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Abstract

For arch dam seismic safety evaluation, the finite element equivalent stress method has
been widely used, and existing studies have realized mature equivalent stress calculation
along the foundation surface path. However, from the scientific research perspective,
there is a lack of a full dam surface equivalent stress characterization method for arch
dams under seismic action; from the engineering practice perspective, the traditional path
method cannot fully reflect the overall stress distribution of the dam, leading to insuffi-
cient comprehensive safety evaluation. To accurately assess the impact of seismic action
on the overall structural safety of arch dams and address the above limitations, this study
develops a methodology for calculating equivalent stress across the entire dam surface of
arch dams under seismic action. Taking a concrete arch dam as the research object, a seis-
mic wave input method based on viscoelastic artificial boundaries is employed. Three-
dimensional finite element analysis of the arch dam is performed using ABAQUS, inte-
grated with Python-based secondary development to extract stress along the integration
path of each arch ring layer and calculate sectional internal forces. The equivalent stress
of each arch ring layer integration path is then processed using the material mechanics
method to obtain the equivalent stress distribution across the entire dam surface. A com-
parative analysis is conducted between the equivalent stress on the entire dam surface
and that along paths on the foundation surface regarding the seismic dynamic response
and behavioral patterns of the dam. The results demonstrate that the full dam surface
equivalent stress approach not only accurately captures the extreme tensile and compres-
sive stress values in the downstream foundation area but also identifies stress extrema in
the upstream dam crest region, thereby achieving comprehensive characterization of the
dam stress field under seismic action and enhancing both the efficiency and accuracy of
equivalent stress calculations for arch dams. This method provides more comprehensive
and reliable data support for seismic design optimization and reinforcement of arch dams.
Compared with the traditional foundation surface path method, the proposed method
achieves 100% identification of the whole dam surface stress extremum areas, with a max-
imum relative error of only 1.62% in the overlapping calculation area.

Keywords: seismic wave; arch dam; equivalent stress; whole dam surface; finite element
analysis; stress extrema; seismic safety evaluation
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1. Introduction

As a typical spatial shell structure, arch dams exhibit complex stress states in the dam
body. The finite element method has been extensively applied in arch dam stress analysis
due to its strong applicability and other advantages [1-8]. However, when using the finite
element analysis method to study the stress conditions of arch dams, significant stress
concentration phenomena occur near the foundation region of the dam body, and stress
values increase with mesh refinement. In actual engineering practice, various micro-
cracks and plastic properties exist within the concrete dam body and rock foundation,
which substantially mitigate the degree of stress concentration. Therefore, the stress con-
centration at the arch dam foundation surface, as reflected by the finite element method,
often deviates from actual conditions [9-11]. Inaccurate arch dam stress analysis results
will directly lead to insufficient structural design, potentially inducing dam cracking,
overall instability and even catastrophic dam break accidents with huge economic losses
and casualties, which has become a major hidden danger to the safe operation of arch dam
projects. To address this issue, equivalent stress is commonly employed in engineering
for safety verification. Equivalent stress serves as a fictitious, linearized representation
derived from strength theory, transforming a complex, multiaxial stress state at a specific
point into an equivalent uniaxial value. This transformation facilitates a direct evaluation
of structural integrity against the material’s uniaxial tensile and compressive strength lim-
its. Building on this foundation, some domestic researchers have proposed the finite ele-
ment equivalent stress method, an engineering calculation approach that combines finite
element numerical analysis with strength theory criteria. Its core concept involves first,
accurately obtaining complex stress components at various points of the structure through
the finite element method; then performing integration operations along arch-cantilever
sections to obtain internal forces; subsequently deriving the stress distribution pattern on
sections using material mechanics analysis methods; and ultimately making calculation
results more consistent with actual engineering conditions [12-14].

Based on this foundation, by conducting axial tensile tests, Zhang et al. [15] demon-
strated that the equivalent stress of rectangular and elliptical induced joints —with ellipti-
cal ones showing slightly higher values—exhibits a linear negative correlation with the
degree of weakening and concluded that implementing joints with the calculated equiva-
lent stress of 1.409 MPa in high-tensile zones effectively releases thermal stresses to ensure
overall structural safety. By utilizing coordinate transformations and internal force inte-
gration to derive equivalent stresses and alleviate concentration phenomena, Cai et al. [16]
integrated the finite element equivalent stress method with an improved response surface
method to evaluate the structural reliability of arch dams under freeze—-thaw cycles. Wang
etal. [17] employed the finite element equivalent stress method to synthesize concentrated
stress at edge corners into corresponding linear equivalent stress after obtaining finite el-
ement analysis results for the Busanga arch dam. Liang Jian et al. improved the equivalent
stress calculation program for mixed linear arch dams and verified its rationality by com-
paring the calculated maximum equivalent principal stress with results obtained from the
arch-cantilever method. Cheng [18] performed three-dimensional finite element calcula-
tions of arch dams through ABAQUS to achieve local equivalent stress processing. How-
ever, the above equivalent stress calculations only achieved equivalent stress solutions on
the foundation surface and cannot calculate the distribution of equivalent stress across the
entire dam surface, lacking a systematic analysis of the overall stress state of arch dams.
This path limitation will directly lead to inaccurate full-field stress analysis results and
easily miss the high-risk areas of the dam body that may induce engineering accidents.
Zhou et al. [19] studied the equivalent stress at the dam heel of high arch dams and pro-
posed the finite element equivalent stress method, which can alleviate stress concentration
with weak mesh dependency but only provides a linear generalization of stress. With 32
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grid layers as the baseline, achieving errors of <5% requires at least 10 grid layers. When
combined with finite element simulation, the stress variation patterns reflected in the cal-
culation results are consistent with the measured stress variation patterns, providing a
reference for the numerical analysis of dam heel stress.

