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In situ stress state becomes more and more significant with in-depth research on geodynamics and energy development. How-
ever, there has not been an economic and effective method developed to determine deep three-dimensional in situ stress. The
Anelastic Strain Recovery (ASR) method is a newly developed technique that can determine three-dimensional in sifu stresses.
After the 12 May 2008 M 8.0 Wenchuan earthquake, the ASR method was used for the first time in mainland China to measure
the in situ stresses in the WESD scientific boreholes in Sichuan Province, China. In this paper, the basic procedure of the ASR
method is introduced in detail and the compliances of ASR for boring cores are investigated. The results show that the maxi-
mum principal stress direction was NW64° at a measured depth (MD) of 1173 m (vertical depth 1151 m) in WFSD-1. The ra-
tio of shear mode to the volume mode compliance of ASR was 2.9. And the three principal stresses at 1173 m MD in WFSD-1
are 43, 28 and 25 MPa. Combined with stress measurement results determined using other in sifu measurement methods along
the Longmenshan fault zone, the directions of the maximum horizontal principal stress changes from E-W to NEE-SWW to
NWW-SEE when moving from NE to SW along the Longmenshan fault zone. This change is in agreement with the stress re-
gime of the Longmenshan fault zone of the Wenchuan Earthquake, which supports a stress regime consisting predominantly of
thrusts in the southwest and strike-slip in the northeast.

Wenchuan earthquake, anelastic strain recovery, compliance of anelastic strain recovery, three-dimensional in situ stress,
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For a better understanding of earthquake generation mecha-
nisms, the dynamic processes of surface rupture and seismic
cycle characteristics, a large number of scientific research
projects and drilling programs have been carried out for
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violent earthquakes(Ma et al., 1987; Zhang, 1987; Bohnhoff
et al., 2004; Hickman et al., 2004; Wu et al., 2007; Yama-
shita et al., 2004; Stein, 1999; Hardebeck, 2004; Lin et al.,
2007a; Chester et al., 2012; Wolter et al., 1989; Hung et al.,
2009). As one of the direct driving forces that induces
earthquakes, in sifu stresses are a major objective in scien-
tific drilling projects designed to study earthquake mecha-
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nisms (Wang et al., 2012; Lin et al., 2011; Shi et al., 2010;
Zhang et al., 2010; Chen, 2009; Brown et al., 1978; Sun et
al., 2013; Chang et al., 2010). Measurements of stress in the
Earth’s crustal rock masses have been attempted by various
direct and indirect methods (Zang et al., 2010). Based on a
careful assessment of existing stress measurement methods,
we have concluded that there is no perfect method to relia-
bly determine the magnitudes and orientations of the three-
dimensional (3D) in situ stresses at great depth (Dey et al.,
1988). For deep boreholes, the most common in sifu stress
measurement methods include hydrofracturing, differential
strain curve analysis, borehole breakouts and drilling to
induce tensile fractures.

Anelastic strain recovery is a newly-developed oriented-
core-based method to determine the in situ stresses of a
deep borehole. This method, which has a relatively explicit
theoretical basis in comparison to other core-based methods,
was firstly proposed by Voight (1968) and practically ap-
plied in petroleum engineering as a two-dimensional (2D)
method by Teufel (Voight, 1968; Engelder, 1984; Warpinski
et al., 1989; Perreau et al., 1989). Matsuki (1991) extended
the ASR method to 3D in sifu stress measurement. Thus
this method has been chosen and employed widely in scien-
tific drilling studies on earthquakes and structures (Matsuki
et al., 1993; Lin et al., 2006; Lin et al., 2007b; Byrne et al.,
2009).

Compared with hydrofracturing and other downhole ex-
periments for in situ stress measurements, the advantages of
the ASR method are that it is simple, inexpensive and 3D, if
the cost of drilling and retrieving cores is not taken into
consideration. The main disadvantage of the ASR method is
that it does not directly measure stress, but rather measures
anelastic strain after stress release to then determine the
stress. Thus, for determining 3D in sifu stress magnitudes,
the anelastic strain recovery compliances of rock are also
needed. In previous research, the magnitudes of in situ
stresses have been determined by assuming that the ratio of
the shear mode to volume mode compliance is equal to 2
(Wang et al., 2012; Lin, 2008; Brereton et al., 1995).

