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Abstract: The Wenchuan Earthquake Fault Scientific Drilling Project, a scientific drilling 
project that first responded to the Earthquake, performed deep 3D in-situ stress measurements 
using the inelastic strain recovery of core method for the first time under conditions whereby 
the borehole breakout method and hydraulic fracturing method could not be applied. The 
inelastic deformation of the deephole cores under the action of 3D stresses was simulated 
based on the inelastic strain recovery of viscoelastic body theory and core testing theory and 
the direction & magnitude of 3 major stresses were calculated under the precondition of 
homogeneous isotropy. In the field laboratory of the WFSD Project, the testing system 
developed was used to test the normal strain of inelastic recovery strain of deephole cores in 6 
independent directions and determine the direction & magnitude of 3D in-situ stresses of the 
test points. In order to verify the effectiveness of the inelastic strain recovery method, an 
analysis was given into the testing result of #1 hole of the WFSD Project, which perfectly 
matches the result obtained by means of focal mechanism solution and other stress 
measurement methods, indicating that the inelastic strain recovery method is reasonable and 
reliable and is more applicable under complex geologic conditions whereby other in-situ stress 
testing methods cannot be applied. The method provides a new means for performing in-situ 
stress measurements using the core method under large-depth drilling conditions. 

1. Introduction
In continental scientific drilling projects for scientific research purposes, the magnitude and direction 
[1-3,18] of 3D in-situ stresses are usually determined using the borehole method in combination with 
the core method. However, under large-depth drilling conditions, it is sometimes difficult to apply the 
drilling method. Hence, it is of great significance to explore new methods that are suitable for testing 
in-situ stresses of deep wells. 

Wenchuan Earthquake Fault Scientific Drilling Project (WFSD for short), is the first scientific 
drilling project implemented by China on active faults following Wenchuan Earthquake, which 
requires rapid response and rapid drilling to obtain first-hand data[19] on the active faults. During the 
process of drilling of the deephole (3000m) of WFSD, the well reinforcing measure of applying bushing 
during the entire process was adopted to increase the drilling speed and make preparations for installing the 
long-term integrated monitoring system at the bottom of the well once the well was completed. The above 
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objectives and measures of the Project require that the core method be adopted upon in-situ stress testing 
during the research process. For scientific deep drilling for which cores are taken during the entire process, 
3D in-situ stress testing and research using cores is unprecedented in China. According to the general 
objective of the Project, the In-well Scientific Exploration research team of the WFSD Project developed 
the new testing methods and testing systems. 

The research on in-situ stresses began in the 20th century when the domestic and overseas scholars 
carried out research on the formation and evolution of the geologic structure. In 1940s, the theory of 
geomechanics founded by Professor J.S.Lee (Li Siguang) included in-situ stresses. Since 1970s, with the 
adoption of many new technologies and methods, the measurement of in-situ stresses entered the 
quantitative research stage [4-7,20]. Reference literature [21] provides a summary of the measurement 
methods of in-situ stresses, holding that the research methods of in-situ stress measurement can generally 
be categorized as follows: 

(1) Method of inference from the rock mechanics testing data; 
(2) Estimation of the magnitude of the shearing stress based on the magnitude of the conjugate angles 

upon conjugate shearing and the shear heat dynamometamorphic rock in the faults; 
(3) Microstructure and ultra-microstructure estimation method; 
(4) Drilling method; 
(5) Hydraulic fracturing; 
(6) Measurement and estimation of the in-situ stress using the acoustic emission method or 

measurement of horizontal in-situ stresses in the main direction using the dipmeter or underground TV. 
However, as the above methods have their limitations, the scientists then focused their research on the 

method of performing in-situ stress measurements using borehole cores, namely the core method, which 
includes the differential strain curve analysis (DSCA) method, inelastic strain recovery method (ASR), 
deformation rate method (DRM), etc[8-17]. In the past, the ASR method could be used to carry out 2D in-situ 
stress measurement only in the past research work, that is, assuming the rock is linearly viscoelastic and the 
stress in the vertical direction is one main stress and equal to the pressure of the covering layer, which 
means that the inelastic strain recovery (inelastic strain change resulting from graded unloading of unit 
stress) is independent of the acting stress and the error of the magnitude of the in-situ stress measured at 
this time is large[22]. Koji Matsuki carried out in-depth research on the ASR method, thinking that 3D 
measurement [23,24] may be performed in theory, and Lin W et al, have kept research on this topic in the 
recent years[25].  