Notably, arch dams, due to their structural characteristics, are often constructed in
mountainous canyon regions, particularly in southwestern China, where geological struc-
tures are complex and seismic activity is frequent [20-23]. Seismic disasters may cause
severe damage to arch dam structures; therefore, the seismic safety of arch dams has al-
ways been a key concern in the construction and operation of China’s water conservancy
and hydropower projects [24,25]. Multi-dimensional seismic excitation and wave-struc-
ture interaction effects cause stress concentration phenomena to exhibit more widespread
distribution characteristics. At the transitions of upstream and downstream dam faces,
gradual changes in dam body thickness, and structural discontinuity zones such as gallery
openings and joints, stress redistribution is easily triggered due to geometric discontinuity
and stiffness mutations, leading to local stress peaks [26-29].

In recent years, the rapid development of smart hydraulic engineering, advanced
sensing technology and digital twin theory has provided a new technical paradigm for
the seismic safety assessment of arch dams while also putting forward higher require-
ments for the full-space characterization of dam stress fields. Modern monitoring methods
for seismic loads have achieved significant breakthroughs: high-precision “intelligent”
sensors represented by distributed fiber optic sensors, MEMS vibration sensors and wire-
less strain sensing networks have been widely used in the dynamic response monitoring
of large hydraulic structures, realizing real-time, full-coverage acquisition of seismic exci-
tation signals and dam stress—strain response data throughout the earthquake process.
The core value of intelligent monitoring technology lies in the quantitative mapping be-
tween field-measured data and numerical calculation results, and this technical route has
been fully verified in complex dynamic load assessment scenarios in related engineering
fields [30-34]. On this basis, digital twin technology, which integrates physical entity mod-
eling, real-time sensing data driving and high-fidelity numerical simulation, has become
an important development direction for the whole life cycle seismic safety management
of arch dams. However, the existing equivalent stress calculation methods for arch dams
are mostly limited to the foundation surface path, which can only realize stress verifica-
tion at discrete local monitoring points and cannot form full-space matching between nu-
merical calculation results and full dam surface monitoring data from the intelligent sens-
ing network, which restricts the deep application of digital twin technology in the seismic
safety assessment of arch dams [35-39].

To sum up, the existing research has formed a mature theoretical system and engi-
neering application scheme for the equivalent stress calculation of the foundation surface
path of arch dams, but there are still obvious deficiencies in both scientific research and
engineering practice. In terms of scientific research, the global characterization theory of
arch dam equivalent stress covering the whole dam surface has not been established, and
the distribution law of the full-field stress extremum of arch dams under seismic action
cannot be systematically revealed. In terms of engineering application, the existing
method is limited by the preset path, which makes it easy to miss the stress concentration
risk in non-foundation surface areas such as dam crests under earthquakes, and cannot
meet the requirements of a comprehensive seismic safety evaluation of arch dam engi-
neering. This paper provides an effective calculation method for equivalent stress across
the entire dam surface of arch dams—that is, the full-domain distribution state of equiva-
lent stress at each calculation point on the entire exposed surface of the dam body—to
improve the accuracy of full dam surface equivalent stress calculations and solve practical
problems in arch dam stress assessment under seismic action. The high stress
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concentrations derived from linear elastic finite element analysis are essentially mesh-de-
pendent numerical singularities that fail to reflect the actual stress state of a structure. In
engineering practice, the presence of micro-cracks and localized plasticity within the con-
crete and bedrock facilitates stress redistribution in high-gradient zones, significantly al-
leviating the severity of stress concentration. Through an integration-linearization process
based on the conservation of sectional internal forces, equivalent stress eliminates these
numerical singularities without altering the total sectional loading. This approach equiv-
alently reconstructs the practical engineering stress state following stress relaxation in-
duced by localized nonlinear behaviors and remains the mainstream methodology for
stress verification in arch dams. This study conducts three-dimensional finite element
stress calculations based on specific engineering cases. By establishing an arch dam nu-
merical model and applying interpolation calculation methods to process finite element
results, a precise solution of equivalent stress across the entire dam surface is achieved.
Through this technical approach, visualization of full dam surface equivalent stress con-
tour maps can be rapidly generated, providing designers with intuitive stress distribution
information, effectively assisting them in promptly determining whether dam body stress
meets code-specified control standards, and significantly improving the efficiency and ac-
curacy of arch dam stress analysis. This method fundamentally avoids the engineering
safety risks caused by inaccurate equivalent stress analysis results and provides a tech-
nical means for the pre-control of hidden dangers in arch dam seismic safety.

2. Materials and Methods

The overall technical framework and research workflow of this study are shown in
Figure 1. This study is carried out based on the mature theory of arch dam equivalent
stress analysis and current hydraulic engineering specifications. The whole research pro-
cess includes four core links: analysis basis determination, research problem definition,
core method implementation, and result verification and application. The specific imple-
mentation details of the core calculation method are described in the following sections.

| Research Methodology l
|

A2 v k 4
Analysis Basis Determination

Research Problem Definition Core Research Methodology

Scientific Research Problems: Three-dimensional finite element numerical
1. Lack of systematic calculation theory for equivalent simulation method for arch dam-foundation
stress of the entire arch dam surface under earthquake. system

2. Traditional methods cannot achieve linearized global Viscoelastic artificial boundary seismic wave

Review of current research progress &
theoretical basis (Finite Element
Equivalent Stress Method, Arch Dam Finite
Element Equivalent Stress Theory, Material

Mechanics Section Method, Hydraulic
Seismic Industry Standards)

Research Object Determination (Arch Dam
Design, Hydraulic Seismic Industry
Standards)

Research Object Determination (88m high
single-curvature concrete arch dam project)
Calculation Basis Determination (Material
parameters, load combinations, ground
motion input)

representation of the 3D stress field of arch dams.

