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Abstract: To improve the accuracy of an initial in-situ
stress field determined by inversion, we describe a modified initial in-situ stress inversion method that uses partial least-squares regression based on FLAC3D. First, each
stress component is regressed to improve the fitting accuracy of locally abnormal stress regions, and then the relationship between element stress and unbalanced node
force is analyzed according to the computational principles of FLAC3D. The initial in-situ stresses obtained from
these regression calculations are added to a numerical
model, and the unbalanced node forces are recalculated.
An external force equal to the recalculated unbalanced
node force is then exerted on the node in the direction opposing the original unbalanced node force to satisfy the
equilibrium condition. For the in-situ stresses of elements
that do not satisfy the strength conditions, they are modified by assuming the average stress is constant and reducing the partial stress to satisfy the equilibrium and
strength conditions, which also resolves the unreasonable
distribution of the boundary nodal forces and results in
good regression estimates. A three-dimensional hypersurface spline interpolation method is developed to calculate the in-situ stress tensor at arbitrary coordinates. Finally, we apply this method to an underground engineering project, and the results are shown to agree well with
those obtained from field monitoring. Therefore, it is concluded that this modified in-situ stress inversion method
could effectively improve the fitting accuracy of locally abnormal stress regions.
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The in-situ stress of a rock mass, also called its initial
geostress, is a naturally occurring stress that is not subject to engineering disturbances. It is a fundamental stress
that can result in deformations and failures induced by
excavations for mining, tunneling, and hydropower stations, among other processes. [1, 2]. For the design and
construction of an underground structure, it is very important to predict the in-situ stress state and mechanical properties of the surrounding rock masses. For some purposes,
large-scale field monitoring work must be conducted before large-scale engineering projects are begun. This work
may include the use of hydraulic fracturing tests and borehole stress-relief tests to measure in-situ stresses [3]. There
are currently plans to build a large number of hydropower
stations in southwestern parts of China, most of which will
be located in deep, narrow valleys. The underground caverns of such stations are usually subjected to extremely
high in-situ stresses that are strongly influenced by the topography [4]. Therefore, an accurate inversion analysis of
in-situ stresses based on limited field testing results is a
necessary precondition.
The early stage of performing an inversion analysis
of in-situ stresses can be simplified to solving for the lateral pressure coefficient. This method had been found to
be error-prone and difficult to adapt to complex geological conditions [5]. In recent years, several different fitting
methods using discrete in-situ stress-field monitoring data
have been adopted to determine the in-situ stress field numerically. Guo and Yue et al. [6, 7] proposed a multiple
linear regression analysis to obtain the initial geostress.
Singh and Sahoo [8] reported on a multivariable statistical regression technique for computing the 3D stress tensor based on shut-in pressure data obtained from fractures during in-situ stress measurement by hydraulic fracturing in a short borehole. Yang et al. [9] first utilized the
finite element method to regress the initial in-situ stress,
including the linear elastic and elasto-plastic problems.
Numerous other researchers determined the in-situ stress
and mechanical properties of rock masses using field measurements of displacements, strains or stresses induced by
excavations, as these data are easily obtainable and reli-
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able. Displacement-based or stress-based inversion techniques have been a popular subject of research since the
1970s [10, 11]. Two types of approaches have been comprehensively tested. One approach is surrogate direct inversion, which includes neural network approaches that
attempt to use machine learning to map the inverse relationship between the stress and the boundary conditions.
Li [12] proposed a Surrogate Model Accelerated Random
Search (SMARS) Algorithm to inversely determine the overall stress state in a rock mass based on stress measurements. The other type of approach includes optimizationbased approaches such as genetic algorithms, which were
utilized to determine the boundary conditions through a
back analysis of the in-situ stress to improve the speed of
convergence [13]. Guo and Yan, et al. [14, 15] established
a displacement optimization function based on measured
geostresses to determine the geostress field.
Because a multiple linear regression analysis is based
on the superposition principle of elasticity theory and satisfies substantial assumptions about linearity and continuity, the inverted stresses show relatively large differences from the measured ones in certain complex geological conditions. The stress- and displacement-based function method could result in reasonable regression stress
values for homogeneous rock masses in relatively simple
geological conditions. If the geological conditions contain
some discontinuities, a higher order stress or displacement function should be presented to describe the behavior of the interface, and consequently this approach may
no longer be appropriate. The prototype and the numerical model should be very similar when optimization-based
approaches are used for in-situ stress inversion analyses.
The authors find that the inversion results obtained using
the above-mentioned approaches are not always ideal, especially in locally abnormal in-situ stress regions. To solve
this problem, the authors perform an analysis in which the
initial in-situ stresses obtained from regression calculations are input into a numerical model and the unbalanced
node forces are recalculated. An external force equal to the
recalculated unbalanced node force is loaded on the node
in the direction opposing the original unbalanced node
force to satisfy the equilibrium condition. A satisfactory
inverted in-situ stress field and boundary node forces are
computed using this approach, which makes full use of the
advantages of the multiple linear regression and boundary
load approaches.
This paper considers the slope of the dam hub area of
the Dagangshan Hydropower Station in Sichuan province,
China as an engineering case study. Initially, the authors
use a regression method to obtain the element stress components and establish regression equations for them to im-
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prove the fitting accuracy. An external force equal to the recalculated unbalanced node force is loaded on the node in
the direction opposing the original unbalanced node force
to satisfy the equilibrium condition. A modified method
is proposed for the partial-element in-situ stresses that do
not satisfy the elastic hypothesis. In addition, the authors
solve the problem of how to map a simplified model with
fewer elements onto a refined model with more elements.