According to the In-well Scientific Exploration research team, under conditions of normal stresses, 
considering the inelastic normal strain recovery of the deephole cores as the isotropic, viscoelastic material 
in any direction, the new method of in-situ stresses determined by measuring 6 independent inelastic 
normal strains, together with the test system for inelastic recovery test of cores, provides a new means for 
research on in-situ stresses of deepholes. 

2. Inelastic Strain Recovery Method and Test Technology 

2.1 Theoretical basis of the inelastic strain recovery method 
In the ASR method, simulation of deformation of the cores over time after the stress is released is the 
pre-condition. The core deforms under the action of the 3D in-situ stresses under the initial conditions; 
once the stress is released, part of deformation of the core is recovered instantly, which is elastic 
deformation. Another part of deformation does not reach the elastic deformation value immediately 
and there is a relative delay, which is called inelastic recovery deformation.[26-27]. As elastic 
deformation that is recovered instantly is difficult to capture in in-situ stress measurements, people use 
inelastic recovery deformation for stress measurements. In the research on the rheological property of 
rock, the 2-element rheological model of the viscoelastic body is generally adopted (as shown in 
Figure 1)[24-26,28]. 

However, as the model can not reflect the rapid change in initial inelastic strain recovery observed 
in the laboratory, the 4-element rheological model of two delays are introduced to reflect the entire 
property of inelastic strain recovery (Figure 1). For simplicity purpose, the rock is assumed to be 
isotropic, viscoelastic material that has two different deformation methods: shearing deformation and 
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volume deformation. 

 
Figure 1  Linear viscoelastic models for inelastic strain recovery of rocks 

Assuming the rock under general 3D stress and pore pressure P0 is flexible, the cosine (l，m，n) 
normal strain (corresponding to axis X,Y ,Z) in any direction may be written as (Figure 2): 
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(1) 
Where, E-Young’s modulus;  -Poisson’s ratio, K-apparent bulk modulus, KS- mother rock 

apparent bulk modulus, T - linear thermal expansion coefficient, T -temperature increment. 
 

 
 Figure 2  Normal strain in an arbitrary direction in a viscoelastic body subjected to general stress 

For the isotropic viscoelastic materials, using the similar theory in the LapLace transform solution 
and the inelastic strain recovery flexibility, at t=0, the in-situ stress and the pore hydraulic pressure 

began to be relieved gradually, and the inelastic strain recovery )(ta  in any direction may be 
obtained through the formula below:  

 zyxa nmlt  )13()13()13)[(3/1()( 222  

)()()()(]666 0 tTtJavPtJasnlmnlm Tmzxyzxy                                        (2) 

Where, x ， y
， Z ， xy

， yz
， zy

- components of in-situ stress tensor of the drill; m - average 

normal stress; )(tJas ， )(tJav - shearing strain recovery flexibility, bulk strain recovery flexibility. 
In ASR measurements, due to sufficiently high accuracy of the test system developed and tiny 

impact of the temperature, thermal expansion strain resulting from temperature changes in formula (2) 
may be ignored. Formula (2) provides the basis of the ASR method, indicating that inelastic strain 
recovery is dependent on 6 independent normal components in in-situ stress tensor, pore hydraulic 
pressure and inelastic strain recovery flexibility of two deformation methods. Hence, if the inelastic 

strain recovery flexibility ( )(tJas , )(tJav ) and pore hydraulic pressure P0 (may be obtained upon 
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well logging) are known, the 6 normal stress tensors (namely 3D in-situ stress tensor) may be obtained 
by measuring at least 6 independent directions of the inelastic strain.  

For the isotropy viscoelastic materials, the direction of the 3 principal stresses is identical with the 
main axis of the 3 inelastic strain tensors. Hence, the direction of the 3D principal stress may be 
determined by measuring the inelastic strain tensors, that is, determined by measuring the normal 
strain of at least 6 independent directions. 