3. Difficult to systematically reveal the distribution law of
extreme stresses on the entire arch dam surface under
earthquake.

Engineering Application Problems:

1. Traditional foundation surface path method easily misses
dynamic sensitive areas within the non-foundation surface.
2. Cannot meet the engineering needs for comprehensive
seismic safety assessment of arch dams.

3. Lack of efficient automatic calculation and visualization
schemes for stresses on the entire dam surface.

—

input method

Global dam surface equivalent stress
calculation theory (Coordinate transformation +
Section intemnal force integration + Material
mechanics linearization)

Global seismic time-history stress extreme
search method

Comparative verification analysis method
(Comparison with traditional foundation
surface path method + accuracy verification)

v

v

Technical Means and Software Tools

ABAQUS: Finite element modeling & static/dynamic calculation
Python: Secondary development (Batch extraction of stress data, integration| 1. Spatial-temporal distribution law of equivalent stress on the entire dam
path construction, interpolation calculation, time-history extreme search) surface.

Gaussian integration, coordinate transformation, section internal force 2. Identification of arch dam seismic stress extremes and dangerous areas.
solution (Numerical calculation means) 3. Engineering application: Arch dam seismic design optimization, safety
Visualization of equivalent stress contour maps for the entire dam surface assessment, and reinforcement

(Result presentation means)

Result Output and Engineering Application

Figure 1. Research Methodology Flowchart.
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2.1. Equivalent Stress Calculation

Equivalent stress [40—42] is a mechanical indicator that converts the complex multi-
axial stress state within a component into a single scalar value. For arch dam structures,
based on the internal force calculation results of the arch-cantilever system and employing
material mechanics analysis methods, the equivalent normal stress and shear stress of
each cantilever and arch section are first solved, and then the equivalent principal stress
across the entire dam domain is further derived.

As shown in Figure 2, during finite element analysis of arch dams, stress values are
obtained in the global coordinate system (x’, ¥, z). In this calculation method, a local co-
ordinate system (x, y, z) needs to be constructed at the intersection of the horizontal arch
centerline and the corresponding cantilever section:

X ll my mnm xl
{y}= L my nypedy (1)
z Iz my n3)

where [;, m;, and n; represent the direction cosines of the x, y, and z axes, respectively.
By defining the z and z’ axes as coaxial, the rotation angle from x' to x is denoted as a (with
counter-clockwise rotation defined as positive). Let the stress vector in the global coordi-

nate system be {0} = [0, 0., 0, Oxlyls Oyt a,,]7, and the stress vector in the local
coordinate system be {0} = [0,, 0, 0, Oy, Oy 05" The transformation is calculated
as follows:
{o}=[T]{o"} )
cos’a sina 0 2sinacosa 0 0
sina cos’a 0 —2sinacosa 0 0
0 0 1 0 0 0
T}= . . . 3
{1 —sinacosa  sinacosae 0 cos’a —sina 0 0 ®)
0 0 0 0 cosqy  —sina
0 0 0 0 sina@  cosa

Taking unit width at the arch axis position for the horizontal section of the cantilever,
the width at point i is 1 + y/r (Where r is the axis radius). Integrating the stress and moment
along the thickness direction of the cantilever yields the internal forces as follows:

Wy=— [}, 0. (1+)dy “)
My=— [}, (yy,) 0:(+)dy 5)
Q= — [, T (1+)dy (6)
V= — 1220 (14 D) dy (7)
My=— 3, Ty = y,)(1+E)dy @®)

In the above equation, W, represents the beam’s return force, M, represents the
beam’s induced moment, Q, represents the beam’s shear force, V), represents the
beam’s torsional shear force, and M, represents the beam’s torsion.

For a unit-height radial cross-section of the arch ring with a width of unity, the inter-
nal forces of the arch are obtained by integrating the stresses and moments along the thick-
ness direction as follows:

Hy=—[" o,dy )
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M, = [ o.ydy (10)

Vo= =L dy an
In the above equation, H, represents the horizontal thrust of the arch, M, denotes
the bending moment of the arch, and V,, represents the shear force of the arch.
Figure 3 shows the stress diagram of the microelement on the downstream dam face.
The equivalent normal stress and shear stress at the beam and arch cross-sections of this
microelement are calculated as follows:

Xsum)
=qarccos (— 12
(PD Asum ( )
Y,

= arccos () (13)

Ssum

W, M,

o,p=— ——(t—L 14
zD Ab Ib g) ( )
_Ha M, t 15
O0xD= Aa Iu 2 ( )

Q T,
Ty =Tazp= — A—: 1. (t—L,) (16)

