastrophic failure.

Energy release is another key mechanism of catastrophic failure. Catastrophic
failure of a localized zone is driven by deformation energy release from zones
outside the localized zone [3, 4, 47–49]. This could lead to various strain spa-
tial responses and varieties of strain components in different directions. With
the deformation field getting more heterogeneous in rocks, strain patterns and
their evolution become more complex. Heterogeneous damage, localization, and
its propagation result in a complicated stress redistribution in rocks. The spe-
cific responses of different strain components to catastrophic failure and their
differences in precursory trends are still not highlighted.

In this paper, we illustrate similarities and differences in the spatiotemporal
evolution of strain components in the two perpendicular directions of surface
strains through DIC measurements of surface deformations in deformed sand-
stones under uniaxial compression, with special focus on comparing the evolving
trends of strain components approaching to the catastrophic failure time.

2. Test materials and experimental methods

2.1. Test materials

The test material used in this study is yellow sandstone from Beijing, China,
with a grain size of about 10µm (Fig. 1a). These sandstones were cut into pris-
matic samples with a height of 40 mm and a cross-section of 16×18mm2 (Fig. 1b)
using the GCTS RLS-100 model (Fig. 3a) rock auto-cutter. The error of uneven-
ness of the upper and lower ends of a specimen was controlled to be within
0.03 mm, and the error along the height, length and width of the specimen was
less than 0.3mm, with the maximum deviation of the end faces not exceed-
ing 0.25◦. To determine the compressive strength and wave velocity of this type
of rock, the sample was placed between two parallel indenters of the testing
machine and pressure gradually increased. The maximum stress at failure, de-
termined by the recorded force-displacement curve, is defined as the compressive
strength (Fig. 2). The KON-DZY model (Kangkerui, Beijng, CN) was used in
the non-metallic ultrasonic measurement on an average wave speed (Fig. 3b).
During the test, we first applied petroleum jelly on both sides of a rock sam-
ple to improve the transmission efficiency of ultrasonic waves, and then placed
ultrasonic probes on both sides of the sample. By recording the time for ultra-
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Fig. 1. Images of a sample and the experimental setup, with (a) scanning electron
microscope photos under the magnification of 5000×, (b) the artificial speckle pattern on the

surface of sandstone, and (c) the experimental setup.

sonic waves travelling from one probe to the other and the distance between the
two probes, the wave velocity was calculated. Here the average wave velocity is
the mean value obtained by repeating this process at different locations of the
sample. The indoor test physical-mechanical parameters, i.e., the average com-
pressive strength and wave velocity, were 69.03±5.61MPa and 2.99±0.09 km/s,
respectively.

Fig. 2. The typical force versus time curves for five rock samples.

2.2. Loading methods and measuring devices

As shown in Fig. 1, for uniaxial compression experiments, the Instron 5982
model (Fig. 1c) universal testing machine (Instron, Norwood, MA, USA) was
used, with a maximum load of 100 kN and the accuracy of a mechanical trans-
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Fig. 3. Equipment for cutting rocks and detecting the wave velocity, with (a) the automatic
stone cutting machine, and (b) the non-metallic ultrasonic detection analyzer.

ducer was 0.0001 N. The experiment was loaded through displacement control.
Considering that the surface of a specimen cannot be flat, we firstly loaded the
specimen slowly at a speed of 0.1 mm/min to avoid the eccentric compression and
stress concentration due to uneven contact between the indenter and the upper
surface of the specimen. Loading stopped when it reached 3 kN, and the sample
was unloaded after being held for six minutes. This process repeated for three
times. Then, the crosshead of the tester continued to move at a constant speed
of 0.1mm/min (Fig. 1c) to uniaxially compress the sandstone sample along the
height direction until macroscopic failure. Figure 4 illustrates the failure pho-
tographs overlaid with contour plots.

