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Abstract
Accurate in-situ stress characterization is essential
for hydraulic fracturing design in shale reservoirs,
yet 3D geomechanical model calibration still
relies on iterative trial-and-error procedures that
are computationally intensive and physically
opaque. Sensitivity analysis, though widely used
to evaluate the influence of elastic parameters,
is typically treated as descriptive rather than
predictive. This work proposes a sensitivity-driven
inversion framework for efficient calibration of
horizontal stresses in 3D geomechanical models.
Controlled perturbation simulations on a baseline
model quantify the responses of maximum and
minimum horizontal stresses (SH and Sh) to
variations in Young’s modulus and Poisson’s
ratio across stratigraphic units. These responses
form a sensitivity matrix establishing a first-order
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relationship between parameter perturbations
and stress variations. A dual-objective inversion
scheme then simultaneously constrains SH and Sh,
enabling direct single-step parameter estimation
and reducing reliance on iterative calibration.
Application to a shale reservoir shows good
agreement with reference stress profiles, with
interval-averaged deviations reduced below 1%.
Moreover, sensitivity relationships from a reference
block serve as a first-order approximation for
calibrating geologically similar neighboring blocks,
demonstrating cross-block transfer potential.
The framework offers an efficient, physically
interpretable stress calibration approach and
provides a practical alternative to conventional
empirical methods.
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Reservoir Science

1 Introduction
Shale oil development has expanded rapidly over the
past two decades, largely driven by the integration
of horizontal drilling and multi-stage hydraulic
fracturing technologies [1–4]. In China, continental
lacustrine shale oil systems have been extensively
characterized in terms of their formation mechanisms,
geological features, and development potential [5–
7]. Unlike conventional reservoirs where matrix
permeability governs productivity, shale oil recovery
critically depends on the geometry, connectivity, and
complexity of the induced fracture networks [8–10].
The initiation pressure, fracture propagation path,
vertical containment, and stimulated reservoir volume
are fundamentally controlled by the in-situ stress
state [11–13]. Recent multiscale geomechanical and
reservoir studies further emphasize that accurate 3D
stress prediction is essential for stimulation efficiency
and long-term production forecasting [14, 15]. As a
result, constraining the three-dimensional stress field
has become a key task in shale oil development.

However, stress fields in shale-bearing basins are
often far from uniform due to complex tectonic
evolution, strong lithologic heterogeneity, and spatial
variations in mechanical properties between adjacent
formations [16, 17]. Interbedded brittle–ductile
alternations, lamina-scale variability, and structural
discontinuities further complicate fracture design and
flow prediction. Traditional one-dimensional stress
estimation methods provide reasonable wellbore-scale
stress estimates [18, 19]. Yet they implicitly assume
vertical equilibrium and lateral homogeneity, limiting
their applicability in laterally heterogeneous lacustrine
shale systems. They also fail to incorporate mechanical
feedback from surrounding formations, which have
been increasingly recognized as non-negligible
controls in recent geomechanical studies [20].

In contrast, three-dimensional geomechanical
modeling has evolved into a more rigorous and
comprehensive framework capable of integrating
seismic interpretation, well logs, core testing,
microseismic monitoring, and discrete fracture
data [20, 21]. Such models have enabled spatially
continuous stress prediction across reservoirs and
their bounding formations, and have proven effective
in evaluating fracture containment, stress barriers,
reactivation potential, and geohazard risks [22, 23].

A key remaining challenge for 3D geomechanical
modeling is quantifying how elastic properties
(particularly Young’s modulus (YM) and Poisson’s

ratio (PR)) govern the redistribution of the principal
stresses. Numerous laboratory and modeling studies
have shown that small variations in elastic parameters
can lead to significant changes in SH and Sh [24,
25]. Furthermore, recent experimental investigations
have demonstrated that mineralogical variations,
organic matter content, and pore-fluid interactions
can significantly modify shale elastic properties [26–
30], adding further uncertainty to stress prediction.
However, the relative importance of elastic contrasts
within different stratigraphic intervals (overburden,
underburden, sideburden, and the reservoir itself) are
insufficiently documented, particularly in lacustrine
shale systems with strong mechanical heterogeneity.
A systematic, layer-by-layer sensitivity analysis is
therefore needed for both 3D geomechanical model
calibration and operational decision-making. In
addition, recent studies on dynamic stress evolution
in fractured shale reservoirs further underscore the
sensitivity of in-situ stress states to variations in
formation mechanical properties [31, 32]. Moreover,
systematic workflows for building and calibrating 3D
geomechanical models have been proposed, yet they
still rely heavily on iterative manual adjustment [33].