In the equations above, ¢ denotes the angle between the downstream face of the
dam and the vertical line within the radial vertical plane, and 7, represents the angle
between the downstream face and the tangent to the arch axis within the horizontal plane;
the corresponding sign conventions are shown in Table 1. Additionally, X, is the first
projected area of the differential element; A;,,, is the total area of the differential element;
and Y, isthe second projected area of the differential element. o, represents the ver-
tical normal stress of the cantilever on the horizontal plane, while o, denotes the hori-
zontal normal stress of the arch on the radial vertical plane. 7,,, and t,,, correspond to
the tangential horizontal shear stress of the cantilever in the x-direction on the horizontal
plane (where the normal is in the z-direction) and the shear stress in the z-direction on the
radial vertical plane (where the normal is in the x-direction), respectively. Furthermore, t
is the section thickness of the beam; I, is the cross-sectional moment of inertia of the arch
ring per unit height; L, is the distance from the centroid of the beam section to the cen-
terline of the arch dam; and A, is the horizontal cross-sectional area of the beam; A, is
the radial cross-sectional area of the arch ring per unit height, which is consistent with the
section thickness t of the cantilever beam; I, (used in Equation (14)) is the cross-sectional
moment of inertia of the cantilever beam section per unit height. The subscripts a and b
correspond to the arch ring element and the cantilever beam element, respectively, to dis-
tinguish the cross-sectional characteristics of different calculation units. 7, is the torsional
moment (torque) of the cantilever beam element, corresponding to the moment generated
by the section torsion effect, and serves as the controlling variable for the second term of
the shear stress. I;; is the torsional moment of inertia of the cantilever beam section, and
the subscript b uniformly corresponds to the cantilever beam element.
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Figure 2. Schematic Diagram of Coordinate System Transformation.

Downstream face
" of the cantilever
A

Downstream face
of the arch

Figure 3. Schematic diagram of stresses on a differential element of the downstream dam face.

The equivalent stresses on the downstream dam face, comprising principal tensile
and compressive stresses, are calculated as follows:

C 1
¢,=tan (tan ¢, cos nD) 17)
0,p=0.p sec® ¢ — pp, tan’ P, (18)
Toxy=Txzp= (TZXD COS 1)y = Toy, SiN T]D) sec, (19)
0p=0xp C0S> N5 0y sin’ Np t2Tyzp SN 1, COS T, (20)
_0.p*0p  |(0p — PR 1)
OpD1= 2 + 2 +(szD)
o.pto, o —ap\
D7 OxD D~ 9D 2
Opp3=— > = - ( - 5 2 ) +(Tezp) (22)

where ¢, Oupy T;xD, and T;ZD are intermediate variables; p, denotes the downstream
water pressure; o,pjrepresents the first principal stress; and o,p3 represents the third

principal stress.

Table 1. Symbols of ¢, and 1 used in the stress calculation of the dam body.

Side of the Dam (Viewed
from the Downstream To- Arch Dam Surface 1, is Positive ¢,, is Positive
ward the Upstream)
. Upstream surface Clockwise direction Counterclockwise direction
Left side C e T
Downstream surface Counterclockwise direction Clockwise direction
. . Upstream surface Counterclockwise direction Clockwise direction
Right side o e
Downstream surface Clockwise direction Counterclockwise direction
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2.2. Implementation of Equivalent Stress over the Whole Dam Face

Equivalent stress over the whole dam face refers to the collection of equivalent stress
values corresponding to each calculation point distributed over the entire exposed surface
of an arch dam, which together constitute a global stress distribution field covering the
whole dam surface. Figure 4 illustrates the specific workflow for implementing the equiv-
alent stress over the whole dam face using ABAQUS 2025 combined with Python 3.9.7.

Step 1: A three-dimensional finite element model of the arch dam is established, and
stress calculations are performed at all nodes of the model, yielding the finite element
stress results for each node of the dam body.

Step 2: Python scripts are employed to batch-extract the ABAQUS calculation results,
covering the entire 42 s seismic time history and a total of 2100 analysis steps, thereby
ensuring continuous sampling in the time domain. The extracted data include the six
stress components (S11, Sz, Ss3, S12, S13, and Sz3) of all nodes on the dam surface, together
with their spatial coordinates and node identification numbers, ensuring the completeness
of both spatial representation and stress states.

Step 3: The global coordinate system is transformed into a local coordinate system,
and an arch-beam mesh consistent with the required computational accuracy is con-
structed.

Step 4: Multiple elevation sections are processed in a cyclic manner, with a single-
section loop at each elevation. The number of Gaussian integration points along the dam
thickness direction and the number of circumferential subdivisions along the left and right
dam segments are defined, and the corresponding Gaussian points are calculated. Based
on these parameters, a path grid is constructed.

Radial paths: along the thickness direction of the arch ring (upstream — down-
stream), with each path containing n, Gaussian integration points (n, = 6).

Circumferential paths: along the tangential direction of the arch ring (left abutment
— arch crown — right abutment), divided into 2n;+1 points (n, = 10, resulting in 21
circumferential points).

Grid structure: for each elevation, the arch ring forms an #, x (2n,+1) matrix of inte-
gration points, with each point defined by its circumferential angle and radial parameter.

Step 5: Based on Python-driven secondary development of ABAQUS, the finite ele-
ment results obtained in Step 1 are interpolated along the radial integration lines and
Gaussian points generated in Step 4 to compute the equivalent stress over the full dam
surface. In addition, a time-history loop is independently performed for each node, and
the maximum and minimum principal stresses are accurately identified from the corre-
sponding stress histories spanning 2100 time points.

Step 6: The equivalent principal stress distributions on the upstream and down-
stream dam surfaces are visualized in the form of contour plots.
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Figure 4. Detailed implementation procedure.

