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Abstract

Analysis of the in situ stress orientation and magnitude in the No. 4 Structure of Nanpu Sag was performed on the basis
of data obtained from borehole breakout and acoustic emission measurements. On the basis of mechanical experiments,
logging interpretation, and seismic data, a 3D geological model and heterogeneous rock mechanics field of the reservoir
were constructed. Finite element simulation techniques were then used for the detailed prediction of the 3D stress field.
The results indicated that the maximum horizontal stress orientation in the study area was generally NEE-SWW trending,
with significant changes in the in situ stress orientation within and between fault blocks. Along surfaces and profiles, stress
magnitudes were discrete and the in situ stress belonged to the Ia-type. Observed inter-strata differences were characterized
as five different types of in situ stress profile. Faults were the most important factor causing large distributional differences
in the stress field of reservoirs within the complex fault blocks. The next important influence on the stress field was the reser-
voir’s rock mechanics parameters, which impacted on the magnitudes of in situ stress magnitudes. This technique provided a
theoretical basis for more efficient exploration and development of low-permeability reservoirs within complex fault blocks.

Keywords Complex fault blocks - 3D heterogeneity - In situ stress prediction - Reservoir model - Nanpu Sag

1 Introduction

In situ stress refers to the internal stress within the Earth’s
crust and is closely related to gravitational and tectonic
stresses (Bell 1996; Kang et al. 2010). Knowledge of the
in situ stress field of a reservoir is important in petroleum
exploration and field development (Finkbeiner et al. 2001;
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Bell 2006; Zoback 2007; Tingay et al. 2010; Li et al. 2014;
Ju and Sun 2016; Ju et al. 2017), because it can affect perme-
able fracture aperture and orientation as well as fault seal-
ing. Understanding in situ stresses also plays an important
role in solving engineering problems, such as underground
excavation design (Mizuta et al. 1987), wellbore stability
evaluation (Zoback et al. 2003; Tingay et al. 2009), and the
optimization of ground support systems (Sibson 1994; Binh
et al. 2007; Liu et al. 2016).

In recent years, low-permeability reservoirs are the sub-
ject of considerable research globally due to their potential
for containing oil and gas (Nelson 2009; Zeng et al. 2013;
Farrell et al. 2014; Lommatzsch et al. 2015; Wang et al.
2018). Hydraulic fracturing is a current trend and an effec-
tive method to develop low-permeability reservoirs. During
hydraulic fracturing, the form of fractures, method of frac-
ture extension, and production efficiency are greatly influ-
enced by the state of the in situ stress field. The four most
important research aspects during the development of low-
permeability reservoirs are: (1) changes under stress within
the reservoir; (2) deformation and fracturing mechanisms
of the rock; (3) optimization of horizontal well trajectories;
and (4) hydraulic fracturing design (He et al. 2015; Hoda
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et al. 2015). In situ stress is one of the most significant char-
acteristics when assessing these key factors. Comprehen-
sive research of in situ stress in reservoirs by using various
methods is important (Zeng et al. 2013; Zoback et al. 2003).
The most direct and effective means of determining
in situ stress is well site measurements and the acquisition of
core for testing. Core testing includes paleomagnetic orien-
tation, wave velocity anisotropy, acoustic emission, and dif-
ferential strain; field measurement methods include borehole
breakouts, drilling-induced fractures, and downhole micro-
seismic monitoring. These methods can be used to obtain
the magnitude and orientation of in situ stress (Dai 2002;
Zoback 2007; Zang and Stephansson 2009; Zhang et al.
2012; Eshiet and Sheng 2018). These techniques are rela-
tively well developed and widely applied. Various models to
calculate the in situ stress of heterogeneous strata have been
proposed using well logging data (Wang et al. 2008; Chen
et al. 2009a; Fan et al. 2009), to obtain one-dimensional
and continuous in situ stress data for entire well sections. In
recent years, with rapid development of digital technology,
a digital volumetric speckle photography (DVSP) technique
has been developed to quantitatively record and measure the
three-dimensional (3D) deformation and strain field inside
rocks under load (Chen et al. 2005; Chiang and Mao 2015).
Further, Mao et al. (2015a, b) and Lu (2016) apply the DVSP
technique in combination with X-ray micro-tomography to
obtain the 3D interior strain fields in a sandstone specimen
under uniaxial compression, and has achieved good research
results. However, this technique is still difficult to measure
the 3D strain filed under confining pressure, so it can only
supplement or verify the numerical simulation of stress.
There is still a lack of a mature analytical methods and
techniques for predicting the distribution of inter-well in situ
stress, especially in regions with complex fault blocks and
highly heterogeneous stress fields. At present, the main
methods for predicting in situ stress fields are two-dimen-
sional (2D) or 3D numerical simulations using the finite
element method (FEM) and wells as constraints (Xie et al.
2008; Liu et al. 2009; Tian et al. 2011; Yang et al. 2012; Yu
et al. 2016; Mao et al. 2015a, b; Dai et al. 2016). The former
is mainly used for large-scale basin modeling. It focuses
on predicting in situ stress orientation and is qualitative to
semiquantitative studies of in situ stress magnitudes. The
latter can reflect the distribution of the stress field within
target strata in 3D space. However, prediction accuracies
are largely dependent on the construction of the geological
model and determination of the rock mechanics parameters.
Previous studies used digital processing of the tectonic
map of the target layers to obtain the layers 3D coordinates
(Wang et al. 2007, 2016; Dai et al. 2011, 2014; Ding et al.
2011, 2016; Lei et al. 2015 ). However, the precision of
digitization is low, resulting in oversimplification of faults.
Furthermore, the mechanical models used are stratified
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horizontally and have homogeneous planes, meaning that
well-constrained rock mechanics parameters are used as
substitutes for the rock mechanics parameters of a particu-
lar area, or even an entire region (Zhu et al. 2016). Such
approaches do not meet the requirements for understand-
ing the in situ stress field of reservoirs within complex fault
blocks.