The Gaoyou Sag in the Subei Basin represents a
typical shale oil system characterized by lacustrine
deposition, tectonic deformation, and significant
mechanical heterogeneity [34]. The target F2 member
comprises 230–300 m of dark shale interbedded with
variable-strength lithologies [35], forming multiple
fault-block compartments trending NEE–SWW [36].
Previous studies in this area have focused on
stratigraphic architecture, facies distribution, and
oil enrichment patterns [37]. However, recent
work has highlighted the need for integrated
petrophysical–geomechanical evaluation in lacustrine
shale reservoirs [14, 20], and comprehensive 3D
geomechanical modeling combined with elastic
sensitivity analysis remains lacking.

To address these limitations, this study develops
a sensitivity-driven inversion framework for the
calibration of horizontal stresses in 3D geomechanical
models. Rather than relying on iterative adjustments,
the proposed approach establishes an explicit
relationship between rock mechanical parameters and
stress responses via a sensitivity matrix derived from
controlled perturbation simulations. On this basis,
a dual-objective inversion scheme is formulated to
simultaneously constrain SH and Sh. The framework
is further extended by introducing a cross-block
sensitivity transfer strategy, which allows previously
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Figure 1. Overall workflow of the proposed framework.

derived sensitivity relationships to be reused in
geologically similar areas. The key contributions of
this work are threefold: (1) the development of a
sensitivity-driven inversion framework that replaces
empirical calibration; (2) the introduction of an
adaptive elastic parameter selection strategy based on
sensitivity dominance and data constraints; (3) the
proposal of a cross-block sensitivity transfer strategy
for improving calibration efficiency in geologically
comparable areas. The method is demonstrated using
a shale reservoir case, with a focus on both calibration
accuracy and computational efficiency.

2 Theoretical Framework and Methodology
In conventional 3D geomechanical modeling,
calibration is commonly performed through iterative
trial-and-error adjustment of regional stress gradients
or local elastic parameters until the simulated stresses
match single-well observations. Although this
approach may improve the local fitting quality, it is
computationally expensive and may compromise
the physical consistency of the regional stress field,
particularly when boundary stresses are repeatedly
modified to satisfy local stress data. To address these
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limitations, this study proposes a sensitivity-driven
inversion framework for efficient calibration of 3D
geomechanical models (Figure 1). The framework is
built on three key ideas: (1) the physical decoupling
of vertical stress and horizontal stresses; (2) the
quantification of elastic parameter–stress relationships
through sensitivity analysis; (3) the direct estimation
of elastic parameter updates through matrix-based
inversion.

2.1 Mechanistic Decoupling of Vertical and
Horizontal Stresses

A prerequisite for efficient inversion is to distinguish
which stress components can be treated as known
quantities and which require calibration. In layered
sedimentary systems, the in-situ stress field can be
separated into vertical stress and horizontal stresses
according to their governing mechanisms.
The vertical stress Sv (MPa) is assumed to be
primarily controlled by gravitational loading and can
be calculated by integrating the density profile from
the surface to depth z:

Sv(z) =

∫ z

0
ρ(ξ)g dξ (1)

where ρ(ξ) is the bulk density (kg/m3) at depth ξ (m),
and g is the gravitational acceleration (9.81m/s2).
Because Sv is directly determined by the overlying rock
mass and is generally well constrained by density logs,
it is treated as a known input to the geomechanical
model rather than an inversion target. This treatment
is widely used in reservoir geomechanics [38, 39] and
provides a relatively robust vertical stress constraint.
In contrast, the maximum and minimum horizontal
principal stresses, denoted as SH (MPa) and Sh (MPa),
are influenced by both far-field tectonic loading and
local elastic interactions among stratigraphic units. For
a linear elastic medium, the stress–strain relationship
can be written in generalized form as:

σ = Cε (2)

where σ is the stress tensor, ε is the strain tensor, and
C is the constitutive stiffness matrix determined by the
elastic parameters of the rock mass.
This implies that changes in YM (GPa) and PR
in surrounding formations may alter the local
redistribution of horizontal stresses through elastic
coupling, even when the far-field boundary condition
remains unchanged. Therefore, the calibration

problem addressed in this study is reduced to the
adjustment of SH and Sh, while keeping Sv fixed.
This mechanistic decoupling not only simplifies the
inversion problem but also helps preserve the physical
clarity of the calibration procedure.