3. Case Study
3.1. Project Profile

Situated in Southwest China, the project involves a concrete single-curvature arch
dam with a maximum height of 88 m. The dam is characterized by a crest elevation of
1040 m, a minimum foundation elevation of 952 m, and a normal pool level of 1035 m. As
illustrated in Figure 5, the reservoir project has been under construction since June 2021.
Following the completion of the arch dam, the reservoir is impounded, lifted, and oper-
ated in three distinct phases: the first phase is the initial impoundment stage, primarily
involving the commissioning of the dam body, spillway, and intake facilities to gradually
raise the water level to the dead water level of 1006.00 m while prioritizing the monitoring
of dam seepage, deformation, and foundation stability; the second phase is the water level
lifting stage, during which the water level is incrementally raised from the dead water
level to near the normal pool level of 1035.00 m based on downstream water supply and
irrigation demands, with potential minor fluctuations resulting from pipeline system de-
bugging and ecological release requirements; and the third phase is the normal operation
stage, where the water level is stably maintained at approximately 1035.00 m, with regular
scheduling adjustments performed only in response to basin inflow conditions, peak irri-
gation periods, and ecological replenishment needs.

Figure 5. Arch dam project.
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3.2. Three-Dimensional Finite Element Model

Figure 6 illustrates the finite element model of the arch dam—foundation system used
for the calculation. Taking the center point of the dam base as the reference, the model
domain extends 200 m (approximately twice the dam height) toward both the left and
right banks and 200 m toward both the upstream and downstream directions. Vertically,
the model extends 98 m (approximately once the dam height) downward, and the bottom
elevation of the 3D model is set at 850 m. The complete calculation model consists of
480,866 elements and 181,886 nodes. Specifically, hexahedral C3D8 elements are em-
ployed for the dam body, while tetrahedral C3D10 elements are utilized for specific por-
tions of the foundation.

Table 2 lists the material properties of the arch dam system. The dam body is com-
posed of C45 three-graded roller-compacted concrete, with basic physical and mechanical
parameters including an elastic modulus of 33.5 GPa, a Poisson’s ratio of 0.21, and a den-
sity of 2420 kg/m3. The foundation rock primarily consists of weakly weathered limestone,
for which the elastic modulus and Poisson’s ratio are set at 10 GPa and 0.25, respectively.

Figure 6. Finite element model of the arch dam—foundation system.

Table 2. Material properties of the arch dam system.

Structural Part Material Type Elastic Modulus (GPa)  Poisson’s Ratio Density (kg/m?)
Dam body C45 three-graded roller-com- 335 021 2420
pacted concrete
Dam foundation Weakly weathered limestone 10.0 0.25 2710

In this study, the seismic response of the arch dam is simulated using a seismic wave
input method based on the viscous-elastic artificial boundary [43-45]. Figure 6 illustrates
the schematic of the viscous-elastic artificial boundary. As a technique for simulating the
dynamic interaction between an infinite foundation and the structure, the core function of
the viscous-elastic artificial boundary is to eliminate the artificial wave reflection phenom-
enon induced by the truncation of the computational domain, thereby accurately charac-
terizing the stiffness and energy radiation damping effects of the semi-infinite foundation.
This technique is implemented by arranging a parallel system consisting of viscous damp-
ers and linear springs at the truncated boundaries of the calculation domain to effectively
absorb the energy of outgoing waves.

The primary loads considered in the numerical simulation of the arch dam include
the dam self-weight, hydrostatic pressure, hydrodynamic pressure, silt pressure, uplift
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pressure, temperature, and seismic action. The calculation case adopts the normal pool
level condition, with the upstream water level elevation at 1035 m, the downstream water
level elevation at 970 m, and the silt elevation at 1002 m. Figure 7 presents the input three-
dimensional seismic waveforms. The design intensity for this project is VII, with a corre-
sponding peak ground acceleration of 0.1 g, a characteristic period of the response spec-
trum of 0.4 s, and a duration of 42 s. The seismic waves in this study are artificially gener-
ated according to the site response spectrum, where the amplitudes in the three directions
are 100%X, 100%Y, and 66.7%Z, respectively. The time-discrete step is set to 0.02 s, result-
ing in a total of 2100 analysis time steps.

Artificial seismic response spectrum Target sample response spectrum

— z-direction 0.20 z-direction

-1.0

@ w0 f .
g — y-direction 0.20
E’ 0.5 |
2 oo %D 0.15
1 n
o 05| 0.10
El
g 10 | | I I 1 | I I 0.05
< 10f
— x-direction 0.20
05k H
0.15
™ W | \4 | M
=05 W I 0.10
“10p L L 1 1 1 L 1 1 0.05
0 5 10 15 20 25 30 35 40 0.0 0.5 1.0 15 20 25 3.0
Time (s) Period(s)
(a) (b)

Figure 7. Three-dimensional seismic waveforms: (a) Acceleration time histories; (b) Acceleration

response spectra.