This study examined a deep-buried reservoir in the No.
4 Structure of Nanpu Sag. The reservoir lithology is domi-
nated by low-permeability sandstones located within com-
plex fault blocks. This significant region within the larger
Jidong Oil field is currently the focus of exploration and
development. The reservoir is characterized by highly vari-
able lithofacies, variable fluid properties, low porosity, low
permeability, and high heterogeneity and anisotropy (unpub-
lished data from the PetroChina Jidong Oil field Company
2017). The reservoir is cross-cut by a large number of faults.
Exploration and development of the region have been mostly
slow and inefficient due to the poor geological conditions
and inadequate exploitation techniques. Hence, research on
the in situ stress of No. 4 Structure of Nanpu Sag can pro-
vide technical support for well planning and the design of
fracturing schemes (Cao 2005; Haghi et al. 2013). This can
help to improve the outcomes of reservoir exploration and
development.

In view of the aforementioned issues, this study enhances
and innovates the approach in two ways: (1) using the tech-
nique of seamlessly welding the geological and FEM mod-
els, that is, using a combined Petrel and ANSYS modeling
technique, to more accurately model the actual undulations
of the target strata in the study area and to make detailed
depictions of the 3D form of faults; and (2) using a combi-
nation of core tests and geophysical methods to construct a
3D heterogeneous rock mechanics model of the target strata.
These can be used to predict the distribution of in situ stress
in the No. 4 Structure of Nanpu Oil field and to provide sug-
gestions for optimum well pattern design within the strata
for fracturing.

2 Background and overview
2.1 Overview of study area

The Bohai Bay Basin, an important hydrocarbon-produc-
ing province in China, is located on the eastern coast of
China and covers an area of approximately 200,000 km?.
It appears as a northeast-trending ‘lazy-Z’’ pattern (Mann
et al. 1983) on the regional geologic map (Dong et al. 2010)
(Fig. 1a). It consists of six major depressions, including
Liaohe, Bozhong, Jiyang, Jizhong, Huanghua, and Linqing
depressions (Gong 1997) (Fig. 1b). The northeast part of the
Huanghua depression contains the Nanpu Sag, the northern
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Fig. 1 a Map showing the outline of the Bohai Basin. b Map of the Bohai Basin showing the major faults and location of the study area. ¢ Map
of the Nanpu Sag showing faults and hydrocarbon distribution. d Map of the study area showing the fault block structure of the No. 4 area/Struc-

ture. Contours represent the top surface of Ed, 5

region of which in turn contains the 1930 km? Nanpu Oil
field. This oil field’s deep reservoir is sited within a region
of complex fault blocks, formed by the Gaolin Fault and its
derivative faults (Zhang 2010). The main oil-gas reservoir
is located in the Ed,,; members, which mainly consist of
fine sandstone, argillaceous sandstone and mudstone. The
Nanpu Oil field is divided into five structural blocks by the
Gatuo fault and Gaoliu fault (Fig. 1c). In the No. 4 Structure,
NE-SW and NW-SE striking faults developed in a reticulate
pattern, dividing the area into multiple fault blocks that are
nearly rectangular or rhombic in shape. The No. 4 Structure
is dominated by NE-SW/NW-SE striking curved fault (i.e.,
Nanpu.4 fault) that derives several secondary radial faults
oriented in multiple directions (Fig. 1d). About 70% of the
reservoir is oil-bearing area and under exploitation. In the
second section of the Dongying Formation in this reservoir
is the Ed, member, which is currently the focus for explora-
tion and development in the Jidong Oil field.

The No. 4 Structure’s Ed,,; members contain five oil
series, which are labeled as I, II, III, IV, and V from top to
bottom. The layers are buried at a depth of 3200-3400 m
and comprise mainly distributary channel sand bodies of

subaqueous fan deltas. Its average porosity and permeabil-
ity are 14.3% and 3.8 mD, respectively, giving the reser-
voir the characteristics of medium/low porosity and low/
ultra-low permeability. In addition, the No. 4 Structure has
poor physical properties and high heterogeneity, and the tec-
tonic fracture development level is low. After many years
of waterflooding operations, the oil field is currently being
reassessed for the development of a well pattern.