2.2 Sensitivity Quantification of Elastic Parameters
To convert qualitative mechanical understanding into
a quantitative inversion basis, a control-variable
sensitivity analysis is performed on a calibrated
baseline model. The objective is to quantify how
perturbations in elastic parameters of the surrounding
formations affect the horizontal stresses within the
reservoir.
Let Pj denote the j-th mechanical parameter to be
perturbed. In this study, Pj may represent YM or PR
of the overburden or underburden, depending on the
selected inversion setting. A relative perturbation is
applied as:

P ′j = Pj(1 + δj) (3)
where P ′j is the perturbed value and δj is the imposed
relative perturbation ratio. In practical calculations, δj
is typically chosen within a moderate range, such as
±10%,±20%, or an equivalent fixed increment, so that
the resulting stress response remains approximately
linear.
For each perturbation run, all other parameters are
kept unchanged, and the average horizontal stresses
in the reservoir are extracted from the simulation
results. The average relative stress variation induced
by perturbation of elastic parameter Pj is defined as:

∆S
(j)
H =

Sp
H,avg − S0

H,avg

S0
H,avg

(4)

∆S
(j)
h =

Sp
h,avg − S

0
h,avg

S0
h,avg

(5)

where S0
H,avg and S0

h,avg are the average horizontal
stresses (MPa) in the baseline model, and Sp

H,avg and
Sp
h,avg are the corresponding stresses (MPa) in the

perturbed model.
The sensitivity coefficients are then defined as the
stress response per unit elastic parameter perturbation:

RH,j =
∆S

(j)
H

δj
(6)

Rh,j =
∆S

(j)
h

δj
(7)
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where RH,j and Rh,j represent the sensitivity
coefficients of SH and Sh, respectively. The sign of
the sensitivity coefficient represents the direction
of stress response. A negative value indicates that
increasing the elastic parameter causes a reduction in
the corresponding horizontal stress.
The above sensitivity analysis forms the quantitative
basis for subsequent matrix construction. More
importantly, it enables the identification of dominant
controlling layers, which is later used to guide
adaptive elastic parameter selection in the inversion
stage. The selection of adjustable parameters was
not intended to represent a unique inversion of
all possible geological uncertainties. Instead, it
follows a sensitivity-guided parameter reduction
strategy. Parameters with stronger stress influence
and relatively larger uncertainty were selected, while
parameters with stronger geological constraints were
kept unchanged to reduce inversion non-uniqueness.

2.3 Sensitivity Matrix Construction
Once the sensitivity coefficients are obtained,
they are assembled into a sensitivity matrix that
provides a compact mapping from elastic parameter
perturbations to horizontal stress variations. For a
general case involving n inversion elastic parameters,
define the elastic parameter-update vector as:

∆P =


∆P1

∆P2
...

∆Pn

 (8)

Define the stress-response vector as:

∆σ =

[
∆SH
∆Sh

]
(9)

Then the first-order linear relationship between stress
variations and elastic parameter perturbations can be
written as:

∆σ = R∆P (10)
where R is the sensitivity matrix:

R =

[
RH,1 RH,2 · · · RH,n

Rh,1 Rh,2 · · · Rh,n

]
(11)

The matrix R describes the linearized elastic
parameter–stress coupling around the baseline model.
In this study, the matrix is constructed from the
sensitivity analysis results of a mature reference block

and is later used as a candidate first-order calibration
operator for a neighboring target block.
When the mechanical properties of the overburden
are well constrained by logging data or laboratory
measurements, only the underburden elastic
parameters are selected as inversion targets. In
this case, the elastic parameter vector (Equation 8)
becomes:

∆Pu =

[
∆YMu

∆PRu

]
(12)

where ∆YMu and ∆PRu represent the relative
perturbation ratios of YM and PR in the underburden,
respectively. The corresponding reduced sensitivity
matrix (Equation 11) is:

Ru =

[
RH,YMu RH,PRu

Rh,Y Mu Rh,PRu

]
(13)

where RH,YMu and RH,PRu represent the sensitivity
coefficients of SH with respect to YMu and PRu,
respectively, Rh,Y Mu and Rh,PRu represent the
sensitivity coefficients of Sh to YMu and PRu,
respectively.

2.4 Dual-objective Inversion Algorithm
In the target block, the initial geomechanical model
yields simulated horizontal stresses that may differ
from observed values. Define the stress mismatch
vector as:

∆σ =

[
(Sobs

H,avg − Ssim
H,avg)/Sobs

H,avg

(Sobs
h,avg − Ssim

h,avg)/Sobs
h,avg

]
(14)

where Sobs
H,avg and Sobs

h,avg represent the average
reference horizontal stress profiles established
from integrated geomechanical interpretation,
Ssim
H,avg and Ssim

h,avg are the average simulated
stresses from the initial model. The minimum
horizontal principal stress Sh is constrained by
hydraulic-fracturing measurements, whereas the
continuous stress profiles are obtained from log-based
geomechanical calculations calibrated against
available field measurements. The maximum
horizontal principal stress SH is estimated from the
calibrated one-dimensional geomechanical model
using elastic properties, pore pressure, and regional
tectonic constraints.
The inversion problem is to find the elastic parameter
correction vector ∆P such that:

R∆P ≈ ∆σ (15)
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When the number of unknown parameters equals two,
such as in the reduced-parameter underburden-only
setting, the solution can be directly obtained through
matrix inversion:[

∆YMu

∆PRu

]
= R−1u

[
(Sobs

H,avg − Ssim
H,avg)/Sobs

H,avg

(Sobs
h,avg − Ssim

h,avg)/Sobs
h,avg

]
(16)

Sm
k,avg =

1

N

N∑
i=1

Sm
k,i (17)

where k = H,h,m = obs, sim, N denotes the number
of depth points or grid cells within the reservoir
interval.
After the parameter corrections are obtained, the
updated parameters are:

Pnew
j = P old

j (1 + ∆Pj) (18)

2.5 Adaptive Parameter Selection Strategy
A key practical issue in inversion is deciding which
parameters should be included as unknowns.
Including too many parameters may increase
non-uniqueness and reduce interpretability, whereas
excluding important parameters may lead to biased
calibration. To address this trade-off, an adaptive
elastic parameter selection strategy is introduced. The
strategy is guided by two principles:
1. Sensitivity dominance: elastic parameters

associated with formations that exert stronger
control on SH and Sh should be prioritized.

2. Data constraint level: elastic parameters that are
alreadywell constrained bymeasurements should
preferably be fixed.

In many practical shale reservoir cases, including the
case study presented in this work, the overburden
properties are treated as fixed inputs because they are
already tightly constrained by high-confidence
logging data. By contrast, the underburden
extends well below the reservoir and is often
poorly constrained, especially when no deep logging
or core measurements are available. If the sensitivity
analysis further indicates that the underburden
exerts the dominant control on horizontal stress
redistribution, then it is both physically reasonable
and mathematically advantageous to adopt the
reduced-parameter underburden-only inversion.
Under this setting, the inversion target is:

∆P = ∆Pu =

[
∆YMu

∆PRu

]
(19)

However, the framework is not restricted to this case.
If the overburden mechanical properties are uncertain
or lack sufficient measurements, the inversion can
be expanded to jointly update overburden and
underburden properties:

∆P = ∆Pou =


∆YMo

∆PRo

∆YMu

∆PRu

 (20)

To ensure physically meaningful results, elastic
parameter updates are constrained within reasonable
geological intervals:

Pmin
j ≤ Pnew

j ≤ Pmax
j (21)

where Pmin
j and Pmax

j denote the lower and upper
bounds determined from logging interpretation,
laboratory measurements, or regional geological
knowledge.

2.6 Cross-block Sensitivity Transfer Strategy
The central idea of cross-block sensitivity transfer
is that sensitivity coefficients characterize the local
parameter–stress response of the baseline model
governed by stratigraphic architecture, lithological
combinations, and the regional tectonic stress regime.
Therefore, for neighboring or geologically analogous
blocks, the sensitivity matrix derived from a calibrated
reference block may remain approximately valid and
can be reused for efficient calibration of a target block.
Suppose Block 1 is a mature reference block where a
calibrated baselinemodel has already been established,
and the sensitivity matrix R(1) has been obtained. For
a target Block 2 with similar geological conditions,
the same matrix may be used as a first-order
approximation:

R(2) ≈ R(1) (22)

Under this assumption, for the directly invertible
reduced-parameter case, the inversion in Block 2
becomes:

∆P(2) =
(
R(1)

)−1
∆σ(2) (23)

This transfer strategy may reduce the need to repeat
the full perturbation analysis during preliminary
calibration of geologically comparable blocks. Its
validity relies on geological similarity between the
reference and target blocks, particularly in terms of
stratigraphic configuration, lithological assemblage,
and tectonic loading mechanism.
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Figure 2. Schematic of the 3D geomechanical model, showing: (a) the vertical distribution of the overburden, sideburden,
underburden, and reservoir; (b) the lateral distribution of the sideburden and reservoir; and (c, d) the distributions of

Young’s modulus and Poisson’s ratio within the reservoir, respectively.

3 Establishment of Prior Knowledge: the
Baseline Study

To implement the proposed framework, the dominant
mechanical controls must first be identified and
quantified within a mature baseline block. Block
H1, located in the Gaoyou Sag of the Subei Basin,
was selected for this purpose. The target F2 member
contains 230–300 m of lacustrine shale, characterized
by NEE-trending fault blocks and a dominant SH

direction of approximately N45°E. A high-fidelity
baseline model was constructed and validated against
single-well measurements, achieving an average
relative error below 1%.