4. Results
4.1. Equivalent Stress Along the Foundation Surface

In arch dam engineering design, it is common practice to calculate equivalent stress
along the foundation surface path [46,47]. Figure 8 illustrates the foundation surface path,
along which 32 stress extraction lines are arranged. Following the finite element analysis
of the arch dam performed using ABAQUS, the stress components of each node are ex-
tracted. Based on the calculation formulas for stress and equivalent stress, the stresses and
equivalent stresses at the nodes on both the upstream and downstream faces correspond-
ing to each extraction line are determined. Figure 9a,b present the stress envelope diagram
and the equivalent stress envelope diagram along the foundation surface path, respec-
tively. A comparison reveals that prior to equivalent processing, the stress distribution
along the foundation surface path exhibits distinct non-uniform characteristics. The
downstream face is primarily dominated by compressive stress, with a maximum com-
pressive stress of approximately 12.30 MPa appearing on the foundation surface near the
right-bank dam crest. Tensile stress concentration is observed at the foundation surface of
the left-bank dam crest, reaching a maximum of about 5.62 MPa. On the upstream face,
the tensile stress reaches the global maximum of 6.39 MPa, while the compressive stress
is also prominent, with a maximum of approximately 7.54 MPa. After equivalent pro-
cessing, the stress distribution along the foundation surface path becomes significantly
smoother; the maximum equivalent compressive stress on the downstream face decreases
to approximately 10.15 MPa, and the maximum equivalent tensile stress is controlled
within 2.38 MPa. On the upstream face, the maximum equivalent compressive and tensile
stresses are approximately 6.48 MPa and 2.41 MPa, respectively. Overall, the peak equiv-
alent stresses are lower, the stress concentration is mitigated, and the stress distribution
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across the upstream and downstream sides of the foundation surface is more uniform and
reasonable.

Figure 8. Schematic of the foundation surface path.

Stress—@— Upstream Compressive Equivalent Stross

—3&— Downstream Tensile Equivalent Stross

—=&— Upstream Tensile Stress —— Upstream Tensile Equivalent Stress

0 0r
=25 0-9-0-0-0-9-9-9-0-g_
st 4f Y sone ot OTSE
= -0-0" ~@-9-9.
;10 fF i gz AR *000
8 -1015 4
151 . ! 1 . 1 1 1 =10. B [e}® ! L 1 | | |
8 = 25F Do,
= 6 £ 2.0 Foisg o0
E M E 15 & 0-0\0_3_&0_0 _o-0-09
€ 2 § 1.0 - \0-0-9-0-0-0.9,9 Wo,o-o
E 0 [ 1 1 I I I c../_,“'_; 05 I 1 I S I I
; 0 = 0
2 2 2 &
S 5t —7.54 g N o-¢/°'°'°‘°-“\ =
7 g I 2-0-9" 2n9-0-5- °~o‘o"'/ ~0\0'“\0'0-0-*' -2-0
-0 I I I I 1 m =6 [ I 1 | I 1 mgé.&_
8 25 F o9
< ~o,
6 20F °,°—°‘°\oﬁ1 \o,,\o o.o’°‘°’°‘o\
L -9--
‘21 : 6.39 }(5) 5 rd 3-0-0~°.°-o-0~o’°‘0\°_°
0 I I I I I L 05F L L I L L L
0 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Path Number Path Number
(a) (b)

Figure 9. Comparison of stress and equivalent stress distributions along the foundation surface path:

(a) Stress envelope diagram; (b) Equivalent stress envelope diagram.

4.2. Equivalent Stress over the Whole Dam Face

Under seismic action, the dam body exhibits a multi-mode coupled response. Non-
foundation areas such as the dam crest, arch shoulders, and construction joints are highly
susceptible to stress concentration induced by the whipping effect and sudden stiffness
mutations, while high-stress zones undergo dynamic migration over the time history
[48,49]. Analysis restricted to the foundation surface path alone makes it difficult to iden-
tify these globally dispersed dynamically sensitive regions, potentially overlooking the
risks of tensile cracking or compressive crushing. Adopting the equivalent stress over the
whole dam face avoids the spatial coverage limitations associated with analyzing only the
foundation surface path, comprehensively reflecting the spatial distribution and evolu-
tionary characteristics of the three-dimensional stress field, and enabling more accurate
capturing of stress concentration areas under seismic action.

Figure 10a,b illustrate the tensile stress envelope maps of the upstream face before
and after equivalence, respectively. The geometric configurations of the stress contours in
both figures maintain a high degree of consistency across the entire field; notably, the spa-
tial localization of high-stress zones—concentrated on both sides of the crown arch—co-
incides perfectly. This indicates that the algorithm effectively avoids the “smoothing” of
physically critical local maxima and precisely identifies the key regions for crack initiation
control.

https://doi.org/10.3390/app16042128


https://doi.org/10.3390/app16042128

Appl. Sci. 2026, 16, 2128

13 of 19

Elevation (m)

©

©

S
T

980

5

-20 0 20 40 60 80
Arc Length (m)

(@)

—40 =20 0 20 40 60 80
Arc Length (m)

(b)

-100 —80 60

Figure 10. Envelope Diagram of Equivalent Fore-and-Aft Tensile Stress on the Upstream Face of the
Dam: (a) Envelope Diagram of Equivalent Front Tensile Stress; (b) Envelope Diagram of Equivalent
Rear Tensile Stress.

Figure 11a,b present the envelope diagrams of the equivalent tensile stress on the
upstream and downstream faces, respectively. Under seismic action, a distinct stress con-
centration is observed on the upstream face near the left foundation area and the dam
base. Moreover, two prominent regions of local stress concentration appear at the dam
crest away from the foundation surface, both situated within the elevation range of 1020-
1040 m, with a global maximum stress of 2.45 MPa at the dam crest. Along the vertical
direction of the upstream face, the stress contours rapidly become sparse as high-stress
zones extend toward higher or lower elevations. In the horizontal direction, high-stress
regions are distributed in continuous sheets with tightly contracted contours.

Significant stress concentration also occurs on the downstream face at the dam abut-
ments near both sides of the foundation, with multiple localized stress concentrations ap-
pearing in the middle and upper regions away from the foundation surface. The maxi-
mum stress value is found at the left abutment near the foundation surface, reaching 2.38
MPa. Along the vertical direction of the downstream face, the contours in high-stress
zones are relatively smooth, and the stress attenuation rate is slower compared to the up-
stream face. In the horizontal direction, high-stress areas exhibit a fragmented and clus-
tered morphology, where contours contract rapidly within each concentration zone and
show a wider divergence toward the surrounding regions.