2.2 Insitu stress tensor

In general, the state of in situ stress can be described by the
stress tensor, which includes the orientation and magnitude
of the three orthogonal principal stresses (Engelder 1993).
In general, three types of in situ stress regime are determined
based on the relative magnitude of the minimum horizontal
stress (Symin)> Maximum horizontal stress (Sy,.c) and verti-
cal stress (Sy) (Anderson 1951): (i) Normal faulting stress
regime: Sy > Symax > Shmins that is, I-type; if Sy, >0, it
belongs to the Ia-type; if S}, <0, it belongs to the Ib-type.
(ii) Strike-slip faulting stress regime: Symax > Sv > Shmin-
(iii) Reverse faulting stress regime: Symax > Shmin > Sv-
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Stress coefficients are important parameters used for
describing in situ stress. These include the ratio of the Sy«
to Symin (kyn), lateral pressure coefficient (k), and Sy, and
Shmin horizontal stress coefficients (kyy and &y, respectively)
(Brown and Hoek 1978; Savage et al. 1992; Engelder 1993;
Tingay et al. 2010). Equation 1 can be used to calculate the
relationship between the various stress coefficients:

kiyn = Stmax/Shmin

k= (Stmax + Shmin)/ (2Sy)
kit = Stimax/Sv

Ky = Shimin/Sv

ey

The stability of the reservoir rock is affected by Ky,
which is similar to the horizontal differential stress
(SHmax—Shmin)- The larger the ratio, the more unstable the
rock tends to be (Li et al. 2011b). This causes fractures to
extend along the orientation of Sy, such that it would be
difficult for complex reticulated fractures to form. The coef-
ficient k is used to describe the horizontal stress being borne
by the underground rock mass and is the direct manifestation
of the horizontal load at the borehole wall. Both Kj; and K,
describe the relationship between the horizontal and vertical
stresses. The stress coefficients and depth cross-plots can
show the general trend of horizontal in situ stress to increase
with depth. This provides supplementary information on the
spatial distribution of in situ stress, and provides reference
values for the estimation of in situ stress for regions that lack
in situ stress data.

Affected by the Pacific plate, Philippine plate, Indian
Ocean plate and Siberian plate, the direction of the mod-
ern tectonic stress field in China can be divided into
three regions: The west is mainly squeezed by the nearly
south—north (S-N) direction, and the direction of Sy, is
nearly S—N (Liu et al. 2006; Dai et al. 2013). The stress state
in the west belongs to a compression type or type II geostress
state. The eastern part (e.g., the Bohai Bay Basin) is mainly
subject to near SW-NE compression, the direction Sy, 18
nearly SW-NE, and the corresponding stress state belongs
to a type la geostress state (Ju et al. 2016). As a transitional
zone, the stress state in the middle part is mainly a strike-
slip type, or type III geostress state. As the plate boundary
of eastern China, the Tanlu fault is a deep fault zone domi-
nated by shearing movement, and it has recently inherited
some of the characteristics of neotectonic movement (Zeng
et al. 2001; Shui et al. 2016). For Cenozoic activities of
the Tanlu fault zone, most researchers believe that right-
lateral strike-slip extension and left-lateral strike-slip extru-
sion have occurred since Paleogene, and nowadays they are
still dominated by right-lateral strike-slip extrusion (Zeng
et al. 2001; Shui et al. 2016; Yang et al. 2017). Therefore, in
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general, the current stress field of Nanpu Sag is dominated
by nearly SW-NE compression, and is also affected by the
eastern fault, showing a coexisting right-lateral strike-slip
characteristic.

3 Methodology and input data
3.1 Characteristics of in situ stress at the key wells
3.1.1 Orientation of in situ stress by borehole breakouts

Practical experiences have shown that the directional orien-
tation of the in situ stress can be determined according to
the orientation of the borehole breakouts (Bell and Gough
1979; Dai 2002; Zoback et al. 2003). Rock removed from
the subsurface when a well is drilled no longer supports the
surrounding rock, resulting in concentrated stresses (Plumb
and Hickman 1985; Rajabi et al. 2010). Borehole breakouts
happen when the stress exceeds that required to cause rock
failure, with the orientation of the borehole breakouts rep-
resenting the orientation of the minimum horizontal stress
(Shmin) (Bell and Gough 1979; Zoback et al. 2003; Brooke-
Barnett et al. 2015; Fig. 2a). Generally, borehole breakouts
in image logs appear as broad, parallel and often poorly
resolved conductive zones separated by 180° with caliper
enlargement in the direction of the conductive zones (Bell
1996; Rajabi et al. 2010; Tingay et al. 2010; Kingdon et al.
2016). For example, the Fullbore Formation Microimager
(FMI) logs of an interval of borehole breakout in well NP4-
31 (Fig. 2a), showed the orientation of the breakouts to be
N-S, indicating that the maximum horizontal stress (Sgmax)
was in an E-W orientation. After determining the orienta-
tions of borehole breakouts for nine wells, we determined
the Sy« Of the No. 4 Structure to be between NEE-SWW
and SEE-NWW (Fig. 2b). The image logs and data were
obtained from Jidong Oil Company reports.

