© Birkhéuser Verlag, Basel, 2004

Pure appl. geophys. 161 (2004) 2405-2416 - .
0033 -4553/04/122405— 12 I Pure and Applied Geophysics
DOI 10.1007/500024-004-2572-8

Load-Unload Response Ratio (LURR), Accelerating Moment/Energy
Release (AM/ER) and State Vector Saltation as Precursors
to Failure of Rock Specimens
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ZHISHEN Wu'*, MIN Li', KEYIN PENG'?, SURGEY EL1zAROV®, and Q1 Li'*

Abstract—1In order to verify some precursors such as LURR (Load/Unload Response Ratio) and
AER (Accelerating Energy Release) before large earthquakes or macro-fracture in heterogeneous brittle
media, four acoustic emission experiments involving large rock specimens under tri-axial stress, have been
conducted. The specimens were loaded in two ways: monotonous or cycling. The experimental results
confirm that LURR and AER are precursors of macro-fracture in brittle media. A new measure called the
state vector has been proposed to describe the damage evolution of loaded rock specimens.
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1. Introduction

The CPH (Critical Point Hypothesis) considers earthquake rupture as a critical
point (VERE-JONES, 1977; SORNETTE and SORNETTE, 1990; SORNETTE and SAMMIS,
1995; BOWMAN et al., 1998; RUNDLE ef al., 1999; JAUME and SYKES, 1999).
According to CPH the crust is not in a continuous state of criticality, but
repeatedly approaches to and retreats from a critical state. During the establish-
ment of criticality the crust must be characterized by both susceptibility to external
factors (WEI ef al., 2000; XiA et al., 2002) and strong correlation between its
different parts. The former will lead to triggering of earthquakes by tidal stress
(GrAssO and SORNETTE, 1998) and consequently anomalously high values of

' LNM (State Key Laboratory of Nonlinear Mechanics), Institute of Mechanics, CAS, Beijing,
100080. E-mail: xcyin@public.bta.net.cn

2 CAP (Center for Analysis and Prediction), China Seismological Bureau, Beijing 100036.

3 Joffe Physical Technique Institute, Russian Academy of Sciences, Petersburg, 194021, Russia.
E-mail: Victor. Kuksenko@pop.ioffe.ssi.ru

4 Ibaraki University, Japan. E-mail: zswu@ipc.ibaraki.ac.jp

5 Yunnan Province Seismological Bureau, CSB, Kunming 650041. E-mail: xuzhaoyong@netease.com

¢ Interunis Ltd, Prospect Mira, 78, 40, Moscow, Russia. E-mail: serg@interunis.mtu-net.ru



2406 Xiang-Chu Yin et al. Pure appl. geophys.,

LURR (YIN and YIN, 1991; YIN, 1993; YIN ef al., 1994, 1995, 1996, 2000, 2002)
are observed prior to large earthquakes. The latter will lead to establishment of
long-range correlations in the regional stress field (SYKES and JAUME, 1990;
RUNDLE et al., 1999; Sammis and SMITH, 1999; MoORA and PLACE, 2000, 2002;
WEATHERLEY, 2002) and accelerating seismic activity of moderate-sized earth-
quakes (ELLSWORTH et al., 1981; KEILIS-BOROK, 1990; SORNETTE and SAMMI; 1995;
KNOPOFF et al., 1996 and BOWMAN et al., 1998) and equivalently, the accelerating
seismic release prior to large earthquakes follows a power-law time-to-failure
relation — AMR/AER (BUFE and VARNES, 1993; BOWMAN ef al., 1998; JAUME
and SYKES, 1999). Various research groups have tested LURR and AMR/AER
using seismological observations. In the present work we will test LURR and
AMR/AER using acoustic emission (AE) data recorded during rock fracture
experiments since there are striking resemblances between acoustic emissions (AE)
and earthquakes.

Four tri-axial compression experiments involving rectangular prisms of two kinds
of rocks (Wuding gneiss and Wuding sandstone) have been conducted. Wuding
gneiss has a Young’s modulus of E =27 GPa, Poisson ratio v = 0.26, density
p = 2.6 x 10° kg/m? and compressional wavespeed ¢ = 3200 m/s. Wuding sandstone
has a Young’s modulus of E =11 GPa, Poisson ratio v =0.26, density
p = 2.2 x 10° kg/m* and compressional wavespeed ¢ = 2150 m/s. The geometry of
the specimens are 105 x 40 x 10 cm® for gneiss and 105 x 40 x 15 cm? for sandstone
(see Table 1).

The specimens are loaded in two directions: the axial stress oy and lateral stress o5

Another principal stress g3 is zero so that:

o1 # 02 # 03.