In this paper, we shall first briefly introduce the basic
principles and related procedures of the ASR method. Then
we will discuss anelastic strain recovery measurements and
the ASR compliance investigation of the cores conducted to
estimate both the in situ stress orientation and magnitude at
a measured depth (MD) of 1173 m (vertical depth 1151 m)
in WFSD-1. Finally, combining the results from other in situ
stress measurement methods, a change law for the maxi-
mum horizontal principal stress orientation along the Long-
menshan fault zone is analyzed and the factors influencing
the ASR method are discussed. It is better for in situ stress
measurement to use a variety of methods (at least two) to
improve the credibility of the results. However, the
WEFSD-1 cores are generally too broken up, so methods of
in situ stress measurement other than the ASR method could
not be implemented.
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1 Method

1.1 Basic principles

Anelastic strain recovery of a rock core followed by elastic
strain recovery occurs immediately after a rock core is re-
trieved from formation, i.e., the stress field. This is based on
the principle that a rock is a kind of viscoelastic material
with rheological properties (Jaeger et al., 1981; Yin, 1985;
Chen, 1988). When loading is applied on a rock, elastic
deformation happens at the same time as loading and then
transient creep takes place over time under a constant stress.
Once the loading is removed, the elastic deformation is re-
covered immediately and the anelastic strain gradually re-
covers over a long period (Figure 1). Voight (1968) sug-
gested that the recovered anelastic strain was proportional to
the total recoverable strain (both elastic and anelastic
strains), and hence to the pre-existing state of stress in rhe-
ologically isotropic rocks. The in situ stresses can be esti-
mated by the recovered anelastic strain.

1.2 Constitutive equations

For an isotropic viscoelastic material, when in situ stresses
and pore pressure are released step-wisely at #=0, anelastic
normal strain &(f) recovers during the elapsed time from 0
to ¢ in an arbitrary direction. The directions of the cosines of
this arbitrary direction, defined as 1, m and n, corresponding
to the X, Y, Z axes, are given by the following equation (Lin
et al., 2006):

11 @2 Do + Gm? -Do, +@Bn* -1o.
g,(t)== ’ : ;

3| +6lmz  +6mnr _+6nlz_,

x Jas(t) + (o, — p,)Jav(t) + a, AT (1), (1)

where o, oy, 0., 7y, 7., T, are the components of the in situ
stress tensor released by drilling; o, is the constant mean
normal stress, py is the pore pressure, ¢ is the linear thermal
expansion coefficient, A7(#) is the temperature change, and
Jas(t) and Jav(r) are the anelastic strain recovery compliances
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Figure 1 Schematic diagram of rock rheological property(Wang et al.,
2012).
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of the shear and volumetric deformation modes, respectively.

The magnitudes of the three principal stresses can be sim-

plified as follows

o, =e,(t)/Jas(t) +{e, (1) —a, AT (1)} [ Jav(t) + p,, i =1,2,3,
@)

where e,(f) denotes the principal strain deviatoric compo-

nents, and e,,(¢) is the constant mean normal strain.

Eq. (1) shows that the recovered anelastic strain depends
on the in situ stress tensor components, pore pressure, tem-
perature change during the measurement, thermal expansion
coefficient and the compliances of both deformation modes.
Therefore, if the material constants (Jas(?), Jav(), ar), pore
pressure and temperature change are known, the six stress
components, i.e., 3D in situ stress tensor, may be obtained
by measuring the anelastic normal strains in the six inde-
pendent directions. For isotropic viscoelastic materials, the
directions of the three principal axes of the in sifu stresses
coincide with the directions of the three principal axes of
the anelastic strain tensor. Thus, the directions of the 3D
principal in situ stresses can be determined by means of
calculating the principal directions of the measured anelastic
strain data in at least six independent directions. Figure 2
shows a technical flow chart of ASR method.