3.1.2 Inssitu stress magnitude by acoustic emission (AE)

The acoustic emission method is generally used to determine
paleo-tectonic stresses experienced in rocks, and can also
be used to acquire the magnitude of in situ stress (Holcomb
1993; Chen et al. 2009b; Li et al. 2011a; Lehtonen et al.
2012; Zhao et al. 2012). Brittle materials retain memory
of the loading effect that they have been subjected to (Zang
and Stephansson 2009). The stress history of the rock could
be analyzed on the basis of this ability. According to the
definition of Kaiser effect, the preexisting maximum stress
of sampling point is measured by AE method instead of the
current stress. However, after a lot of practice, Ding and
Zhang (1991) proposed the concept of “visual Kaiser effect.”
In detail, AE method/curve can obtain two Kaiser points,



Petroleum Science

(a)

Depth

(b)

\ 1172
ST 7
QN 2% 228
NN O X
SES oE =
%7 RS S,
it S

o

7
e

7
W

I

W

=

!
N

A

N
A8
[

i Tl -
% \‘\\‘g’ NS 7 e
TS SR N
(] \l\‘Q
NP43-X4805 o

NP43-4832

NP43-4802 NP43-4822
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tograms show the orientation of borehole breakouts and the blue arrows indicate the Sy, orientation, namely the compression direction

one corresponding to the stress causing the saturated satura-
tion of the rock. It is consistent with the current stress field
and lower than the historical maximum stress value, so it is

called the visual Kaiser point. On AE curve, after the visual
Kaiser point, another true Kaiser point is obtained, which
corresponds to the highest historical stress. From above, the
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load stress experienced by rock samples in different direc-
tions (X direction, Y direction, XY direction and Z direction)
could be evaluated (Fig. 3a), and the values of in situ stress
are analyzed using the following equations.

rO-V=O-J_
o, +o0 6, —0o,\° o.+o0
o= ——+ —— ) +Ousy — =)
4 2 2 Y 2
2
o, +o0, 0y — 0, o,to, )
On= %~ 2 + (O4sy — 2 )

@

where o, is the in situ stress component of the Z direction, o,
is the in situ stress component of the X direction, 0,5, is the
in situ stress component of XY direction and o is the in situ
stress component of Y direction.

In this study, 9 groups of AE test were conducted at Shan-
dong University of Science and Technology (Fig. 3b). The
test results are shown in Table 1. In situ stress magnitude in
the No. 4 Structure varied widely. The respective values for
Stimax and Spmin were 66.0-79.5 MPa and 53.9-75.5 MPa;
those for vertical principal stress and horizontal differential
stress were 72.5-84.4 MPa and 5.52-13.14 MPa. The over-
all distribution of in situ stress exhibited the trend of being
lower in the west and higher in the east.

3.2 Detailed prediction of a 3D heterogeneous
stress field

An outline of the workflow behind the detailed prediction
of a 3D heterogeneous stress field is shown in Fig. 4. First,
the 3D visualization modeling software Petrel was used to
build a 3D geological model of the target layer in the study
area from drilling, logging, seismic, and regional geological
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Fig.3 a Sampling for acoustic emission from various directions (X direction, Y direction, XY direction, and Z direction). b Cumulative acoustic
emission graph used to determine the magnitude of in situ stress (an example of sample from Y direction in well NP43-4862, where stress mag-

nitude at the point labeled visual AE is 81.02 MPa)

Table 1 Error analysis of simulation results of the in situ stress

Well number oy, MPa o, MPa oy, MPa oy — 6y, MPa
M S E M S E M S E M S E

NP4-65 66.0 67.4 1.4 59.5 53.3 6.2 72.5 78.2 5.7 6.5 14.1 7.6
NP4-31 70.1 65.7 4.4 59.8 52.2 7.6 72.1 78.6 6.5 10.3 13.5 32
NP43-X4805 79.5 71.5 2 63.3 64.5 1.2 84 834 0.6 16.2 13 32
NP43-X4830 78.5 76.4 2.1 60.3 51.8 8.5 84.4 89.1 4.7 18.2 24.6 6.4
NP43-4832 63.5 65.4 1.9 53.9 50.0 3.9 82.0 84.3 2.3 9.6 15.4 5.8
NP43-4862 69.4 66.3 3.1 64.7 60.1 4.6 74.5 78.2 3.7 4.7 6.2 1.5
NP4-33 81.2 79.3 1.9 67.2 62.9 43 82.6 85.7 3.1 14 16.4 2.4

M measured, S simulation, E error
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Fig.4 Flowchart for detailed prediction of 3D heterogeneous stress field

data. After surface and fault data were derived for the target
stratum, AutoCAD software was used to extract the curved
surfaces and lines and for model reconstruction. A stan-
dalone application that we developed converted the model
into a format (iges) recognized by ANSYS software, which
enabled the model to be imported into ANSYS.