3.1 Baseline Model Setup
A baseline 3D geomechanical model is established
in a reference block (Block H1) to provide the
prior knowledge required for the proposed
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Figure 3. Validation of baseline 3D geomechanical model based on the single-well data, where the red curves represent
the log-derived reference stress profiles constrained by available field measurements, whereas the colored blocks

represent the corresponding stresses extracted from the 3D geomechanical model.

sensitivity-driven inversion framework. The
geological model is constructed based on integrated
interpretation of 3D seismic data and well logs. The
target interval consists of interbedded shale and silty
layers, characterized by strong vertical heterogeneity
and relatively continuous lateral distribution. The
model domain is discretized into four mechanical
units: reservoir, overburden, underburden, and
sideburden (Figure 2).

The reservoir properties are derived from logging
interpretation and 3D property modeling, and are
treated as fixed inputs in the sensitivity analysis.
The surrounding formations are assigned initial
elastic properties based on available geological and
petrophysical information.

The vertical stress Sv is calculated using density
integration (Equation 1), while the horizontal stresses
are initialized using regional stress gradients. The
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boundary conditions were designed to reproduce
the regional tectonic stress environment. Gravity
loading was applied based on the three-dimensional
density distribution, while horizontal tectonic
stresses were imposed according to the regional
stress gradients and stress orientation derived from
available regional stress constraints. The same
boundary-condition strategy was adopted for Blocks
H1 and H2 to ensure consistency during cross-block
calibration. The baseline model is calibrated using
available stress measurements (e.g., mini-frac tests
or log-derived stresses) to ensure that the simulated
stress field reasonably represents in-situ conditions
(Figure 3). This calibrated baseline model serves as
the foundation for subsequent sensitivity analysis and
matrix construction.

3.2 Sensitivity hierarchy of surrounding formations
Based on the baseline model, a series of controlled
perturbation simulations are performed to quantify the
influence of elastic parameters in different stratigraphic
units on reservoir horizontal stresses (Figures 4, 5, 6,
and 7).
For each formation (overburden, underburden,
sideburden), YM and PR are perturbed individually
while keeping other parameters constant. The
resulting variations in SH and Sh are extracted and
analyzed (Figures 5 and 7). The results reveal a
consistent sensitivity hierarchy: (1) the underburden
exerts the strongest control on both SH and Sh;
(2) the overburden has a secondary effect; (3) the
sideburden has minimal influence.
This hierarchy is consistently observed across different
perturbation magnitudes and parameter types,
suggesting that it is not an artifact of a specific
perturbation scenario but rather reflects the modeled
mechanical response of the system. The dominant
role of underburden can be attributed to its relatively
large thickness and greater capacity to accumulate
and redistribute elastic strain energy. In contrast,
the limited influence of the sideburden indicates
that lateral stress transfer contributed less to the
interval-averaged reservoir stress response compared
with vertical mechanical interactions under the
investigated perturbation scenarios.

3.3 Quantitative Extraction of the SensitivityMatrix
In this case, the mechanical properties of the
overburden are well constrained by logging data.
Based on the sensitivity hierarchy and the availability
of logging-constrained overburden properties, only

the underburden parameters are selected as inversion
targets. Using the sensitivity coefficients defined
in Equation (6) and (7), the parameter–stress
relationships are quantified and assembled into a
sensitivity matrix. For the reduced-parameter setting
(underburden-only), the sensitivity matrix takes the
form:

Ru =

[
RH,YMu RH,PRu

Rh,Y Mu Rh,PRu

]
=

[
0.15%/1% 0.35%/1%
0.12%/1% 0.50%/1%

]
(24)

Each coefficient in Ru is calculated by averaging
the stress responses over the reservoir interval
for the corresponding perturbation case. This
expanded matrix is retained as part of the prior
knowledge base for potential use in joint inversion
scenarios. The resulting sensitivity matrix constitutes
a transferable parameter–stress mapping, which
encodes the mechanical behavior of the system and
forms the core input for the inversion procedure
applied in the target block.

4 Case Application: Rapid Calibration via
Cross-block Transfer

To validate the efficiency of the framework, the prior
sensitivity knowledge was transferred to calibrate the
newly developed Block H2, situated approximately 6
km southwest of Block H1. Both blocks share a highly
consistent regional tectonic background, lithological
sequence, and SH orientation, providing a reasonable
basis for cross-block migration.