2 Methods
2.1 Fundamental methods
The multiple regression method is based on the superposition principle of elasticity theory. The general purpose of
this method is to discover the relationship between several
independent or predictor variables and a dependent or criterion variable [16]. In its natural in-situ stress state, the
rock mass can be assumed to be stable and its plastic deformation can be assumed to be non-increasing. The complicated in-situ stresses of the geological body can be decomposed to several simplified boundary stress patterns
as shown in Figure 1. The basic initial stress of each internal element is obtained after applying a unit load on
its boundary. The basic initial stress and measured in-situ
stress are considered to be independent and dependent
variables, respectively, and the regression coefficient is obtained using a partial least-squares regression analysis.
Because the boundary stress is not always uniformly
distributed, boundary displacement load, which involves
preloading a certain velocity in a specified step and then
setting the velocity to zero, is adopted instead. After that,
we perform a regression analysis between the measured
in-situ stress and the calculated stress due to the six singleload patterns shown in Figure 1. The coefficients of Equation (1) are consequently obtained. The measured values can be regarded as combinations of the calculated
stresses. To improve the fitting accuracy in certain complex circumstances, we also perform a regression analysis
yy
xy
yz
xz
zz
on the six stress components σ xx
ij , σ ij , σ ij , σ ij , σ ij and σ ij .
We select the partial least squares regression method as it
could establish a regression model when the independent
variables have a large coefficient of multiple correlation.
The regression equation is as follows:
yy
yz
xy
g
xx
xz
σ geo
ij = a k + b k σ ij + b k σ ij + b k σ ij + +b k σ ij + b k σ ij + b k σ ij ,
(1)
where i, j = 1, 2, 3; k = 1, 2, 3, 4, 5, 6; a k and b k are re-

gression coefficients.
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Figure 1: The decomposition of boundary stress.

2.2 A modified method
After the initial in-situ stress field has been computed, the
regressed in-situ stress is input into the numerical model
and the boundary node force that brings the model into
equilibrium is calculated and used in the calculation for
the subsequent excavation steps. Previous researchers focused on the in-situ stress regression method, without including the regressed in-situ stress in the numerical model.
The earlier work involved performing a regression analysis
on the lateral pressure coefficient and loading the boundary stress according to the result. Guo et al. [14] completed
an inversion analysis of the boundary stress or displacement and were able to fit the in-situ stress field and satisfy the boundary conditions. Xu [17] proposed a general
method for accurately finding the equilibrium states of
complex in-situ stress fields by directly exerting loads on
nodes. In this paper, an external force equal to the unbalanced node force is loaded directly on the node in the direction opposite the original unbalanced node force to satisfy the equilibrium condition using the finite difference
code FLAC3D ¹.
In FLAC3D, any node stress in the equilibrium state
should satisfy the following condition:
<l>
 n
Ti
ρb i V
+ P <l>
F i<l> =
+
(2)
i .
3
4