Principal stress deviator: 

          )3,2,1(  is mii       (3) 

Where, is - principal stress deviator 1s , 2s , 3s ; i -3 principal stresses .1


, 2 , 3 ； m - 

average principal stress, 3)( 321  m 。 
Principal stress deviator: 

)3,2,1(  iee mii      (4) 

Where, ie -principal stress deviator 1e , 2e , 3e ; i -3 principal stress 1 , 2 , 3 ; me -average 

principal strain
3)( 321  me

. 
The theory can prove that the ratio of the principal stress deviator may be determined by the 

principal strain deviator. If the rock is isotropy in mechanics and thermics, when the inelastic normal 

strain in 6 independent directions is replaced by inelastic strain deviator aije
, 

 zyxija nmlte  )13()13()13)[(3/1()( 222  

)(]666 tJasnlmnlm zxyzxy    

                                 (5) 
Under conditions of unknown pore pressure and temperature changes, the ratio of the 3 principal 

stress deviators and the azimuth angle of the principal stress are determined by the 6 inelastic strain 
deviators. 

The inelastic strain recovery flexibility varies with the average stress, and its dependence on the 
average stress is mainly affected by short-term deformation. However, since it generally takes some 
time to bring the cores from deep holes to the ground, the long-term strain recovery is more important 
for in-situ stress measurement. In long-term deformation, the average stress does not affect the 
inelastic strain recovery flexibility in the shearing mode. However, for the volume mode, its impact 
may not be ignored[22-23]. Hence, in (5), if the dependence of the inelastic strain recovery flexibility 
in the shearing mode on the average stress can be ignored, the information about it may be 
unnecessary, 

Moreover, the inelastic average normal strain ae  may be expressed as: 
TtJPte Tarma   )()()( 0      (6) 

Due to the high accuracy of the ASR test system and tiny effects of the temperature, thermal 
expansion stress resulting from temperature changes in the above formula is ignored; the pore pressure 
P0 may be measured upon well logging. Hence, when determining the magnitude of the absolute value 
of the in-situ stress, the same core specimen may be used in the laboratory to test the change of the 
inelastic strain recovery flexibility and its change with the average stress in the volume mode and then 
the iteration method may be used in combination with the ratio of the 3 principal stress deviators 
determined in formula (5) to determine the magnitude of the absolute value of the 3D in-situ stress. 

During the drilling process, inelastic strain recovery of the cores generally lasts several days and 
even weeks. The duration of the ASR depends on rock type and the size of the average normal stress. 
Once the core is obtained from the deep holes, the ASR measurement shall be performed as soon as 
possible. The reason is that once the stress is released, the value of inelastic strain may decrease over 
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time and the recovery rate becomes smaller. As a result, an on-site laboratory is generally launched for 
measurement using the ASR method to avoid delay during the transport of the core. In normal cases, 
the ASR measurement may not be performed immediately after the stress is released and the inevitable 
delay (namely the interval between the time that the stress is released and the time that the 
measurement begins) depends on the depth from the core to the ground surface and the time taken to 
prepare the ASR specimen. In the opinion of K.Matsuki, if the flexibility used is the same interval of 

measurement time ( 0t  to t), the above method can be applied [29]. 

2.2 Preparation of the specimen for the inelastic strain recovery method 
The WFSD Project has set up a special laboratory on the scientific drilling site to carry out the ASR 
test, the cores of which are all taken from the WFSD-1, WFSD-2 and WFSD-3 deep holes from the 
faults of Wenchuan Earthquake. The cores from the boreholes are scanned after being taken out and 
compared with the well logging data for locating. 

In order to shorten the time interval between the release of the stress and the commencement of the 
ASR test, it is required that the test section be lifted once for every 2～3m long core drilled (Figure 3) 
during the drilling process. Once the core is lifted onto the ground, a no less than 20cm long 
homogeneous crack-free core section shall be selected immediately from the deep end of the core as 
the specimen for cleaning, orientation and locating and be photographed in all directions (for 
comparison and locating). 

 
Figure 3 Core from the deep hole of WFSD 

To measure 3D in-situ stresses using cores, the normal strain of the inelastic strain in all of the 6 
independent directions must be determined as the normal stress status contains 6 components. This 
study adopts 6 specially devised strain schemes to measure normal strains in the 6 independent 
directions. When these 6 components are obtained, the entire inelastic strain can be determined (Figure 
4). 

 
Figure 4 Normal strains to be measured for determining three-dimensional in-situ stresses with ASR 

method 
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In the low-temperature field laboratory, the surface of the specimen is dried rapidly, the part of the 
specimen where the strainometers will not be pasted is polished with abrasive paper, and the 
strainometers are pasted in the manner shown in Figure 5. 3 groups of strainometers are pasted and 
each group consists of 4 single linear strainometers, which test the inelastic strain recovery along the 
axial direction (or X axis), horizontal direction (or Y axis) of the cores, +45° and -45° directions (12 
directions in total) (Figure 6). To avoid the effects of temperature changes on conductor resistance, the 
same connection method and bridge circuit are used. 