4.1 Geological Analogy and Initial Model in Target
Block

To validate the proposed framework, the sensitivity
matrix derived from the reference block (H1)
is applied to a neighboring block (H2). The
two blocks share similar geological characteristics.
Specifically, they share consistent NEE-trending
fault compartmentalization, similar target formation
thicknesses, identical regional maximum horizontal
stress (SH) orientation, and comparable interbedded
lithological compositions (Figure 8). These similarities
provide a reasonable basis for applying the cross-block
sensitivity transfer strategy.

An initial 3D geomechanical model is constructed for
Block H2 using the same workflow as the baseline
model. However, discrepancies are observed between
simulated and measured stresses. Specifically, the
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Figure 4. Sensitivity of 3D horizontal stress to Young’s modulus, where OB, SB, and UB mean overburden, sideburden,
and underburden, respectively.

interval-averaged stress is defined as:

Sk,avg =
1

N

N∑
i=1

Sk,i (25)

where k = H,h. Here Ssim
k,avg and Sobs

k,avg denote the
interval-averaged simulated and reference stresses,
respectively, as defined in Equation (17). The
corresponding relative mismatches between the initial
model and the reference are:

∆SH =
|Ssim

H,avg − Sobs
H,avg|

Sobs
H,avg

× 100% ≈ 3.2% (26)

∆Sh =
|Ssim

h,avg − Sobs
h,avg|

Sobs
h,avg

× 100% ≈ 2.8% (27)

These mismatches indicate that the initial model
requires calibration and serves as input to the
inversion process. The continuous horizontal
stress profiles used for model calibration and error
evaluation were generated from one-dimensional
well-log-based geomechanical models. The minimum

horizontal stressSh was calibrated using localized field
measurements obtained from DFIT tests, whereas the
maximum horizontal stress SH was obtained from
a calibrated one-dimensional geomechanical model
constrained by elastic properties, pore pressure, and
regional stress information.
Therefore, these profiles are treated as reference stress
profiles rather than direct measurements.

4.2 Inversion-based Parameter Update
In this case, the mechanical properties of the
overburden are relatively well constrained by logging
data and are therefore treated as fixed inputs. Based on
the sensitivity hierarchy identified in Section 3.2, only
the underburden parameters are selected as inversion
targets.
The parameter update vector is defined as:

∆Pu =

[
∆YMu

∆PRu

]
(28)

Using the sensitivity matrix Ru, the inversion is
performed as:

∆Pu = R−1u ·∆σ (29)
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Figure 5. Sensitivity of the single-well horizontal stress profiles to Young’s modulus, where OB, SB, and UB mean
overburden, sideburden, and underburden, respectively.

The inversion results indicate that an effective
reduction of approximately 19% in the underburden
YM is required to minimize the horizontal stress
mismatch under the current model parameterization.
This update represents an effective calibration
parameter rather than a unique determination of
the actual underburden mechanical property. The
inverted PR correction is approximately −1% (a
slight reduction), indicating that the stress mismatch
is mainly compensated by adjusting YM under
the adopted two-parameter inversion framework.

This result is consistent with the sensitivity matrix
(Equation 24), which shows that SH and Sh are more
sensitive to YM perturbations than to PR perturbations
in the underburden of the studied area. Consequently,
a larger YM correction is required to close the stress
mismatch, while the PR adjustment remains minor.

4.3 Model Update and Validation
The updated parameters are assigned to the
geomechanical model, and a new forward simulation
is performed (Figure 9). The recalculated stress
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Figure 6. Sensitivity of 3D horizontal stress to Poisson’s ratio, where OB, SB, and UB mean overburden, sideburden, and
underburden, respectively.

profiles show reduced residuals relative to the
reference stress profiles (Figure 10). After calibration,
the interval-averaged horizontal stresses showed
significantly improved agreement with the reference
values, with relative deviations reduced to below
1%. Calibration accuracy was evaluated based on the
interval-averaged horizontal stresses within the target
reservoir interval. Specifically, the average simulated
stress and reference stress were first calculated over
the evaluation interval, and the relative mismatch was
then quantified (Equations 25-27).
It is worth noting that the calibration is achieved using
a single inversion step and one forward simulation,
whereas conventional trial-and-error methods
typically require multiple iterations. This indicates
that the proposed method can effectively reduce
computational effort while maintaining acceptable
accuracy. This reduction in computational cost is
particularly beneficial in multi-well or multi-block
modeling scenarios, where repeated calibration is
often required.

5 Discussion
5.1 Mechanism-driven Calibration Versus

Empirical Tuning
In conventional geomechanical modeling workflows,
calibration is often achieved through empirical

adjustment of boundary stress conditions or stress
gradients until a reasonable match with measured
data is obtained. While such approaches may improve
local agreement, they may introduce inconsistencies
in the spatial distribution of stresses, especially when
regional boundary conditions are modified primarily
to fit single-well observations.