1 Itasca, FLAC3D. Fast lagrangian analysis of continua in 3dimensions, version 5.0, manual. Itasca, Minnesota, 2012.

Here, F i<l> represents the unbalanced force on node
l, [[]]<l> represents the sum of forces provided by all the elements that share a common node l, T in /3 is the element’s
internal force, ρb i V /4 is the body force, and P i<l> is the
sum of forces provided by other nodes that have connections with node l. F i<l> is close to zero when equilibrium is
established. According to the principle of superposition,
the unbalanced force F i<l> on each node could be obtained
using Equation (2). To ensure that the system satisfies the
equilibrium conditions, an opposing external force equal
to F i<l> is exerted on each node to counteract the unbalanced force.
The implementation steps and methods in FLAC3D are
as follows:
– Step I: Fix the left boundary of the model in the
X direction and exert a vertical velocity at the right
boundary of the model in the X direction to make the
model compressive. Then, calculate the designated
processes and record the stress components at each
monitoring point.
– Step II: Cancel the operation of Step I. Fix the left
boundary of the model in Y direction and exert a vertical velocity at the right boundary of the model in the
Y direction to make the model compressive. Then, calculate the designated processes and the record stress
components at each monitoring point.
– bf Step III: The stress components σ xij obtained from
the above two steps become independent variables
in the regression equations and the in-situ measured
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Figure 2: The modification method of element stress.

–

–

geostress σ geo
becomes a dependent variable when
x
the partial least squares regression analysis is performed.
Step IV: Input the initial in-situ stresses obtained from
the foregoing regression calculation into the numerical model and recalculate the unbalanced node forces.
Exert an external force equal to the recalculated unbalanced node force on the node in the direction opposing the original unbalanced node force to satisfy
the equilibrium condition.
Step V: Set the velocity of model boundary to zero
and set the related physico-mechanical parameters,
including the node load and element stress, in the numerical model to finalize the calculations.

After these steps, an in-situ stress field and a boundary
stress accurately satisfying the measured in-situ stress distributions are obtained. The whole calculation process
is performed by reading and writing interface files in
FLAC3D.
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using an incremental method based on the Drucker-Prager
yield criterion. Because this transferred stress is due to the
influences of nearby elements, the calculation process becomes slightly more complicated. In our modified method,
we keep the average stress invariant and modify the values
of the deviatoric stress. Then, the regressed Mohr circle expressed by the dotted circle in Figure 2 is coordinated with
the ultimate stress state expressed by the solid circle in Figure 2. The aim of this processing is to efficiently decrease
the calculation’s complexity.
The Mohr-Coulomb criterion is adopted and the criterion for judging an element’s stress is as follows:
s


1 + sin(φ)
1 + sin(φ)
 s
f = σ1 − σ3
+ 2C
1 − sin(φ)
1 − sin(φ) . (3)

 t
f = σ3 − σ t
In Equation (3), σ t is the tensile strength, φ is the internal friction angle, C is the cohesion, and σ1 σ3 represent
the principal stresses. When the element’s regressed stress
f s < 0, it means the element meets shear failure condition.
When f t < 0, it means the means the element meets the
tensile failure condition.
As shown in Figure 2:
σ1 = σ′1 + ∆σ, σ3 = σ′3 + ∆σ.

(4)

Here, σ′1 and σ′3 both satisfy the yield condition of the rock
mass. Then, Equation (4) are substituted into Equation (3)
with f s = 0, resulting in Equation (5):
s
1 + sin(φ)
1 + sin(φ)
σ1 − ∆σ − (σ3 − ∆σ)
+ 2C
= 0, (5)
1 − sin(φ)
1 − sin(φ)
where ∆σ is the modified stress in the regression analysis.
The six stress components of each element are calculated
using the modified σ′1 and σ′3 . Thus, the modified in-situ
stress field is finally obtained.

2.3 A modified in-situ stress field
The in-situ stress field obtained in the previous steps may
satisfy the equilibrium conditions based on the elasticity hypothesis. However, in an elasto-plastic state, it may
not satisfy the strength conditions. Therefore, this stress
field should be modified. We modify it by coordinating the
stress that exceeds the element strength with a stress in
line with the strength conditions. In fact, we need to coordinate the stress state with the yield stress plane. Yang
et al. [18] transferred the difference between the measured
and regression values of the stress in the elasto-plastic
scheme to the nodes where the stress state does not satisfy
the yield condition. The transferred stress was calculated