Oriented boring core
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more than 6 directions with strain gauges
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Figure 2 The procedure to determine 3-D in situ stresses by the ASR
method (Matsuki et al., 1993).
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1.3 Measurement of recovered anelastic strain

Measurements of the recovered anelastic strain in boring
cores were conducted in the field laboratory of WFSD-1
(31.149°N, 103.691°E) (Li et al., 2012). The borehole is
located about 90 km away from the epicenter, and about
400 m west of the Wenchuan earthquake surface rupture.
The total measured depth of WESD-1 is 1201.5 m MD (ver-
tical depth 1179 m). Boring cores from 589.2 to 1201 m are
from the Triassic Xujiahe Formation, and the lithology of
the cores consists mainly of gray sandstone, dark-gray silt-
stone, carbon shale and coal-lines. A 70-cm-thick section of
gouge is present near 590 m, representing the thickest gouge
zones in all WFSD-1 cores (Li et al., 2012; Peng et al,,
2011). To shorten the time interval between the stress re-
lease and the beginning of measurement, a core should be
chosen near the bottom of the core that (by visual inspection)
appears to be isotropic and without obvious cracks. The
appropriate length of a core sample needed for an ASR test
is about 10-15 cm. The cleaned core was marked with ori-
entations, and the special strain gauges (C1, C2, C18) were
glued along the baseline (X' axis) and lines that are at 45°,
90° and —45° from the baseline (with the clockwise direc-
tion being negative). The layout of strain gauges is shown in
Figure 3. The sample with strain gauges was wrapped using
a Fresco Bag which is sealed by silicon rubber to prevent
the pore water from evaporating during the test. The sample
was put in a water chamber with a constant electronically
controlled temperature device. Measurement should start as
quickly as possible, and in our WESD example the time was
less than 5 h from the time that the core was drilled to the
start of ASR measurements. Three wire-resistance strain
gauges and a precision data recorder were employed to rec-
ord the strains and changes in temperature. At the same time,
a dummy specimen was also employed with the same con-
ditions to monitor the data drift.

In this paper, ASR measurements were conducted using
the Feldspathic sandstone of the Upper Triassic Xujiahe
Formation from WFSD-1 at a measured depth of 1173 m.

a,(C1,C2)
a,(C3, C4)
a,(C5, C6)
a,(C7, C8)
a,(C9, C10)
a,(C11, C12)

a,(C13, C14)
a,(C15, C16)
a,(C17, C18)

Figure 3 Layout of strain gauges on the boring core.
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The results of the anelastic strain measurements for the
specimen are shown in Figure 4(a). The duration of the
measurement period is about one week. During the experi-
ment, the thermostatic chamber worked properly, and the
temperature of the specimen measured by a thermocouple
varied by no more than £0.1°C. In addition, the strain gauge
output mounted on the dummy sandstone specimen shows
that the drifts of the measurement system and the thermal
expansion are so small as to be negligible.

The anelastic strains in all directions of the active speci-
men are extensional; all of the curves are smooth and in-
crease similarly overtime. It is clear that the anelastic strain
recovery continues in all directions for a period of more
than one week, although the rate of anelastic strain recovery
decreases with time. The amounts of strain in the various
directions are also large enough to ensure the measurement
accuracy, so these data can be used for the 3D in situ
stresses analysis. From the measured normal strains, the
anelastic strain tensor is calculated by least squares analysis,
and the anelastic principal strains (&, &, &), average strain
(&, or e,) and maximum differential strain ((&—&;)/2) are
determined, as shown in Figure 4(b). The specific data pro-
cess and coordinate conversion methods are adopted by the
literatures (Wang et al., 2012).

1.4 Determination of the anelastic strain recovery
compliances

Anelastic strain recovery compliances are inherent mechan-
ical properties of rocks that depend on stress level and are
necessary parameters for converting the anelastic strain
measured on site to the three principal stresses magnitudes,
a function of the anelastic strain changes caused by unit
stress (Matsuki et al., 1993). The anelastic strain recovery
compliances can be determined by laboratory investigations
based on the basic principles of Figure 1. Matsuki (2008)
conducted relative experiments to determine ASR compli-
ances in volumetric and shear modes for seven rocks in
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uniaxial compression at an axial stress of 50% of the uniaxial
compressive strength (UCS) to determine how much the
ASR compliances depend on the rock type and to correlate
the ASR compliance with conventional mechanical properties.