The results of rock mechanics experiments were used as
constraints and combined with geophysical methods to con-
struct a 3D rock mechanics field model. The 3D heterogene-
ous rock mechanics parameters were then assigned to each
grid of the FEM model by programming. The test results of
in situ stress in key wells were used as constraints and com-
bined with the geotectonic background of the study area to
determine the appropriate constraints and loaded for applica-
tion to the model. The results were automatically calculated
by ANSYS software. By seamlessly welding the geological
and FEM models, the stress field prediction results obtained

from numerical simulation were treated as a type of geo-
logical information, and re-imported into the 3D geological
model. This allowed the prediction results for stress field to
be analyzed.

3.2.1 Geological modeling and rock mechanics field

The geological model consisted of the structural model, its
attributes, and related geological information; the struc-
tural model included the surface and fault models. The No.
4 Structure’s current 3D structural model consisted of 8
faults and the surfaces of five oil series. The area was a
monoclinic structure that dips in north and was divided into
multiple fault blocks. The faults were of various sizes, with
fault spacings of about 20—100 m, and dip magnitudes were
mainly greater than 60°. All faults in the study area belonged
to the normal fault type (Figs. 1c and 6a).
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The rock mechanics parameters include Young’s elastic
model, Poisson’s ratio, and rock density, all of which are
prerequisite for in situ stress research. Logging data were
used to explain the continuous rock mechanics parameters of
a single well’s profile. The calculation method is as follows
(Wang et al. 2014; Lu et al. 2015):

2 2
P 3Ats - 4Atp

Eq= IN NN @)
s s P

A2 —2A7
P

= A) @)

Hq

where E is the Young’s elastic modulus, MPa; y is the Pois-
son’s ratio, dimensionless; p, is the rock density, kg/m3 ;and
At, and Ar, are the time differences of the longitudinal and
transverse waves, respectively, ps/ft.

The parameters for elasticity calculated from logging data
are dynamic parameters, which vary to a certain extent from
the static parameters for elasticity. Since the latter are more
suitable for petroleum engineering projects, a conversion
relationship was established as a dynamic—static parameter
correction (Fig. 5a, b). Static parameters were obtained from
the results of rock mechanics experiments. Correction for
rock density was not required because it is less affected by
experimental and calculation methods.

The 3D distributions of the No. 4 Structure’s rock
mechanics parameters were obtained after the seismic
interpretation and integration of the area’s seismic attrib-
utes (Fig. 6a). The elastic modulus varied mainly between
24-42 GPa (Fig. 6b), and Poisson’s ratio was concen-
trated between 0.2-0.27 (Fig. 6¢). In the 3D space, the
rock density was between 2.05 and 2.60 g/cm? (Fig. 6d).
Differences in the rock mechanics parameters within
and between fault blocks were clear. The mechanical
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parameters of the fault zone have a great influence on
the results of stress modeling, but the current accurate
acquisition of parameters is still a problem. Generally, the
size of the grid in modeling software is larger than 20 m,
but the width of most faults in study area is smaller than
this value. Therefore, it is difficult to accurately reflect
the change of mechanical parameters of fault zones by
seismic attribute technique. According to previous studies,
the fault zone can be defined as a weak/soft zone, and its
mechanical parameters are different from those of the sur-
rounding rocks (e.g., Liu et al. 2008; Jiu et al. 2013). Com-
monly, the Young’s modulus of fault zones is 50%—70%
of the surrounding rocks or normal sedimentary stratum.
Moreover, the Poisson’s ratios in fault zones were larger
than those of the corresponding sedimentary rock stratum,
and their differences were typically between 0.02 and 0.10
(Guo et al. 2016). From above, the 3D mechanical param-
eters obtained from the seismic attributes were finally
adjusted and corrected to obtain heterogeneous mechanical
parameters of fault zones. In order to ensure the effective
assignment of parameters, the volumetric centroid method
was used to transform the 3D mechanical parameters in
geological modeling software into finite element simula-
tion platform (ANSYS software).