2.4 An interpolation method that maps an
in-situ stress field to a numerical model
As we know, an important feature of accessible rock
masses is that they are broken up by discontinuities such
as joints and faults; therefore, we need to establish a complex and precise numerical model that includes joints and
faults. This type of numerical model must have a large
number of elements, which could make the computation
inefficient. The same situation is encountered when performing an inversion analysis of an in-situ stress field.
Under this type of complex geological condition, a simplified numerical model with fewer elements is generally
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adopted, and the inversion results are mapped to a more
complex and precise numerical model. This process significantly improves the computation efficiency and is useful
for simulating excavations. The stress tensor of each element obtained using the simplified model is expressed as
a function of the coordinates of the element’s center using a three-dimensional hypersurface spline interpolation
method. The stress tensor of each element in the complex
and precise model can then be obtained using the function. This three-dimensional hypersurface spline function
is as follows:
w(x, y, z) = a0 + a1 x + a2 y + a3 z +

n
X



F i r2i ln r2i + ε . (6)

i=1

The parameters are defined as follows:
w(x, y, z) - stress components of any element;
x, y, z - coordinates of the element;
a0 , a1 , a3 , F i (i = 1, 2, ·, n) - undetermined coefficients;
r2i = (x − x i )2 + (y − y i )2 + (z − z i )2 ;
x i , y i , z i - coordinates of element i;
ε - an empirical parameter that regulates the surface curvature.
The undetermined parameters in Equation (6) are
given by the following equations:

n


X


2
2

w
=
a
+
a
x
+
a
y
+
a
z
+
F
r
ln
r
+
ε
0
1
2
3

j
j
j
j
i
ij
ij

i=1
.
n
n
n
n
X
X
X
X



F i = 0;
x i F i = 0;
y i F i = 0;
zi Fi = 0


i=1

i=1

i=1

i=1

(7)
Equation (7) is a system of linear equations; thus, it can be
expressed in matrix form:
AX = B,

(8)

where A, B and X are as follows:

 r2 ln
 12






A=
 r2 ln
 1n







0

r212 + ε
..
.
..
.

r21n + ε
1
x1
y1
z1

r212 ln r212 + ε
0
..
.
···
···
···
···
···
···



···
···
..
.
..
.
···
···
···
···
···


r21n ln r21n + ε

2
2
r2n ln r2n + ε
..
.
r2n−1,n ln r2n−1,n + ε
0
1
xn
yn
zn



1
1
..
.

x1
x2
..
.

y1
y2
..
.

z1
z2
..
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1
1
0
0
0
0

x n−1
xn
0
0
0
0

y n−1
yn
0
0
0
0

z n−1
zn
0
0
0
0




















(9)

B = (w1 , w2 , · · · , w n , 0, 0, 0, 0)T

(10)

X = (F1 , F2 , · · · , F n , a0 , a1 , a2 , a3 )T .

(11)

This system of equations is symmetric and can be solved
using Household’s transformation. In addition, the components of the stress at any position can be calculated.

3 Engineering application—a case
study
3.1 Physical and numerical descriptions
The Dagangshan dam is located at the middle part of
the Dadu River in the Sichuan Province of southwestern
China, as shown Figure 3. The dam is a concrete doublearch dam with the maximum height of 210.00 m. The maximum water head is 178.00 m. The dam is situated between
huge mountains with steep and high slopes. The in-situ
stresses are relatively high and the natural slope angle is
generally 40∼65° and the relative elevation drop is more
than 600 m. The bedrock is mainly granite and outcrops
are observed on the ground surface. The rock masses are
highly unloaded and strongly weathered. Colluvial clay
with a certain thickness distributes in the slopes on the left
and right banks above elevation 1250 m. Rock dykes, compressional fracture zones, faults, joints and fractures are
developed in the rock masses. On the right bank and in the
river bed, a few groups of rock dykes, faults and dense fracture zones due to unloading are identified. There are six
major joint sets. Field investigation indicated that the degree of unloading in the rock masses on the left bank is related to the formation of fractures with medium dip angles.
Two dense fracture zones with medium dip angles and
faults f231, f208 revealed are the major factors affecting
the overall stability of the right slope. The maximum lateral initial stress is measured to be 3.27∼26.51 MPa and the
minimum lateral stress ranges between 2.22∼14.51MPa.
4−4
Figure 4 shows the rock classifications of the inγ24−1 γk2
situ stress monitoring areas and Table 1 shows the physicomechanical parameters of each group. In Figure 3, some
red circles represent the locations of the in-situ stress monitoring points and Table 2 shows the elevations of these
monitoring points.
The numerical model of the slope extends to 250 m
upstream and 500 m downstream along the vertical direction of the dam axis, and 800 m along the left and right
banks of the dam axis, as shown in Figure 4. The origin is
placed at the center of the valley along the dam axis. The
related in-situ measured stresses are shown in Table 3. The
numerical model includes an overburden layer containing
four types of rock masses: rock masses with full or strong
weathering and intensive unloading (Type V), rock masses
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Table 1: Physico-mechanical parameters of each group.