In contrast, the method proposed in this study is based
on a mechanism-driven framework, in which stress
calibration is achieved by adjusting elastic parameters
of surrounding formations. From a mechanical
perspective, horizontal stresses are governed not
only by far-field tectonic loading but also by elastic
interactions between stratigraphic units. Therefore,
modifying effective elastic properties provides a
mechanically interpretable calibration pathway while
preserving the prescribed boundary-loading pattern.

This distinction is important because it helps maintain
consistency with the prescribed regional loading
conditions. Instead of forcing the model to match
observations through boundary adjustments, the
proposed method identifies parameter corrections
that naturally lead to the observed stress state. As
a result, the calibration process becomes both more
interpretable and more reproducible.
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Figure 7. Sensitivity of the single-well horizontal stress profiles to Poisson’s ratio, where OB, SB, and UB mean
overburden, sideburden, and underburden, respectively.

5.2 Physical Origin of Sensitivity Hierarchy
One of the key observations in this study is the
dominant influence of the underburden on reservoir
horizontal stresses. This sensitivity hierarchy emerges
consistently from the perturbation analysis and is not
imposed as an assumption.
The physical origin of this phenomenon can
be understood in terms of elastic strain energy
distribution and stress transmission pathways. In
layered systems, thicker and mechanically continuous

units tend to play a more significant role in stress
redistribution. The underburden typically extends to
greater depths and occupies a larger volume compared
with the overburden in the modeled domain. As a
result, it has a stronger capacity to accumulate and
transmit elastic strain energy.

Furthermore, the stress response in the reservoir is
influenced by the deformation compatibility between
adjacent layers. Variations in the stiffness of the
underburden can alter the strain partitioning between
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Figure 8. The left panel shows the locations of Block H1 and neighboring Block H2. The right panel shows the measured
in-situ stress directions within the region.

Figure 9. 3D stress distribution before and after single-step inversion calibration. SH and Sh represent the simulated
maximum and minimum horizontal principal stresses, respectively.
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Figure 10. Depth-dependent residuals between the simulated and reference horizontal stresses before and after inversion
calibration at a representative well in Block H2. Panels (a) and (b) show the residuals of Sh and SH , respectively. The

residual is defined as Sobs-Ssim. The blue and orange curves represent the results before and after calibration,
respectively.

layers, leading to noticeable changes in horizontal
stress magnitudes within the reservoir. In contrast, the
overburden, although still influential, often contributes
less due to its relatively smaller effective deformation
volume within the modeled domain.

5.3 Applicability and Flexibility of Parameter
Selection

A central feature of the proposed framework is
its flexibility in parameter selection. Rather than
prescribing a fixed set of inversion parameters,
the method allows the parameter space to be
adjusted according to data availability and geological
conditions.

In many practical applications, the mechanical
properties of the overburden can be reasonably
constrained using logging data (e.g., sonic and
density logs), laboratory measurements, or seismic
inversion. Under such conditions, treating the
overburden as a fixed input and focusing the

inversion on the underburden provides a stable and
efficient solution. This reduced-parameter strategy
decreases the dimensionality of the inversion problem
and improves interpretability without significantly
compromising accuracy.

However, this simplification is not mandatory. When
the mechanical properties of the overburden are
uncertain or poorly constrained, it is more appropriate
to include both overburden and underburden
parameters in the inversion. In this case, the sensitivity
matrix is expanded, and the inversion is performed
using a least-squares or regularized formulation,
following standard geophysical inverse theory.

This adaptive parameter selection strategy ensures
that the proposed framework can be applied across a
wide range of geological scenarios. It also reduces the
risk of bias introduced by over-simplified parameter
assumptions, thereby enhancing the robustness of the
calibration process.
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It should be noted that elastic-parameter updates
obtained from stress inversion are conditional on the
adopted geological structure, boundary conditions,
and parameterization scheme. Different combinations
of mechanical properties and boundary loading may
produce similar stress responses. Therefore, the
inverted parameters should be interpreted as effective
calibration parameters for improving stress prediction
rather than unique measurements of formation
properties.

5.4 Validity and Limitations of Cross-block
Sensitivity Transfer

The cross-block sensitivity transfer strategy is based
on the assumption that sensitivity coefficients reflect
intrinsic mechanical relationships controlled by
stratigraphy and tectonic stress regime. When two
blocks share similar geological conditions, these
relationships are expected to remain approximately
valid.
The present case demonstrates that an H1-derived
sensitivity matrix can provide a useful first-order
calibration basis for H2 under comparable geological
and mechanical conditions. This may reduce
the need for repeated sensitivity simulations and
improves modeling efficiency. However, because an
independently constructed sensitivity matrix for H2
was not evaluated, the present study demonstrates
feasibility rather than universal transferability.
Nevertheless, the validity of this transfer is not
universal. The approach may be less reliable
under the following conditions: (1) strong lateral
heterogeneity in lithology or thickness; (2) significant
structural complexity, such as major faults or folds;
(3) changes in tectonic stress regime. Under such
conditions, the sensitivity relationships may deviate
from those of the reference block, and recalibration
of the sensitivity matrix may be required. Therefore,
geological similarity should be carefully evaluated
before applying cross-block transfer.