In other words, the stress state is a tri-axial stress state (Fig. 1). Under such a stress
state all of the specimens undergo shear failure.

The loading history in our experiments has two types: monotonous loading
(Fig. 3, top chart) and cycling loading (Fig. 2, top chart).

Table 1

Parameters of tested specimens

Type Sample Geometry (cm?) Lateral Axial Z
Gneiss Gl 105 x 40 x 10 5.6 MPa Monotonously 0.46
Gneiss G2 105 x 40 x 10 5.6 MPa Cycle loading 0.45

Sandstone S1 105 x 40 x 15 3.73 MPa Monotonously 0.29

Sandstone S2 105 x 40 x 15 3.73 MPa Cycle loading 0.42
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Figure 1
The geometry of the specimens, the loading conditions, and the arrangement of AE sensors (circles).

2. Experiment and its Results

The AE signals are recorded continuously with an A-line 32D — AE system made
by A.F Ioffe Physical Technical Institute, Russian Academy of Sciences and
Interunis Ltd. The A-line 32D — AE system is a 32 channel AE system. Each
channel consists of an AE sensor, a preamplifier and an AECB (Acoustic Emission
Channel Board).

The AE sensors pick up the sound waves from the specimens and convert them
into an electrical signal that is then amplified by a preamplifier and converted into a
digital data stream in an AECB. AE features such as arrival times, rise-times,
duration, peak amplitude, energy and counts are extracted by a FPGA (Field
Programmable Gate Array). The input filter has frequency range from 10 kHz to
500 kHz [-3 dB] and 24 dB/octave. The ADC is operated at a 5 MHz sampling
frequency and provides the 16 bit resolution. The threshold values are from 45 to
51 dB and its resolution is 1 uV. The working frequency of the sensor ranges
100-500 kHz and its sensitive factor on 175 kHz is 67 dB relative to 1 B/m/sec. In
parallel to the feature extraction, the complete waveform can also be recorded. AE
events are located in real time and can be displayed on a screen and recorded for
post-processing.

The experimental results for cycling loading are shown in Figure 2 and the results
for monotonous loading are shown in Figure 3.
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Figure 2
The cycling stress history (a) for specimen S2 (sandstone), the corresponding experimental results — AE
event rate (b) and AE energy rate (c) and the stress-strain curve (d).
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3. LURR

GRrAssO and SORNETTE (1998) have proposed an approach to test for criticality,
which is to monitor the response of the crust to perturbations leading to induce
seismicity. YIN and YIN (1991), YIN (1993), YIN et a/ (1994, 1995, 2000, 2002) has
proposed another approach, to test for crustal criticality, called the Load-Unload
Response Ratio (LURR) which is defined as

X+
where X and X are the response rates during loading and unloading according to
some measures.

The idea that motivated the LURR earthquake prediction approach is that when
a system is stable, its response to loading is nearly the same as its response to
unloading so LURR ~ 1, whereas the response to loading and unloading becomes
quite different and LURR >1 when the system is approaching a critical state.

High LURR values indicate that a region is prepared for a strong earthquake. In
previous years, a series of successful intermediate-term predictions have been made for
strong earthquakes in China and other countries using the LURR parameter (YIN and
YIN, 1991; YIN, 1993; YIN et al., 1994, 1995, 1996, 2000, 2002). Usually the released
seismic energy is adopted as the “‘response’ after which the LURR is defined as:

(5m),
(5)

where E denotes released seismic energy, the sign ““+* means loading and “—” means
unloading, m =0 or 1/3 or 1/2 or 2/3 or 1.

For m =1, E" is exactly the energy itself; for m = 1/2, E™ denotes the Benioff
strain; for m = 1/3, 2/3, E" represents the linear scale and area scale of the focal zone
respectively; and for m =0, Y is equal to N+ /N—, where N+ and N- denote the
number of earthquakes occurring during the loading and unloading periods,
respectively.

Typically the Y- curve is like that of Figure 4. While the LURR reaches to a high
value several months or years prior to the occurrence of strong earthquakes, in the eve
of large earthquakes the LURR decreases to a low level and then the large event occurs.

The results of LURR in this experiment are shown in Figure 5 for sample G2 and
S2. Prior to the final failure of the specimens, the LURR reaches to a high value,
and then the LURR decreases prior to the occurrence of macro-fracture.
The experimental results coincide with the seismological observations very well,
suggesting that both macro-fracture of rock specimens and earthquakes are examples
of CP (Critical Point) behavior.

Y

Y =

(2)
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The LURR anomaly prior to the Kobe and Tottori earthquakes.
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Figure 5

The LURR anomaly during rock fracture experiments involving (a) specimen G2 and (b) specimen S2.