Weathering degree
Unloading features

Completely
Strongly
weathered
weathered
Highly unloaded

Upper section of slightly weathered

Lower section of slightly weathered

Highly
loaded
IV
2

Highly
loaded
IV
4

un-

Slightly
unloaded
IV
3
5.8MPa

Rock mass classification
V
Group No.
1
Parameters
C
1.7MPa
of rock mass
φ
55.06°
55.87°
E
5.71GPa
21.7GPa
Parameters
C
0
0
0.15MPa
of fractures
φ
26.6°
26.6°
36.8°
(Note: In this table, C is the cohesion, φ is the internal friction angle and E represents
the elastic modulus.)

0
26.6°

un-

Slightly fresh

Slightly
unloaded
III
5
6.8MPa

II
6
12.3MPa

55.63°
23.9GPa
0.15MPa

56.33°
38.8GPa
0.2MPa

36.8°

44.4°

Figure 3: A plane view of the dam layout. The Dagangshan dam is located on the middle reaches of the Dadu River flowing from north to
south. The dam is a double curvature, concrete dam of a 210 m high, and underground cavern of the hydropower station located in the left
bank. The red circles represent the locations of in-situ stress monitoring points.
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Figure 4: The numerical model and rock classifications in the in-situ stress monitoring area.

Table 2: Numbering of in-situ stress monitoring points and corresponding elevations.

No. of in-situ stress
monitoring points
1
2
3
4
5
6
7 -1
7 -2

Corresponding
(m)
888.12
850.62
797.25
774.87
881.6
804.56
845.34
822.47
827
831.71
891.71
954.97
980

elevations

with weak weathering and intensive unloading (Type IV),
rock masses with weak weathering and unloading (Type
III), and intact rock masses (Type II).
When expressed using the method described in this
paper, the fitting equations are as follows:
σ geo
xx =

yy
g
−4.4MPa + 0.61σ xx
xx − 5.14σ xx + 2.31σ xx
xy
xz
−3.65σ yz
xx + 9.26σ xx − 0.26σ xx

σ geo
yy =

yy
g
−18.9MPa − 40.6σ xx
xx ˘4.8σ xx + 13.1σ xx
yz
xy
xy
+4.76σ xx + 48.5σ xx ˘3.53σ xx

σ geo
zz =

yy
g
−6.9MPa − 7.10σ xx
xx ˘11.7σ xx + 0.89σ xx
yz
xy
xy
+1.45σ xx − 8.73σ xx + 9.26σ xx

σ geo
yz

yy
0.07MPa − 0.39σ xx
xx − 0.62σ xx
yz
xy
xy
−0.39σ xx + 1.03σ xx + 0.16σ xx

(12)
=

σ geo
xz =

yy
g
−0.35MPa − 1.96σ xx
xx + 0.77σ xx ˘0.32σ xx
xy
xy
−0.94σ yz
xx + 0.86σ xx + 2.89σ xx

σ geo
xy =

yy
g
0.46MPa − 8.31σ xx
xx + 0.57σ xx + 2.84σ xx
yz
xy
xy
+2.42σ xx − 7.55σ xx + 0.75σ xx

7 -3
7 -4
7 -5
7 -6

+

0.72σ gxx
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Table 3: Measured values of In-situ stress.

Coordinates (m)
Y
Z
-50.7 881.6
804.5
20.3
100.4 826.9
811.7
-19.6
-8.2
797.2
774.8
7.1
-4.6
845.3
822.4
75
-0.4
891.7
824.9
-53.7
-12.2 888.1
850.6
332.8 -110.1 972.5
437.3 -246.3 972.5
472.8 -306.6 972.5
398.5 -138.1 972.5
458.6 -28.5 972.5
504.3
54.8
972.5
X
-7.8

σ xx
13.96
13.14
15.27
18.76
8.6
9.11
8.95
9.69
6.69
9.84
7.17
6.51
10.08
7.24
7.56
5.17
5.32
7.93

σ yy
7.72
7.94
9.27
10.58
5.64
6.33
6.43
7.08
4.87
7.02
5.09
4.39
22.32
21.1
15.7
9.17
9.62
15.99

Until these have been calculated, each stress component
can be obtained using Equation (12).