5.5 Assumptions and Limitations of the Inversion
Framework

The proposed inversion framework relies on several
simplifying assumptions, which are discussed
below. First, the relationship between parameter
perturbations and stress responses is approximated as
linear. The sensitivity matrix represents a first-order
approximation around the baseline model. Therefore,
the proposed inversion is most suitable for moderate
parameter variations where the local parameter–stress

relationship remains approximately linear. It
is important to note that non-linear or iterative
extensions might be required when applying this
method under extreme structural deformations or
highly non-linear material behaviors. This assumption
is generally valid for moderate parameter variations,
as used in the sensitivity analysis. Second, the
inversion is based on average stress responses within
the reservoir. While this is sufficient for overall
calibration, it may not capture localized stress
variations associated with small-scale heterogeneity or
discrete fractures. Third, the inversion problem may
become underdetermined when multiple parameters
are included simultaneously. Although regularization
techniques can mitigate this issue, the solution may
still depend on the choice of weighting factors. Despite
these limitations, the framework provides a practical
balance betweenmodel complexity and computational
efficiency, making it suitable for many field-scale
applications.

It should also be noted that the current application
adopts an equivalent isotropic elastic representation at
the block scale. Although shale formations commonly
exhibit bedding-related anisotropy, continuous
constraints on the complete anisotropic stiffness
tensor were unavailable for the studied blocks.
Therefore, the adopted elastic parameters represent
upscaled effective properties. Future applications
may incorporate directional elastic parameters into
the sensitivity matrix when sufficient anisotropic
measurements are available.

5.6 Implications for Geomechanical Modeling
Practice

The results of this study have several implications for
practical geomechanical modeling. First, the proposed
framework suggests that when regional boundary
conditions are independently constrained, adjusting
effective mechanical properties of surrounding
formations provides an alternative calibration
pathway that avoids repeated empirical modification
of the boundary loading. This shift helps maintain
the physical consistency of the stress field and avoids
artificial distortion of regional stress patterns. Second,
the use of a sensitivity matrix enables rapid estimation
of elastic parameter updates, reducing the need
for iterative trial-and-error simulations. This is
particularly beneficial in multi-well or multi-block
modeling scenarios, where repeated calibration
can be time-consuming. Third, the adaptive elastic
parameter selection strategy provides a practical
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guideline for modelers: prioritize elastic parameters
with high sensitivity and low data constraint, while
fixing elastic parameters that are well constrained
by measurements. Finally, the cross-block transfer
concept offers a pathway toward more efficient
regional modeling workflows, in which knowledge
derived from mature blocks can be reused in newly
developed areas.

6 Conclusions
The main conclusions of this study are summarized as
follows:
A sensitivity-driven inversion framework is developed
for efficient calibration of horizontal stresses in 3D
geomechanical models. By separating the calculation
of vertical stress from the calibration of horizontal
stresses, the inversion problem is simplified while
maintaining a clear physical basis.
A sensitivity matrix is constructed to quantify the
relationship between elastic parameter variations
and horizontal stress responses. This matrix
enables direct estimation of elastic parameter updates,
transforming conventional trial-and-error calibration
into a quantitative first-order parameter-update
procedure.
An adaptive elastic parameter selection strategy is
proposed, in which inversion elastic parameters are
selected based on sensitivity dominance and data
availability. In cases where overburden properties
are well constrained, the inversion can focus on
the underburden; otherwise, both overburden and
underburden elastic parameters can be included. This
flexibility enhances the applicability and robustness of
the framework.
A cross-block sensitivity transfer approach is
introduced, suggesting that sensitivity relationships
derived from a reference block may provide a useful
first-order calibration basis for geologically similar
neighboring blocks. This may reduce the need for
repeated sensitivity analysis and improves modeling
efficiency.
Application to a shale reservoir case demonstrates
that the proposed method can effectively reduce stress
prediction errors. The calibration requires only one
inversion step and one forward simulation after the
sensitivity matrix has been established, in contrast to
conventional trial-and-error procedures that typically
require multiple iterations. The results suggest that
the framework provides a practical alternative to

conventional empirical calibration methods.
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