Since samples from the No. 4 Structure presented brit-
tle deformation characteristics, numerical simulations
and calculations were made according to elastomer data.
Solid185 is a high-order, 3D, and 20-node solid structural
unit in ANSYS that can better simulate irregular grid
models and comply with the mechanical characteristics
of reservoir rocks (Wang 2014). Hence, it was used as
the unit type for faults and strata. After simulation accu-
racy and computational efficiency of the model were taken
into consideration, the step size of the fault grid and the
strata with its surrounding rocks were set to 300 and 500,
respectively. The model was divided into 224,528 nodes
and 1,323,943 mechanical units (Fig. 7a).
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Fig.5 Linear regression models used as the dynamic—static correction parameters for the elastic modulus and Poisson’s ratio. a Correction
model between dynamic elastic modulus and static elastic modulus. b Correction model between dynamic Poisson’s ration and static Poisson’s

ration
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3.2.2 Boundary conditions

Boundary conditions affect the accuracy of numerical simula-
tions of the stress field. On the basis of the results discussed in
Sect. 3.1.1, a simplified NEE orientation was taken as the ori-
entation of the principal compressive stress in the study area.
As such, the side of external frame surrounding the target area
model was aligned to be parallel to that orientation. Next,
with the regional tectonic background as the constraint, the
boundary of target area model was also determined (Fig. 7b).
After multiple trial calculations, boundary conditions
of the model were ascertained. A pressure of 85 MPa was
applied to the western boundary, and pressure gradients of
90-113, 90-113, 90-113, and 145-168 MPa were exerted
onto the western, northern, southern, and eastern boundaries,
respectively (Fig. 7c). Concurrently, a right-lateral strike-slip
of 20 MPa was applied to simulate the impact of the Tanlu
fault zone. Another 45 MPa of pressure was exerted in the
downward vertical direction based on rock mass gravity.

3.2.3 Simulation results

The distributional characteristics of the in situ stress in the
No. 4 Structure were obtained using FEM simulations and
calculations. These included the orientations and magni-
tudes of Symax and Symin (o and oy, respectively), vertical
principal stress (oy), and horizontal differential stress (oy
- 0p,). The simulation and measured results were then com-
pared (Figs. 8 and 9, Table 1). The average errors for the
magnitudes of the Sy, and S, ., were 2.4 and 5.18 MPa,
respectively; the average errors for the values of the vertical

principal stress and horizontal differential stress were 3.8
and 4.3 MPa, respectively.

4 Results and discussion
4.1 The distribution of in situ stress orientations

The overall orientation of Sy, in the No. 4 Structure was
NEE-SWW to SEE-NWW with a measured range between
58°-238° and 103°-283°. In the central region of the study
area, the orientation of Sy, was closer to E-W, between
75°-255° and 96°-276°. In the western region, the orien-
tation of Sy, Was closer to NE-SW, between 58°-238°
and 88°-268°. In contrast, orientations in the eastern region
gradually rotated toward the SE-NW (99°-279°; Fig. 8).
The orientations of Sy;, and Sy,,., were perpendicular,
and the overall S, orientations were from NNW-SSE to
NNE-SSW.

Within a fault block, the orientation of Sy, Was rela-
tively uniform and the variations were even. In contrast,
changes in orientation were most obvious between differ-
ent fault blocks. The non-uniform stress orientations were
caused mainly by lithofacies heterogeneity and fault distri-
bution. The former caused small, but consistent changes in
the stress orientation within a fault block; the latter caused
obvious deflections of the stress orientation. Consequently,
there were large differences in stress orientation between
fault blocks on either side of a fault.
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Fig.8 Measured and simulation results for the orientation of Sy, in the No. 4 Structure
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Fig.9 Simulation results of the stress field in the No. 4 Structure for each of the oil series strata. a Simulation results of Sy, b Simulation

results of horizontal differential stress

The degree of deflection in stress orientation was related
to the attribute parameters of the fault, which included its
scale (mainly the fault’s slip), strike, filling material, and
morphology. The angle between fault strike and regional
principal stress was the main factor that caused deflections
in the in situ stress field in the No. 4 Structure. When fault

strike and regional Sy, formed angles of 30°-60°, the
deflection angle of Sy, Was the largest. The deflection
was also oriented toward the fault orientation. Nanpu.4 Fault
(fault F1) is curved boundary fault of the No. 4 Structure
with strike gradually varying from approximately NE-SW to
NW-SE (68°-248° to 129°-309°; Fig. 8). Further, according
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to the trend change, this main fault could be divided into
the two sections: the western section (F1-1) and the east-
ern section (F1-2). Since the regional Sy,,,,, Was oriented
NEE-SWW (80°-260°), the angles between it and the sec-
tions of fault were about 12° and 49°, respectively. Hence,
the orientation of Sy, was drastically deflected along the
eastern section (F1-1) in the northern large area of Nanpu.4
fault. Similarly, under the influence of fault F3 and fault F6
(with angles of 37° and 32°, respectively), the stress direc-
tions near the faults also changed to some extent.