–
–

Stress (Mpa)
σ zz
σ yz
1.57
3.57
3.07
3.47
3.89
4.47
2.63
3.22
2.08
3.81
2.18
3.16
15.03 0.04
12.63 1.36
10.01 -0.05
11.2 -0.72
9.29 -1.61
10.64 0.25

σ zx

-1.37
-1.01
-0.25
-1.53
1.9
-0.52

σ xy
-0.44
1.05
-0.1
-1.17
-0.1
-0.51
-0.56
-0.69
-0.41
-0.51
-0.22
-0.47
0.36
-2.17
5.53
4.26
2.94
6.11

Step III: The unbalanced node force is obtained during the first pass of the numerical model.
Step IV: A reaction force in the direction opposing the
unbalanced node force is exerted.
Step V: Steps III IV are repeated until reasonable results are obtained.

3.2 Modification of singular boundary node
force

–

The stress components obtained using Equation (12) are
input into the numerical model, which conforms to the
Mohr-Coulomb criterion. The computational results show
that larger plastic zones appear at the boundaries of the
rock mass. The spatial distribution of each stress component is shown in Figure 5.
The distributions show that the nodes with singular
boundary forces are located on the displacement boundary lines. The reason the singular boundary forces arise is
that different velocities are exerted on different nodes in
the same element. The singular boundary node forces lead
to the generation of large-scale plastic zones in the boundary elements. To eliminate the singularity, the partial node
forces and the element stresses are rewritten. The following is a description of the rewriting process in FLAC3D:
– Step I: The regressed element stresses are exerted in
the numerical model.
– Step II: Some elements’ stresses are modified so that
they exceed the strength limit, as in Part 2.3.

The distributions of the singular boundary node forces are
modified as shown in Figure 6. After the modification process is completed, the singularity in the boundary node
forces and the extensive plastic zones disappear.
Furthermore, a comparative analysis of three methods, including the conventional regression method (CRM),
the boundary displacement adjustment method (BDA) and
the modified method proposed in this paper (MM) has
been conducted. And the selected monitoring points are
shown in Figure 3 and Table 2 shows their specific elevations. Figure 7 shows the distributions of some in-situ
measured values and the final results obtained by these
three methods. It is clear that, the results obtained using
the modified method are closer to the in-situ measured values in complex geological conditions, especially at locations of abnormally increasing local stress. We also see
that there are differences between the fitting results and
the in-situ measured values because of the differences between the numerical model and the prototype. We need to

832 | Y. Li et al.

Figure 5: Distributions of boundary node force.
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Figure 6: Distributions of modified boundary node forces.
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Figure 7: The results comparison among CRM, MM and BDA.

conduct detailed investigations and establish a refined numerical model to reduce errors.

4 Conclusions
Performing an in-situ stress inversion analysis under complex geological conditions involves two problems. One is
that some important regression information may be missing from the results of a least squares analysis when abnormally increasing stresses are present. The other is that
a complex and precise numerical model reflecting complex geological conditions is computationally inefficient.
In view of the above two problems, the following modifications to the regression analysis of in-situ stress are made:
(1) A regressive equation has been established for each
of the six stress components. The fitting precision at the
locations of abnormally increasing stresses has been improved.
(2) In-situ stress loading is directly accomplished by rewriting the elements’ stress variables and exerting balanced
node forces, and the boundary force loading is completed
without reducing the calculation precision.
(3) The multiple regression method is based on the superposition principle of elasticity theory, which is reasonable
in the natural state. However, in an elasto-plastic state, it
may not satisfy the strength conditions. The strength conditions can be satisfied by rewriting the element stresses,
and the singularity in the boundary node forces can be resolved by modifying the balanced node forces.
(4) A three-dimensional hypersurface spline interpolation
method is developed to effectively complete the mapping
from the in-situ stress field of a simple numerical model to
that of a complex and precise numerical model.

The in-situ stress loading method proposed in this paper
can be used generally for the inversion analysis of in-situ
stress. The modified element stresses satisfy the strength
criterion and equilibrium condition. The agreement between the in-situ measured stresses and the regression results has been significantly improved.
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