Fig. 4. The strain field just before failure for (a) specimen 1 and (b) specimen 2, where the
strain field is superimposed on the failure photo of a tested specimen.
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Artificial speckle patterns were applied on the surface of sandstone specimens
by spraying with white matte paint. The images were captured at a frequency
of 30 Hz with a 2048 × 2048 pixel camera positioned in front of the surface of
a specimen, and DIC was used to match the subsets of two captured images with
speckle patterns. The subsets of deformed images were numerically correlated
with the reference subset to determine the full-field surface displacements using
the correlation software PMLAB (Fig. 1c) developed by the University of Science
and Technology of China (Hefei, China). The subset and step size are two key
parameters in the correlation analysis. The subset size was adopted as an image
window tracked by the correlation algorithm in terms of motion and deformation.
The solution provides displacement components at the center of each subset.
The step size is the distance between the centers of two nearest subsets. In
these studies, the subset and step sizes were 29 and 4 pixels, respectively. The
displacement fields were determined by the positional differences between the
centers of the reference and target subsets.

3. Comparison of time courses of εx, εy and εxy evolving to failure

Five samples were tested, but for simplicity, only the results of two samples
were chosen and discussed in detail. Figure 4 shows the localized region coincid-
ing with the specimen failure contour. Under uniaxial compression of sandstones,
deformation localization and its propagation dominate the failure process. De-
formation processes were characterized by compaction in the vertical (y) com-
pression direction and expansion in the horizontal (x) direction. According to
strain spatial distributions and localization propagation illustrated by contours
of strains εx, εy, and εxy, four marked and numbered representative locations
(see inserts in Figs. 5 and 6) were selected to illustrate differences and similarities
of their responses.

3.1. Time courses of horizontal components (εx) of strains characterized
by two stages

Figures 5a and 6a plot the time courses of horizontal components (εx) of
strains at four typical positions. Horizontal deformations are dominated by ten-
sion strains and the amplitudes of εx decrease with distances from the localized
zone. Positions (e.g., position 1 in Figs. 5a and 6a) far from the localized zone
deform slowly with low strains. With distances closing to the localized zone,
horizontal components, εx, of strains increase and present obvious accelerating
trends with approaching the failure time (e.g., positions 2 and 3 in Figs. 5a
and 6a). At these positions, horizontal components, εx, of strains show two typ-
ical stages characterized by an early slow evolving stage with small and random
fluctuation and a final accelerating stage in the vicinity of failure time.
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3.2. Spatial distributions of time courses of vertical components (εy) of strains

Time courses (Figs. 5b and 6b) of vertical components (εy) of strain show
much more complex patterns in spatial distributions. Vertical components (εy)
of strains are characterized by compactions owing to the uniaxial compression
load along this direction. Figures 5b and 6b show a more complex pattern of εy in

Fig. 5. Spatial distributions of typical time courses of (a) εx, (b) εy and (c) εxy in
specimen 1, where the numbered dots denote positions at the calculated time courses of

strains.

Fig. 6. Spatial distributions of typical time courses of (a) εx, (b) εy and (c) εxy in
specimen 2, where the numbered dots denote positions where the calculated time courses of

strains.
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spatial distributions. Strain components, εy, in some positions (e.g., positions 1
and 4 in Figs. 5b and 6b) characterized by the decrease of strain indicate the
recovery of strains in y-direction. The strain εy of some positions (e.g., positions 2
and 3 in Figs. 5b and 6b) transits from deceleration to acceleration in the vicinity
of failure. To illustrate the evolution in detail, the contour maps of different
moments of position 2 in specimen 2 were selected and analyzed (see Fig. 7),
which shows the recovery of strain to the continuation of loading.

Fig. 7. The variation of εy along the vertical direction at position 2 in specimen 2, and the
corresponding contour plots at five typical moments. (a) The change of εy along the vertical
direction at position 2, with inset the last failure contour photograph. (b) The evolutionary

contour plots for five typical moments (the enlarged area in the black box in the contour plot
of inset in (a)).

3.3. Time courses of shear strains (εxy) characterized by two stages

Figures 5c and 6c plot time courses of shear strains (εxy) at four typical
positions. At these positions, εxy shows almost a similar evolving trend to the
horizontal strain component of εx. Here it is worth noting that, in contrast to εx,
shear strains εxy at the position 1 in Figs. 5c and 6c also exhibit the precursory
acceleration approaching the failure time. At all positions, shear strains, εxy,
show two typical stages characterized by an early slow evolving stage with small
and random fluctuation and a final accelerating stage in the vicinity of the failure
time.