When the regional Sy, and a fault’s strike were either
nearly parallel or perpendicular, meaning that the angle
between them was either smaller than 30° or greater than
60°, Symax Showed a very small deflection or no deflection
at all. The strike of the western section fault F1 was NE-SW
(68°-248°) and formed an angle of about 12° to Sy, and
the strike of faults F4 and F5 were nearly perpendicular
(Fig. 8). Thus, near these three faults, there was no obvious
deflection in the orientation of Sy .-

The impact of fault scales on in situ stress was manifested
in terms of the magnitude of the fault’s slip. The larger the
slip, the more obvious was the deflection in in situ stress
orientation, and wider the range of the impact. The smaller
the slip, the smaller the range of the impact and deflection
angle. As shown in Fig. 8, the deflection of Sy, caused
by faults F2 and F3 was not as significant as that caused by
major faults F1 and F6. In other words, the overall stress
distribution and changes in the study area were mainly con-
trolled and influenced by the arc boundary faults.

Deflection in in situ stress orientation is also affected by
the rock mechanics properties of the filling material within
a fault zone. Hudson and Cooling (1988) propose that if the
elastic modulus of the filling materials within a fault is lower
than that of the surrounding rocks, the stress orientation will
be deflected along the fault’s strike; if the elastic modulus is
higher, the stress orientation will be deflected perpendicular
to the fault’s strike; and if the elastic modulus of both are
similar, there will be no deflection. All the faults developed
in the No. 4 Structure were normal faults. Interpretation of
the core observation and well logging data indicated that
the filling materials within the fault had a compaction effect
but did not strongly crush the rock mass. Since the elastic
modulus of the filling materials was lower than that of the
surrounding rocks, the influence of filling material in the
No. 4 Structure was to deflect Sy, along the fault strike.

4.2 In situ stress magnitude

The simulation results of the No. 4 Structure’s 3D stress
field indicated that for the distribution of Sy, magnitude,
the general trend was that it was lower in the west and higher
in the east. This was consistent with the trend observed in
measured data. The range of the Sy, magnitudes was

@ Springer

mostly 53—-88 MPa. Moving from oil series I to oil series V,
the magnitude of Sy, increased with depth. The average
stress gradient was 1.83 MPa/100 m. At fault peripheries,
stresses were lower at about 32-51 MPa (such as F1 and F6
in oil series I in Fig. 9a), and Sy, Was reduced by 30%
compared to that of the layer. Where fault scale was large
(wide slip and long extension, such as F1 and F4), it resulted
in a bigger range in low-magnitude zones. At fault intersec-
tions, the internal rock mass was more severely crushed and
there was a greater reduction in stress magnitude. Faults
with different dip had different impacts on the in situ stress
distribution, that is, The steeper the dip, the smaller the
range in low-magnitude zones caused by the fault; the shal-
lower the dip, the larger the range in low-magnitude zones.

The distribution trend of S, ;, magnitude was similar to
that of Sy, that is, lower in the central part and fault zone
and higher in the surrounding area. The magnitudes were
mainly between 36-65 MPa and the average stress gradi-
ent was 1.47 MPa/100 m. For vertical principal stress, the
magnitudes were about 70-90 MPa, and the average stress
gradient was 2.25 MPa/100 m. Overall, horizontal differen-
tial stress did not exceed 30 MPa and was generally below
20 MPa. Again, the distribution trend was one of being lower
in the west and higher in the east (Fig. 9b). Within the target
layer, if the vertical principal stress is greater than the hori-
zontal stresses, this belongs to the Ia-type of in situ stress
(Anderson 1951).

The linear relationships between depth and the No. 4
Structure’s Sy, and Sy i, and vertical principal stress were
ideal (Fig. 10a). Since the vertical principal stress is basi-
cally related to burial depth and rock density, their correla-
tion coefficient was highest (>0.97). The horizontal stresses
were affected by multiple factors including structural form,
stratum heterogeneity, and residual tectonic stress. Thus, the
heterogeneity was greater than the vertical principal stress
and the correlation coefficient was about 0.75. The het-
erogeneity of the principal stress gradually decreased with
increasing depth. For the target layer in the No. 4 Structure,
the Sy and Sy, coefficients were concentrated at 0.83
and 0.64, respectively and that of the lateral pressure coef-
ficient was concentrated at 0.74 (Fig. 10b).

4.3 Analysis of inter-strata in situ stress

Inter-strata in situ stress affects the height and direction in
which fractures extend and expand, which is important to
reservoir modeling. The combined Petrel and ANSYS mode-
ling techniques made it possible for the predicted stress field
obtained by numerical simulation to be used as a type of
geological information for inputting into the 3D geological
model. In turn, the characteristics of the stress field profile
could be presented in detail in the Petrel grid (Fig. 11a—d).
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ture’s stress coefficients

In the field profile, the in situ stress magnitudes of the
No. 4 Structure varied greatly with significant differences
in inter-strata in situ stress. This was because a quantitative
relationship exists between the rock mechanics parameters
(especially Young’s elastic modulus) and the in situ stress
magnitudes. Such inter-strata variations in in situ stress
directly relate to the heterogeneity of the reservoir’s rock
mechanics parameters (Yan 2007).