In this study, laboratory experiments were performed to
measure ASR compliances in volumetric and shear modes
using the same set of ASR measurements made on air-dried
cores. The UCS was determined by UCS tests on similar
rock types before the ASR experiment. The specimens were
first loaded with the predetermined stress (70 MPa corre-
sponding to 50% of its UCS) and the stress was kept con-
stant for about 3 days. Then, the stress was relieved almost
instantaneously (Figure 5(a)). And the strain recovery pro-
cess was monitored for the same time as the preceding
loading. The strain (both elastic and anelastic strains)-time
curves are shown in Figure 5(b). During the initial period of
constant compressive stress (the creep period), compressive
anelastic axial strain was increased markedly; in contrast,
there was a small and gradual increase of anelastic radial
strain (Figure 5(c)). After unloading the compressive stress
to zero, there was gradual expansion in the axial direction
and contraction in the radial direction (Figure 5(c)). These
deformations after unloading are known as ASR.

Figure 6 shows the anelastic strain recovery compliances
of the specimen under uniaxial compression where o is
70 MPa. In this uniaxial stress condition, the magnitudes of
Jas(t) and Jav(t) and the ratio of Jas(t)/Jav(t) can be deter-
mined from the following equations by measuring anelastic
axial strain &, and anelastic lateral strain &, with strain
gauges:

g]a _83

it — (3)

0, -0,

Jav(t) = G +28,

s Jas(t) =

In some cases, the anelastic strain recovery compliances
also can be determined under the experimental results of
Jas(H)/Jav(t) combined with an assumption of which vertical
stress is equal to the overburden pressure. Then, the anelastic
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Figure 4 Curves of strain vs time. (a) anelastic recovery strains of different directions; (b) anelastic principle, average and the maximum differential strains.
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Figure 6 The anelastic strain recovery compliances calibrated in the
laboratory and the ratio of Jas(t)/Jav(t).

strain recovery compliances can be calculated by the fol-
lowing equation, and the magnitudes of the principal stress-
es are determined,

Table 1 Magnitude, azimuth and dip angle of three principal stresses

o, ={[e, @ +me, )+ me,® ] [K +e,0) [Javt)+ p,, @)

where [,, m,and n, are the directional cosines between ver-
tical stress and the three principal axis of strain, and K is the
ratio of Jas(t)/Jav(r).

2 Results and analysis

2.1 In situ stress measurement results from WFSD-1

Anelastic strain tensors were calculated by least-squares
analysis using the measured anelastic normal strains in not
less than six independent directions. Then, the orientation of
the three principal stresses corresponding to a particular
time were determined using a data set of the three principal
strains and other related deviation data for an arbitrary
elapsed time. Under the assumptions that the vertical stress
is the overburden pressure, and that the ratio of Jas(#)/Jav(r)
is about 2.9 (about 70 h after stress release) from the ex-
perimental results, the magnitude of the three principal
stresses can be determined. Table 1 is the results of the

Measured Lithol ‘i o o3
depth (m) ithology — Magnitude Azimuth Dip angle Magnitude ~ Azimuth  Dip angle  Magnitude  Azimuth  Dip angle
(MPa) ©) ©) (MPa) ©) ©) (MPa) ©) ©)
1173 Feldspathic 43 296 26 28 188 33 25 56 46

sandstone
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magnitude, azimuth and dip angle of the three principal
stresses of WESD-1 at 1173 m MD. The orientation of the
maximum principal stress is NW64°. The magnitudes of the
maximum, intermediate and minor principal stresses are 43,
28, and 25 MPa, respectively.

2.2 The maximum horizontal principal stress orienta-
tion along the Longmenshan fault zone

The maximum principal stress orientations at depths of 746 m
(Wang et al., 2012) and 1173 m in WFSD-1 determined by
the ASR method are NW49° and NW64°, respectively.
These results show that the stress states lie in the reverse
faulting stress regime in the footwall of the Longmenshan
fault zone, which is in agreement with the features of fault
slip during the M,8.0 Wenchuan earthquake.