3.4. Response differences in εx, εy and εxy at the same locations

Five different pairs of time histories in εx, εy and εxy at the same positions
were observed in experiments. To clarify the similarities and differences of strain
responses in various directions at a given position, Figs. 8 and 9 illustrate the
typical evolution of εx, εy and εxy in five typical individual positions. It indi-
cates that εxy shows almost a similar trend to εx at any individual position.
Thus, the following discussion is mainly focused on the comparison between εx
and εy. However, it should be noted that final amplitudes of εx are much higher
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Fig. 8. (a) The strain field in specimen 1 and the corresponding time courses of εx, εy and
εxy at labelled (b) A, (c) B, (d) C, (e) D, and (f) E points in (a).

than that of εy and εxy. Here, inflation responses of tested sandstones are much
clearer and more susceptible than compactions. Time courses of εx are charac-
terized by two stages of earlier linear and accelerating stages (as seen in Figs. 8
and 9c–f) or only a linear process without acceleration (as observed in Figs. 8b
and 9b).

In contrast, the spatial distributions of time histories of εy are much com-
plex with strain localization and its propagation. As shown in Figs. 8c, 8d, 9c
and 9d, εy at positions B and C where the high strain zone nucleates shows the
evolution with three stages: initial acceleration, linear, and final acceleration. At
the position D to which the high strain zone later extends, the time course of
εy presents four stages (Figs. 8e and 9e): initial acceleration, linear increasing,
decreasing, and finally transition to acceleration till failure. The strain εy at the
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Fig. 9. (a) The strain field in specimen 2 and the corresponding time courses of εx, εy and
εxy at labelled (b) A, (c) B, (d) C, (e) D, and (f) E points in (a).

position A that is far from the final strain localized zone always shows a linear
and slow evolving trend (Figs. 8b and 9b). For positions (e.g., the position E in
Figs. 8f and 9f) near the strain localized zone, the strain component εy in the
y-direction decreases following the linear stage. Therefore, the position transits
to releasing the stored strain energy before failure.

It is seen that the horizontal strain exhibits the regular evolution approach-
ing failure, which is characterized by strain accelerating to failure in the strain
localized zone and its surrounding areas. In the region far from a strain local-
ized zone, strain evolves slowly without acceleration. However, the vertical strain
component corresponding to the loading direction presents a complex evolving
pattern in spatial distributions. The strain εy in areas nearby the localized zone
presents strain recovering, but εx does not show an unloading process.
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4. Precursory power law acceleration of εx and εy and the failure time

prediction

4.1. Precursory power law acceleration behaviors of εx and εy

It is widely validated [18–20, 30, 34, 50–52] that the precursory acceleration
of responses, such as deformation [50, 52], and acoustic emission [30], can be
described as a power law relationship with respect to the failure time [18–20].
Figures 10, 11, 12 and 13 plot the double logarithmic relationships of strains of
εx and εy versus the time to failure at typical positions for four samples with
different peak forces and failure times. Linear parts in the vicinity of the failure
time indicate the power law relationship works well in all these positions.

Fig. 10. The double logarithmic curves of the strain rate versus (tf − t) in specimen 1, with
the precursory power law behaviours and exponents for (a) εx and (b) εy.

Fig. 11. The double logarithmic curves of the strain rate versus (tf − t) in specimen 2, with
the precursory power law behaviours and exponents for (a) εx and (b) εy.
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Fig. 12. The double logarithmic curves of the strain rate versus (tf − t) in specimen 4, with
the precursory power law behaviours and exponents for (a) εx and (b) εy.

Fig. 13. The double logarithmic curves of the strain rate versus (tf − t) in specimen 5, with
the precursory power law behaviours and exponents for (a) εx and (b) εy.

The least-square fitting method was used to fit the critical power law expo-
nent. The data points used for fitting were determined according to the princi-
ple of the maximum correlation coefficient [30, 52]. Values of the critical expo-
nents, β, of accelerations of εx show smaller scatters than εy.

4.2. Failure time prediction

To validate different responses at the same position, retrospective predictions
were performed based on a rewritten form of Eq. (1.2), that is,

(4.1) (dε/dt)−1/β = k−1/β(tf − t).