2.45MPa

2.38MPa

Elevation (m)

-20 0 20 40 60 80
Arc Length (m)

(@)

Arc Length (m)
(b)

Figure 11. Envelope diagram of equivalent tensile stress over the whole dam face: (a) Upstream face;
(b) Downstream face.

Figure 12a,b illustrate the envelope diagrams of the equivalent compressive stress on
the upstream and downstream faces, respectively. Under seismic action, compressive
stress concentration is observed on the upstream face within the 1020-1040 m elevation
range at the dam crest, the left foundation surface, and near the dam base. Specifically, the
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dam crest forms the primary concentration zone due to the superposition of seismic iner-
tial forces and the free-end effect, with the maximum compressive stress reaching 7.68
MPa. Along the vertical direction, the compressive stress attenuates rapidly from the dam
crest toward higher and lower elevations, and the contours become significantly sparser.
In the arc length direction, high-stress regions are distributed in continuous blocks with
tightly contracted contours, indicating that under the combined action of seismic loads
and hydrostatic pressure, the upstream face exhibits favorable stress continuity in the hor-
izontal direction without significant localized stress concentration.

On the downstream face, compressive stress concentrations are primarily observed
at the left dam crest, along the foundation surfaces of both abutments, and within local-
ized regions of the middle and upper dam body. The concentration at the left foundation
surface of the dam crest is the most significant, with the maximum equivalent compressive
stress reaching 10.15 MPa. Along the vertical direction, the contours in the high-stress
zones are relatively smooth, and the stress attenuation rate is slower compared to that of
the upstream face. In the horizontal direction, the contours contract rapidly within each
concentration zone while extending across a wider range, reflecting intense but dispersed
compressive stress variations characterized by multi-point localized stress concentrations.

~7.68MPa -10.15MPa
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=
T

Elevation (m)
=

-100 -80 —60 —40 -20 0 20 40 60 80
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Figure 12. Envelope diagram of equivalent compressive stress over the whole dam face: (a) Up-

stream face; (b) Downstream face.

Table 3 presents the distribution of peak equivalent stress over the whole dam face.
Equivalent stress analysis along the foundation surface path is constrained by the preset
paths, making it difficult to comprehensively reflect the stress characteristics in critical
regions such as the dam crest and the middle of the dam face. In contrast, equivalent stress
calculation over the whole dam face not only accurately captures the tensile and compres-
sive stress peaks at the foundation surface but also effectively identifies stress concentra-
tion areas within the middle of the dam crest and across the dam body. This approach
achieves a global characterization of the dam stress field under seismic action, intuitively
and systematically revealing the laws of spatial stress distribution and providing a reliable
quantitative basis for the holistic evaluation of arch dams under seismic action.

Table 3. Summary of peak equivalent stress distribution over the whole dam face.

Stress Type and Location Peak Value (MPa) Occurrence Location
Upstream equivalent tensile stress 2.45 Middle of the dam crest
Left bank of the dam crest (foun-

dation surface)
Upstream equivalent compressive stress 7.68 Middle of the dam crest
Left bank of the dam crest (foun-
dation surface)

Downstream equivalent tensile stress 2.38

Downstream equivalent compressive stress 10.15
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4.3. Verification of Computational Consistency

To verify the numerical reliability and the algorithmic consistency of the equivalent
stress over the whole dam face calculated via ABAQUS integrated with Python-based sec-
ondary development, this study performs a comparative analysis between the numerical
results of the full-surface equivalent tensile stress on the upstream face and those obtained
via the traditional integration method along the foundation surface path. Table 4 presents
the comparative data for the upstream equivalent tensile stress calculated by both meth-
ods. A detailed comparison of the results at the corresponding nodes along the seven
stress extraction lines reveals an excellent agreement between the distributions of the full-
surface equivalent stress and the foundation-path equivalent stress, with a maximum rel-
ative error of only 1.62%. This result confirms that the proposed full-surface method is
numerically highly consistent with the traditional path-based method, demonstrating that
the methodology accurately reproduces the stress equivalence process without introduc-
ing additional computational bias.

Table 4. Verification of calculation consistency of equivalent tensile stress on the entire dam surface.

Stress Extraction Line No.

Equivalent Tensile Stress on the Up-

Equivalent Tensile Stress O
stream Face Along the Foundation quivaient tenstie Siess Jver

the Whole Upstream Face (MPa) Relative Error

Surface Path (MPa)
1 1.65 1.64 0.61%
5 1.95 1.96 0.51%
10 1.75 1.73 1.14%
15 1.85 1.88 1.62%
20 1.28 1.29 0.78%
25 1.36 1.36 0.00%
30 1.10 1.09 0.91%

5. Discussion

Existing research on arch dam equivalent stress analysis has established a mature
theoretical framework for foundation-surface path calculations, which has been widely
adopted in engineering design [18]. However, most existing studies remain confined to
solving equivalent stresses along discrete preset paths at the dam-foundation interface,
leaving a research gap in the global characterization of the equivalent stress field across
the entire dam face under seismic action. The core breakthrough of this study lies in ex-
tending the computational scope of equivalent stress from localized foundation paths to
100% coverage of the entire upstream and downstream exposed surfaces, alongside the
establishment of an automated calculation framework for whole-dam-face equivalent
stress tailored for seismic time-history analysis. Compared to the traditional standard
methods specified in engineering codes, the maximum relative error of the proposed
methodology is only 1.62%, which is well below the 5% allowable error limit for water
conservancy engineering. While significantly expanding the analytical range, this method
ensures the reliability of the numerical results and addresses a long-standing research gap
in the field.