The orientations of the maximum principal stress in
WESD-1 determined by the ASR method are mostly con-
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sistent with the orientation of the main axes of the focal
mechanism solutions of the Wenchuan earthquake and its
largest aftershocks (M>4.7) (Hu et al., 2008; Zheng et al.,
2009; Cui et al., 2011). The principal orientations at 746
and 1173 m MD in WFSD-1 and the main axes of the focal
mechanism solution for the Wenchuan earthquake are
drawn in the stereogram (lower hemisphere projection)
shown in Figure 7. This figure compares the principal stress
orientations with those measured by ASR, hydrofracturing
and structural geology analysis methods (Chen et al., 2012;
Wu et al., 2009; An et al., 2004; Feng et al., 2013; Xie et al.,
2004; Du et al., 2009; Liu et al., 2012). The segmentation
characteristics of the maximum principal stress orientations
are obtained by statistical methods (Chen et al., 2012). The
dominant orientations of the maximum principal stress are
E-W for northeast segment (green arrow), NEE-SWW for
the mid-segment (blue arrow), and NWW-SEE for the south-
west segment (black arrow) along the Longmenshan fault
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Figure 7 Tectonic map and the orientations of the maximum principal stress along the Longmenshan fault zone. WMF: Wenchuan-Maoxian fault; YBF:
Yingxiu-Beichuan fault; GAF: Guanxian-Anxian fault; PQF: Pingwu-Qingchuan fault; XSHF: Xianshuihe fault; MJF: Minjiang fault; HYF: Huya fault. (a), (b)
and (c) are the dominant orientations of maximum principal stress of north-east, middle and south-west segments along Longshenshan fault respectively. (d)
is the stereogram results of the orientation of principal stress by ASR and the main axes of focal mechanism solution of M,8.0 Wenchuan earthquake.
1-Seismogenic fault of 5.12 earthquake; 2-fault; 3-epicenter of 5.12 earthquake (Hu et al., 2008; Zheng et al., 2009; Cui et al., 2011); 4-WFSD-1 and the
orientation of the maximum principal stress; 5-maximum horizontal principal stress orientation by the mechanisms of fault slip (Xie et al., 2004; Du et al.,
2009; Liu et al., 2012); 6-maximum horizontal principal stress orientation by hydrofracturing method (Chen et al., 2012; Wu et al., 2009; An et al., 2004;

Feng et al., 2013).
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zone. The statistical results of the maximum principal stress
orientations for the three segments are shown in Figure
7(a)—(c), which implies a change from E-W to NEE-SWW
to NWW-SEE laws for the maximum principal stress orien-
tations moving from NE to SW along Longmenshan fault
zone. This is also in agreement with the change in move-
ment characteristics from dominant thrusts in the southwest
to dominant slip in the northeast along the Longmenshan
fault zone.

2.3 Effects of ASR compliance on the magnitudes of in
situ stresses

When estimating the magnitude of principal in situ stresses
without first calibrating both the anelastic strain recovery
compliances of the volumetric deformation mode and the
shear deformation mode, two assumptions are normally
needed. One is that the ratio of the two compliances is equal
to a constant (i.e., Jas(¢)/Jav(t)=constant) and the other is
the vertical stress is equal to the overburden pressure. Ac-
cording to the results of this paper and Matsuki (2008), the
ratio of the two compliances determined by laboratory ex-
perimental tests falls in a relatively narrow range from 1 to
3. In general, however, the ratio is not a constant, as it may
be affected by such factors as lithofacies or the stress envi-
ronment.

In this paper, the relationship between the estimated
principal stress values and the ratio of Jas(t)/Jav(t) was an-
alyzed to examine the effect of variation in Jas(¢)/Jav(t) on
the estimated magnitudes of the principal stresses. Figure 8
shows the simulated results on the sample from this study.
From the results, a tendency for the principal stresses to
decrease as the value of Jas(f)/Jav(f) increases has been
observed. In this case, the deviations of the maximum, in-
termediate and minimum principal stresses were 5.7%,
4.6% and 4.4%, respectively, if the ratio of Jas(¢)/Jav(f) was
assumed to be equal to 2, rather than the experimental re-
sults of 2.9. In some cases, however, the maximum princi-
pal stress decreased and the intermediate and the minimum
principal stress increased as the ratio of Jas(¢)/Jav(t) in-
creased (Lin et al., 2006). At present, experimental results
showing anelastic strain recovery compliances are limited,
and much more related experimental data are needed to im-
prove the relative accuracy of the relationship between the
ratio of Jas(f)/Jav(t) and the principal stresses.