A “cumulative time technique” [22] was applied to perform prediction. Each fit-
ting starts from the same fixed time in the precursory acceleration phase but
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ends at every individual time. Consequently, the number of data points used for
fitting increases with time as it approaches the failure time. The failure time is
assumed to be unknown and only the data preceding an individual time were

Fig. 14. The predicting process and predicted results in specimen 2 for (a) the horizontal
strain rates and (b) the vertical strain rates, where scattered cycles are experimental data.

The solid lines indicate the fitted results and the intersection point with the time axis is the
predicted results.

Fig. 15. The predicted results approaching to the catastrophic failure time based on (a) the
horizontal and (b) vertical strain rates in specimen 1, respectively. The inset shows four

representative positions where strain rates are used for prediction.
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chosen in the projection – all “future” data were ignored – allowing the true
prediction to be made. A linear least-squares method was adopted to obtain the
best fit linear trend. The trend is then extrapolated to determine the predicted
failure time. To demonstrate the prediction process, the analytical results from
specimen 2 are given, with the fitted linear correlation coefficient r2 being used
to evaluate the linear regression model. The intersection of the red fitting line
with the time axis is the predicted results. As seen in Fig. 14, the linear correla-
tion coefficients become larger and larger as the number of data points increases.
This suggests that as the number of data points increases, the trend of the data

(a) (b)

Fig. 16. The predicted results approaching to the catastrophic failure time based on (a) the
horizontal and (b) vertical strain rates in specimen 2, respectively. The inset shows four

representative positions where strain rates are used for prediction.

(a) (b)

Fig. 17. The predicted results approaching to the catastrophic failure time based on (a) the
horizontal and (b) vertical strain rates in specimen 4, respectively. The inset shows three

representative positions where strain rates are used for prediction.
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(a) (b)

Fig. 18. The predicted results approaching the catastrophic failure time based on (a) the
horizontal and (b) vertical strain rates in specimen 5, respectively. The inset shows three

representative positions where strain rates are used for prediction.

evolution becomes more consistent with the linear model. The closer prediction
result is the actual failure time. Figures 15, 16, 17 and 18 show the predicted
results with the sampling time approaching failure. It is obvious that the pre-
dicted results of both εx and εy at these positions consistently converge to the
actual value with the time closing to failure, however. the rates of εx give the
better prediction than εy.

5. Discussion

5.1. Complex temporospatial patterns of deformations in the vicinity of failure
time

Many methods such as GNSS [7, 53, 54] and SAR [55, 56] techniques have
been developed to monitor surface deformations. Recognizing the relationship
between the deformation field evolution and failure is fundamental for its pre-
diction and understanding of the failure mechanism [3]. For the rock mass where
numerous pre-existing flaws exist, advanced numerical simulations should be per-
formed to locate and trace the plastic zone and the internal crack growth path,
which can provide a useful guidance for the monitoring positions [57]. Our re-
sults declare that deformations of rock present complex evolution patterns in the
vicinity of the catastrophic failure. Some positions show the decrease of strains
as approaching the failure time, the others present two transitions where strain
first transits from acceleration to deceleration and finally returns to accelera-
tion. However, there are still some positions far from the localized zone, with
no obvious changes in response to failure. These properties challenge the task of
identifying the precursory acceleration based on monitoring the spatial deforma-
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tions. This also suggests that selections of monitoring positions are crucial for
identifying the precursory responses to catastrophic failure like earthquakes and
landslides.

Localization is a key precursor of rock failures [3, 15, 17, 42, 43], which
results in uncertainty [3, 4]. Evolution of localization can be characterized by
occurrence and propagation of high strain zones. Our results show that different
strain components have different spatial evolving patterns. This implies that
sizes and distributions of strain localized zones are different for various strain
components.

5.2. The preferable response quantity for failure prediction

A central problem for failure prediction is to find a reliable precursory sig-
nal [58–60]. The complex deformation pattern and its evolution induced by the
heterogeneity of rocks result in uncertainty of precursory signals. Our results
highlight the different spatial distribution properties of strain components in var-
ious directions in response to catastrophic failure. For tested sandstones, strain
components, εy, at the compression load direction involved a combination pat-
tern of load in the localized zone characterized by the increases of εy and unload
behaviors in some positions close to the localized zone characterized by the de-
crease of εy, in response to failure propagation and localization evolution. In
contrast, the expansion strains do not show any unload response. These findings
give insights to recognize the strain field evolution in response to failure propa-
gation and suggest clues to distinguish a precursory process of deformations for
failure prediction based on monitoring surface deformations.