4. AER (Accelerating Energy Release)

Prior to the occurrence of large or great earthquakes the seismic energy release
accelerates. In many cases this acceleration can be modeled using a power-law
time-to-failure relation. The function has the following form:

t

> VE=4+B(t - 1Y, (3)

t=0
<

Figure 3
The experimental results for monotonous loading (a), AE event rate (b), AE energy rate (c) for specimen S1
(sandstone) and its stress-strain curve (d).
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where F is the seismic energy release, .. is the time of large earthquake, 7 is the time of
the last measurement of E and A, B and z are empirical constants.

Figures 6 (a, b, ¢, d) show the experimental results for specimens G1, G2, S1 and
S2 and the best fit to Equation (3) for each specimen. The results confirm that energy
release accelerates prior to macro-failure of the specimens, in agreement with the
CPH once again.

In this context, the exponent z is a focus of the problem. SORNETTE (1992) found
that z = 1/2 is associated with a critical transition. RUNDLE et al. (2000) used scaling
arguments to demonstrate that power-law time-to-failure buildup of cumulative
Benioff strain may represent the scaling regime of a spinodal phase transition, with
an exponent z = 1/4. BEN-ZION and LYAKHOVSKY (2002) concluded that z = 1/3 for
the damage rheology model of LYAKHOVSKY et al. (1997), and TURCOTTE et al.
(2002) obtained similar results using a fiber-bundle model. BEN-ZION and LYAK-
HOVSKY (2002) have listed the z value of seismological observations from various
authors. The exponents fall in the range 0.1 to 0.55 with the peak of the distribution
at z = 0.29. Our experimentally measured z-values are 0.46, 0.45, 0.29, and 0.42 for
specimens G1, G2, S1 and S2, respectively. Our results are in general agreement with
the results mentioned above. The scatter in z-values of our experiments is similar to
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Figure 6

The AER curves prior to rock fracture for (a) monotonous loading of specimen G1, (b) cycling loading of
specimen G2, (c) monotonous loading of specimen S1, and (d) cycling loading of specimen S2.
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that seen in observational earthquake data AER studies (BEN-ZION and LYAKHOV-
SKY, 2002). The z values of gneiss specimens are larger obviously than those of
sandstone specimens since the mechanical properties of gneiss are more heteroge-
neous than sandstone, which suggests that the z value for the crust with complex
structures could be larger than that for the region with homogeneous crust.

5. State Vector

The state vector is an idea stemming from statistical physics (REICHL, 1980). Here
it is used to describe the evolution of damage in rock specimens. The whole specimen
can be divided into # regions (Fig. 7). A specified physical parameter representing the
micro-damage of the specimen (e.g., AE energy or AE event rate, etc.) in region i at
time 7, denotes the i-th component of an n-dimension vector ¥, which is called the
state vector.

The state vector V. at time 7, is a point in the n-dimension phase space. Different
state vectors V. at different times form a trajectory in the phase space (Fig. 8). The
trajectory could be a tool to describe the damage evolution during experiments. For
example, the modulus of the state vector indicates the global state of the damage
evolution of the whole specimen and the included angle ¢;; between V; (t = t;) and V;
(t = t;) mirrors the change in the damage pattern of the specimen from t; to t;

For the experiment involving specimen G1, the state vector is computed using the
AE Benioff strain recorded within each of n = 24 subdivisions of the specimen.
Figure 9 is a plot of the included angle ¢;(¢) and modulus M(?) of the state vector.

i-1 i | i+l

n-2|n-1| n

Figure 7
Subdivision of a specimen into n parts.
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Figure 8
State vector in 3-D phase.
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The change in phase angle ¢;(f) and modulus M(z) of the state vector for specimen G1 (gneiss).

During the first stage of the experiment, there is no coalescence of microcracks within
the specimen so ¢;(¢) and M(?) simply fluctuate at a low level. When the microcracks
begin to coalesce into larger fractures the damage state of the various subregions
changes severely as evidenced by sharp peaks in both curves. Subsequent to the peak
damage evolution, the final fracture occurs.

6. Summary
AE recorded during four tri-axial compression experiments involving two types

of rock specimens confirms that anomalously high LURR values and AER precede
macro-fracture of the specimens. These results are interpreted as evidence that brittle
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failure of heterogeneous media is a CP phenomenon. A novel measure to describe
damage evolution of fracturing specimens, known as the state vector, is also
introduced. Using AE data recorded during one of the compression experiments, it is
demonstrated that the modulus and change in the phase angle of the state vector
show sharp peaks during the period in which micro-cracks coalesce into larger
fractures, prior to the final failure of the specimen. The state vector may have
application in describing the damage evolution or the seismogenic process for a
specified region of the Earth’s crust.
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