 

                  

 
Figure 5 Schematic layout of specimen surface strain gauge with ASR method 

 
Figure 6 Paste method of strain gauge with ASR test methods 

 

2.3 AST Measurement System 
In the WFSD Project, the “In-Well Scientific Exploration” research team developed the ASR test 
system independently and developed the tester as shown in Figure 9. The system mainly consists of 
the tester (constant temperature, low humidity), data collector and recorder (including the main unit) 
and the uninterruptable power supply (UPS), etc. 

Among them, the tester is used for continuous testing of the specimen that is put into it under 
conditions of constant temperature and low humidity, the collector and recorder is used to collect and 
record the strain data, and the UPS is used to prevent measurement problems resulting from power 
failure. The system adopts the scheme of simultaneous measurement of the specimen and the 
compensation specimen, which is subject to no other deformation except the deformation as a result of 

Baseline 
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thermal expansion. The purpose of compensation specimen measurement is to monitor system drift. 
The rock used for preparing the compensation specimen is extracted from the ground surface and shall 
have the same or similar properties as the test specimen. The two specimen are put into the tester 
under conditions of constant temperatures and low humidity for testing. To avoid temperature-induced 
deformation of the specimen as a result of significant temperature differences, the internal temperature 
of the tester was set up so that it is close to room temperature. The strain sensor is connected to the 
data collector and the data collected are uploaded to the operating computer for recording. 

Research on the ASR test is carried out in the field laboratory of the WFSD project, the cores used 
are lifted from the bottom of the well to the ground surface and then processed on the site, including 
cleaning, determination of direction, locating, photographic recording and preliminary rock property 
description, the preparation of the ASR specimen is completed and the strain measurement test is 
commenced officially within 5h after the stress is released. As described above, under normal 
conditions, inelastic strain recovery after the core stress is released will last several days or weeks and 
the test does not require a complete ASR curve (from the release of stress to strain convergence). That 
is to say, if the strain recovery curve is stable and the strain value is large in relative to the accuracy of 
the test system, part of the strain recovery curve is sufficient for the research [25]. Hence, the time of 
the ASR measurement is generally 1 week or so. 

3. Test results and analysis 
The measurement time of all inelastic train recovery tests conducted on the site is about 1 week. The 
geologic background of the faults of Wenchuan Earthquake is given in the reference literature[30]. 
The tester developed operated normally during the test process and the temperature change was less 
than ±0.1℃. The strain data of the compensation specimen indicate that the drift of the measurement 
system and thermal expansion is tiny and negligible and the ASR test produced satisfactory results. 
Below is the typical test result of #1 hole of scientific exploration of the faults of Wenchuan 
Earthquake[28]. 

The cores were obtained from a depth of 746m, the strain recovery curve was stable and increased 
with time, the inelastic strain recovery value increased rapidly initially and slowly later, meeting the 
law of change of inelastic strain and the number of strains reached more than 100 microstrains and the 
accuracy fully met the measurement requirements. 

The 3 principal strains and average strains are calculated based on the strain recovery curves in 6 
directions using the least square method and through correction of the direction of the core coordinate 
axis and well inclination. Among the isotropic materials, the direction of the principal strain is 
identical with that of the principal stress, as a result of which the direction of the principal strain is the 

direction of the principal stress. The maximum principal stress .1


 and the medium principal stress 

2  are close to horizontal, the minimum principal stress 3  is close to vertical, the direction of the 

maximum principal stress .1


 is north west 49°, close to orthogonal to the direction of the faults of 
Wenchuan Earthquake; the magnitude of the 3 principal stresses are calculated using the iteration 
method in combination with Formula (5) to be:25.2MPa, 21.5 MPa and 18.5 MPa. This stress status 
results in thrust and dextral strike-slip of the faults of the Wenchuan Earthquake, which is consistent 
with the type of movement of faults of Wenchuan 5ꞏ12 Earthquake. 

By comparing the test result of the ASR method and the focal mechanism solution of the 
Wenchuan “5ꞏ12” MS8.0 earthquake, it can be learned that their direction and dip angle are very 
close. 