2.4 Effect of time factor

Elastic and anelastic strain begin to recover as soon as in
situ stress is relieved. However, a certain time is required to
raise a rock core up from the great depth of the borehole and
for surface pretreatment of the core for the experiment.
Therefore the initial anelastic recovery strain cannot be rec-
orded. At the same time, the anelastic recovery rate decreases
with increasing time. This means that the amount of anelastic
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Figure 8 Estimated in situ stress magnitudes vs. the ratio of shear defor-
mation mode to volumetric deformation mode compliances.

recovery strain decreases sharply with the time delay to the
start of measurement, which tends to lower the test accuracy.
Therefore, ASR measurements should be started as soon as
possible once the rock core is brought to the surface. The
time delay also should be considered during anelastic strain
recovery calibration tests. Only the time of the anelastic
strain recovery compliances corresponds to the anelastic
recovery strain that is measured at the on-site laboratory;
the magnitude of in situ stress then can be determined accu-
rately.

2.5 Effect of temperature changes

There is no doubt that maintaining a constant temperature is
of utmost importance during the anelastic recovery strain
measurement process. In general, the accuracy of in situ
stress estimations cannot be ensured by using the apparent
anelastic strain that contains some deformation due to ther-
mal expansion. For cases where the thermal properties of
rock material are isotropic, thermal expansion will only
affect the mean strain and will have no effect on the strain
deviation tensor. As mentioned above, the directions of the
principal stresses are equal to those of the principal strain
deviations; so the temperature change has no influence on
the direction of principal stresses. However, the magnitudes
of the principal stresses are calculated from the absolute
values of recovered anelastic strain and two anelastic strain
recovery compliances, so the temperature change influences
the magnitudes of the principal in situ stresses. In this paper,
temperature is controlled by the water bath controller with a
fluctuation accuracy of +0.1°C. At the same time, the in-
fluence of temperature on wire resistance is eliminated by
used the three-wire strain gauges.

For the anelastic strain recovery compliances tests in the
laboratory, an air-conditioning system was used to eliminate
the temperature difference between day and night, but the



Sun D S, et al.

effect of the temperature control was not particularly good.
So, a dummy sample was used to correct strain values in all
directions by subtracting the same dummy strain that in-
duced by temperature change.

2.6 Analysis of other influencing factors

The prerequisites of the ASR in sifu stress measurement
method are that the medium is homogeneous and isotropic.
To ensure the reliability of the results, specific sections of
homogeneous and isotropic rock core are chosen for ASR
measurements. At the same time, the in situ state of cores
was preserved as much as possible using a sealed aluminum
foil bag to avoid the influence of moisture change. For the
ASR method, the greater the depth of the cores, the better,
as the in situ stress at greater depth is generally bigger and
therefore the recovered anelastic strain is greater too. The
strength of cores also has a certain influence on the amount
of recovered anelastic strain; for example, in hard rock en-
vironments, deep cores are more necessary (Zang et al.,
2010).

3 Conclusions

In this paper, the ASR method has been employed to meas-
ure in situ stresses in the WFSD-1 borehole, and obtain 3D
recovered anelastic strain determinations at a measured
depth of 1173 m. At the same time, calibration tests of the
anelastic strain recovery compliances for the same core
were conducted, and the magnitudes of the principal stresses
were determined. The maximum, intermediate and mini-
mum principal stresses are 43, 28 and 25 MPa, respectively.
These results determined by the ASR method are basically
consistent with those made by other methods.

Combining the principal stress measurement results with
those determined using other in situ measurement methods
along the Longmenshan fault zone, the principal stresses
follow an orientation law that changes from E-W to
NEE-SWW to NWW-SEE moving from NE to SW along
the Longmenshan fault zone, which agrees with the stress
regime of the Longmenshan fault zone known from the
Wenchuan Earthquake to be predominantly thrust oriented
in the southwest and strike-slip in the northeast.

The ASR method can be applied to achieve more reliable
data when stress relief and hydraulic fracturing methods
cannot be applied in complicated geological conditions,
such as those that occur at great depths, high temperatures,
and in boreholes with cracked strata. Therefore, it can be
said that the ASR method is well suited for more compli-
cated environments and has a wide applicability. At the
same time, the calibration of the anelastic strain recovery
compliances is necessary, which can improve the accuracy
and reliability of in situ stress magnitudes determined by the
ASR method.
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