Horizontal differential stress is the key factor controlling
volumetric fracturing. A complex network of seams is eas-
ily formed when the differential stress is small; otherwise, a
unidirectional fracture that is parallel to the Sy,,, will form
instead. On the other hand, potential extensions of fracture
height and length are mainly controlled by the distribution
of the minimum principal stress above the fractured sections
of the layer (Dong et al. 2005), and the Sy, orientation
(Zhang et al. 2016), respectively.

The No. 4 Structure was divided into five types of typi-
cal stress profile (Types A-E; Fig. 11e), all of which were
present in the in situ stress profiles of wells NP43-4942 and
NP4-31. As shown in Fig. 11c and d, the stress distribution
pattern of Type A was “high—low—high,” meaning that frac-
turing operations in this area would be limited by the high
differential stress (usually greater than 5 MPa) between the
upper and lower strata. The possibility of the fracturing seam
passing through the layer was small, thereby restricting the
scale of the operation. For Type B, the distribution pattern
was “low—low-high.” The horizontal differential stress of
the upper layer should be less than 4 MPa, while that of the
lower layer was larger, meaning that upward fracture exten-
sions would occur easily. Under this scenario, all well sec-
tions with lower stress differences would be fractured. Thus,
the amount of fluid injected and scale of the operation must
be carefully considered.

The distribution pattern of Type C was “high—low—low.”
The horizontal differential stresses of the layer above and
below were small and large, respectively, such that fracture

extensions tended to be downward. Type D had an inter-
strata distribution pattern, with the horizontal differential
stress in the range of the well section being small. Never-
theless, variations existed such that it was possible for the
fracturing seam to extend either upward and/or downward,
while the direction of extension might also change. The dis-
tribution pattern of Type E was “low—low—low.” The hori-
zontal differential stress within the well section was small
and uniform, which facilitated easy extension of the frac-
turing seam both upward and downward. At the same time,
there was likely to be the formation of a complex network
of seams. These were the ideal in situ stress conditions for
fracturing operations.

Therefore, the distribution of inter-strata in situ stress
must be clearly understood during the period of fracturing
operations so that inter-strata fracture extensions could be
predicted. Otherwise, sand blockages are likely to occur,
resulting in the suspension or even failure of the operation.
Also mud losses, and other problems associated with over-
and under-pressurized boreholes, might occur. With accu-
rate assessments of the possible extensions of the fractures’
heights and lengths, the scale of operation and deployment
of the well network could be determined rationally. When
this was done, better results could be obtained from reservoir
reconstruction.

5 Conclusion

In this study, borehole breakouts and acoustic emission
(AE) were used to determine the orientation and magnitude
of in situ stress in the No. 4 Structure of Nanpu Sag. Our
approach of applying a combined modeling technique using
Petrel and ANSYS fully tapped the advantages of both soft-
ware packages and facilitated the construction of 3D models
and heterogeneous rock mechanics fields. These improved
the accuracy of simulated results, especially in terms of the
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clear presentation of inter-strata in situ stress characteris-  Company. This technique had been demonstrated to be suit-
tics. The research results had successfully been applied for  able for the comprehensive prediction of the 3D distribution
oil and gas exploitation by the PetroChina Jidong Oil field  of in situ stress in a heterogeneous reservoir located within
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complex fault blocks. However, prediction of the in situ
stress could be improved by consideration of fluid and tem-
perature factors, and modeling of the dynamic in situ stress
field during development of an oil—gas field.

The following conclusions were made:

1. Prediction of the in situ stress field of the No. 4 Structure
could be performed by considering the spatial variation
in mechanical parameters, and morphology and occur-
rence of faults.

2. The simulation results showed that overall orientation
of the No. 4 Structure’s maximum horizontal stress was
NEE-SWW to SEE-NWW, changes of which were
mainly controlled and influenced by the arc boundary
faults, and that stress magnitude was lower in the north
and higher in the south.

3. The in situ stress magnitudes were discrete along sur-
faces and in profile, and the in situ stress belongs to the
Ia-type, that is Sy > Symax > Shmins A0 Spmin > 0.

4. Heterogeneity of the principal stress gradually decreased
with increasing depth, and the inter-strata variations in
in situ stress were significant and could be divided into
five profile types: “high—low-high,” “low—low-high,”
“high—low—low,” “inter-strata,” and “low—low—low.”

5. Faults were the most important factors affecting vari-
ations in the stress field in reservoirs located within
complex fault blocks. They could significantly affect the
magnitudes and orientations of the in situ stress field.
The boundary faults of the No. 4 Structure significantly
influenced the in situ stress of Napu.4 Fault, causing
deflections of stress orientation and reductions in stress
magnitude. Next the rock mechanics parameters were
important, which significantly affected the magnitudes,
but not orientations. There was a high linear correlation
between the buried depth and the in situ stress magni-
tudes. Therefore, the critical prerequisites for studying
the stress fields of regions with complex fault blocks
included the characterization of faults and construction
of the heterogeneous rock mechanics field.
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