By comparing the test result of the ASR method and the in-situ stress measurement result of the 
area shit by Wenchuan Earthquake, it can be learned that the direction of the maximum horizontal 
principal stress obtained using the ASR method is identical with the result obtained using other in-situ 
stress measurement methods in the adjacent areas, both being in the north-west and north-west-west 
directions. 
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An analysis of the plenty of inelastic strain recovery tests of the WFSD-1, WFSD-2 and WFSD-3 
deep holes indicates that the test results have the following characteristics: 

(1) The test specimen experiences extensible inelastic recovery strain in all directions with smooth 
strain curve and similar trend of change with time. Obviously, the inelastic strain in all directions last 
longer than one week, but the strain recovery rate decreased over time. 

(2) After measurement of nearly 1 week, the magnitude of strains in all directions reached 100 
microstrains. Since large microstrain can ensure the measurement accuracy, the data can be used for 
3D in-situ stress analysis. In comparison with the conventional rock mechanics test (for instance, 
single axis or 3-axis compression test), the inelastic strain value is about 1% of the axial strain value of 
the rock in the extreme collapse state. 

(3) According to the measured inelastic strain value in 12 directions, the least square method was 
used to calculate the inelastic normal strain values in 6 independent directions and determine the 
inelastic strain tensors. The ratio of the 3 principal strain deviators and their azimuth angles may be 
obtained according to formula (5). Due to the tiny effects of temperature in measurement using the 
ASR method, thermal expansion strain resulting from temperature changes may be ignored, and the 
underground rock pore pressure P0 can be obtained upon well logging. Then, using formula (6), the 
same core specimen is used in the laboratory to test the relationship of the inelastic strain recovery 
flexibility in the volume mode changing with the average stress and the iteration method is used in 
combination with Formula (5) to determine the magnitude of the absolute value of the 3D in-situ stress. 
The in-situ stress test result obtained through the research is close to the result obtained using other 
methods such as focal mechanism solution and hydraulic fracturing in-situ stress measurement, 
indicating that the test result obtained through this study is reasonable and effective. 

4. Conclusions 
(1) The Wenchuan Earthquake Fault Scientific Drilling Project, a scientific drilling project of the 
humans that first responded to the Earthquake, examined the ASR method for cores of deephole (3km) 
in-situ stress test , developed the new test system and devised the test scheme under conditions 
whereby the borehole method can not be applied and based on the rock viscoelasticity theory, 
providing a means for carrying out in-situ stress measurements using the core method under conditions 
of large-depth drilling. 

(2) After the laboratory is established on the site and the cores are lifted from the deed holes to the 
ground surface, a no less than 20cm long homogeneous, crack-free core section is selected from the 
deep end of the core as the specimen, which is then processed on the site, including cleaning, 
determination of direction, locating and photographic recording. Under conditions of low humidity, 
the surface of the specimen is dried rapidly, the strainometers are pasted in 12 directions, the specimen 
is then put into the constant temperature, low humidity test box, the data collection and recording 
device of the test system operates continuously for one week and the normal strain of inelastic 
recovery strain of cores in 6 independent directions is obtained. 

(3) The direction and magnitude of the 3 principal stresses of the hole depth corresponding to the 
test core section are calculated using the test curve and the theory calculation method. Take #1 hole of 

the WFSD Project, at the 746m vertical depth of the hole, the maximum principal stress .1


 and the 

medium principal stress 2  are close to horizontal, the minimum principal stress 3  is close to 

vertical, the direction of the maximum principal stress .1


 is north-west 49° and its magnitude is 
25.2MPa, 21.5 MPa and 18.5 MPa respectively. The test result perfectly matches the result obtained 
by means of other stress measurement methods such as focal mechanism solution and hydraulic 
fracturing, indicating that the inelastic strain recovery method is reasonable and reliable for 3D in-situ 
stress measurement of deep holes. 

(4) To ensure the accuracy of the test, when testing the strain, it is essential to test a non-deforming 
rock specimen that is taken from the ground surface and has the same or similar properties 
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simultaneously to monitor the operating status of the test system. The measurement accuracy of the 
ASR method is determined by the conditions of the core itself and the orientation accuracy. Generally 
speaking, the error of the direction angle is less than ±10° and the error of the stress value is less than 
±10﹪. 

(5) For the laboratory established on the site of the Earthquake, there are many limitations and the 
power supply is usually not stable. To prevent loss of the test data as a result of faults in power supply, 
the test system is provided with the manual saving function. To ensure 100% data security, the 
auto-saving function of the system shall be developed on the basis of the manual saving function. 
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