In the present experiments of sandstones, expansion strains and rates show
much higher amplitudes than compressive and shear strains. This is also seen

Fig. 19. The evolution of average vertical strains versus horizontal strains. The linear part
in the early phase gives an estimation of Poisson’s ratio of the tested sandstone as ∼0.30.
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from the evolution of average vertical strains versus horizontal strains, as shown
in Fig. 19. Based on the linear part in Fig. 19, Poisson’s ratio of the tested
sandstone can be estimated as ∼0.30. This is important to distinguish or rec-
ognize the precursory signals from normal background signals [58, 59] during
field monitoring. The uncertainty of singularity exponents causes difficulty in
predicting the failure time [22, 52] based on the precursory power law accel-
eration behaviors. Our results show that the precursory power law accelera-
tion of horizontal strain rates presents a more consistent value of exponents
than the vertical strain rates. Also, prediction based on precursory accelera-
tion trends of horizontal strain gives a better warning to failure than the ver-
tical strain. These results imply that expansion rates, are a preferable response
quantity for failure prediction in comparison with the compression rates for
sandstones.

5.3. Heterogeneities and precursory power law singularity

The catastrophic failure of brittle rocks involves nucleation, propagation,
interaction, and coalescence of micro-cracks in different scales, characterized by
a nonlinear evolving process of response quantities. Differences of existing micro-
faults and structures inside rock bodies result in differences of failure processes
from sample to sample and sample-specific properties of nonlinear evolution of
forces and deformations. As shown in Fig. 2, the force curves of these tested sam-
ples made by the same kind of sandstone, their peak forces, and failure times
exhibit obvious heterogeneities because of differences in time series of micro-
cracking events (much smaller than the macroscopic failure event) appearing in
the failure process of different samples. It should be noted that, however, the
coalescence of heterogeneously distributed micro-cracks in rock samples induces
a nonlinear acceleration process of response quantities approaching the catas-
trophic time, which serves as a warning signal for the impending catastrophic
event and is helpful for predicting the failure time. Our results show that the pre-
cursory acceleration trend of approaching the catastrophic time presents a com-
mon power law relationship with respect to the time-to-failure (Figs. 10–13),
but the power law exponents β of these samples do not share a consistent value.
It has been demonstrated that the common power law singularity of response
rates in the proximity of the catastrophic time is governed by the energy cri-
terion of catastrophic failure, which can be interpreted with a power function
approximation [50, 52]. The variation of the power law exponent β represents
different-order contacts to a catastrophic rupture process without an external
work input [52], determined by the degree of a local stress controlling the dam-
age evolution [61].
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6. Conclusions

In present uniaxial compression tests on sandstones, strain components in
vertical (compression direction) and horizontal directions, as well as shear strains,
show different time course patterns. The final amplitudes of horizontal strains are
much higher than that at the vertical direction and shear strains. Thus, inflation
responses of tested sandstones are clearer and more susceptible than compressive
and shear strains. Horizontal strain of surface deformations shows two typical
kinds of time courses with evolving to the failure time: (1) the obvious precursory
acceleration following the early linear evolution in and nearby the localized zone,
and (2) the linear and slow evolution without an accelerating process in positions
far from the localized zone. In contrast, vertical strain components exhibit much
more complex evolution patterns with five kinds of time courses. The vertical
strain components in some positions decrease, manifesting the recovery of strains,
however, such a kind of response is not observed in the horizontal strain.

Even at the same position, horizontal and vertical strain components, as
well as shear strains, show different responses with approaching the failure time.
In the vicinity of failure, vertical strain components at some positions transit
from acceleration to deceleration or decrease rapidly, but the horizontal strain
component and shear strains present a monotonic acceleration.

For precursory power law accelerations, horizontal strain shows consistent
power law exponents at different spatial positions than vertical components.
Retrospective predictions imply that the horizontal strain rates present a better
warning for the failure time.
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