For the 88 m-high medium-to-low arch dam investigated in this study, the spatial
distribution patterns of equivalent stress under seismic action and the identified high-risk
zones exhibit inherent stability. Established research and engineering practices in the seis-
mic analysis of arch dams demonstrate that, provided the spectral characteristics of the
seismic waves match the site’s design response spectrum, variations in phase structure,
duration, and the substitution of artificial waves with recorded accelerograms of similar
spectral properties only influence the numerical magnitude of stress extrema. Such
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variations do not alter the overall spatial distribution of the stress field or the localization
of core high-risk zones. The whiplash effect at the dam crest and the stress concentration
along the foundation surface of the abutments are inherent dynamic response character-
istics of arch dams under seismic excitation, remaining largely independent of the specific
time-domain characteristics of the seismic waves. Regarding variations in seismic inten-
sity levels, provided that the dam concrete remains entirely within the linear elastic work-
ing stage, changes in intensity only produce a linear scaling effect on the stress extrema
and do not alter the spatial distribution patterns of the whole-dam-face equivalent stress
field. The core high-risk zones identified in this study —namely the central dam crest and
the foundation surface along the left dam crest—remain the primary stress-control regions
across various seismic intensity levels.

The uniqueness and scientific innovation of this study are primarily manifested in
three aspects: first, theoretical innovation, which establishes a systematic theoretical
framework for calculating the equivalent stress over the whole dam face under seismic
action, thereby achieving a theoretical expansion from localized path-based solutions to
global stress-field characterization; second, methodological innovation, through the pro-
posal of an automated calculation framework based on Python-based secondary develop-
ment that significantly enhances computational efficiency compared to traditional manual
methods; and third, applied innovation, which transcends the spatial coverage limitations
of traditional approaches to effectively identify stress concentration zones in non-founda-
tion regions often overlooked by conventional methods, while directly aligning with the
technical requirements of modern intelligent monitoring and digital twin management in
hydraulic engineering. The primary advantages of this methodology include reliable nu-
merical accuracy that fully satisfies engineering code requirements, the achievement of
comprehensive spatial coverage across the entire dam face, high computational efficiency,
excellent compatibility with existing engineering design workflows, and robust dynamic
adaptability for seismic time-history analysis.

At the same time, certain limitations, inherent deficiencies, and potential application
risks remain in the proposed methodology. Regarding its application constraints, the
method is established within a linear elastic finite element computational framework and
is strictly applicable to scenarios where the dam concrete operates entirely within the lin-
ear elastic stage. Given that this study employs an 88 m-high medium-to-low single-cur-
vature arch dam as the verification case, targeted parameter calibration would be neces-
sary when applying the method to ultra-high or double-curvature arch dams. Further-
more, this research focuses exclusively on design seismic conditions, omitting the cou-
pling effects of long-term performance deterioration factors such as concrete creep and
freeze—thaw cycles.

6. Conclusions

In this study, the secondary development of ABAQUS with Python was utilized to
successfully implement stress extraction along multiple arch ring integration paths and
the calculation of equivalent stress over the whole dam face. The following conclusions
are drawn:

1. Reliability of the Technical Framework: Comparative analysis reveals that the results
of the full-surface equivalent stress show high consistency with those along the tra-
ditional foundation surface path. The maximum relative error is only 1.62%, indicat-
ing that the computational consistency of the proposed method satisfies the criteria
for numerical verification in engineering applications.

2. Superiority of Global Characterization: While equivalent stress analysis along the
foundation surface path can capture local stress concentrations at the dam base, it is
inherently limited by preset paths and struggles to identify dynamically sensitive
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References

regions in non-path areas. In contrast, the full-surface method achieves a global char-
acterization of the three-dimensional stress field, more effectively identifying critical
peak stress regions at the dam crest and middle sections that might otherwise be
overlooked.

3. Seismic Response and Stress Concentration Patterns:

(1) Under seismic excitation, the dam crest exhibits significant stress concentration
due to the superimposed influence of the whipping effect and free-end effects.

(2) The global maximum equivalent tensile stress (2.45 MPa) and equivalent com-
pressive stress (7.68 MPa) for the upstream face both occur at the middle of the
dam crest.

(3) The most prominent stress concentration on the downstream face is located at
the foundation surface near the dam crest on the left bank, with a maximum
equivalent compressive stress of 10.15 MPa.

4. Engineering Significance and Scope of Application: The proposed methodology
overcomes the spatial coverage limitations inherent in traditional local path-based
analysis, providing an intuitive and systematic elucidation of the spatial stress distri-
bution patterns in arch dams. Consequently, it offers a robust quantitative basis for
the global safety assessment, design optimization, and seismic reinforcement of arch
dams situated in high-intensity seismic regions. In terms of scientific research, this
work lays a preliminary foundation for the subsequent study on the full-field equiv-
alent stress evolution of arch dams under complex multi-factor coupling conditions.
In engineering practice, this method can also be adapted to the existing arch dam
design workflow, providing a supplementary technical means for the comprehensive
stress screening of dam structures. While highly effective for crack resistance safety
assessments and comprehensive stress-field screenings during the routine design
phase, this method is not intended for the refined nonlinear analysis of macro-dam-
age evolution or the determination of ultimate bearing capacity under strong seismic
excitations.
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