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FEATURES OF DEVELOPMENT OF DYNAMIC MODELS OF
HYDRO STRUCTURES AND THEIR VERIFICATION
ACCORDING TO FIELD MEASUREMENT DATA USING THE
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Abstract: This article presents the results of the development and verification of a dynamic finite element model
of a high-pressure concrete hydraulic structure (Sayano-Shushenskaya HPP). A brief analysis of previously de-
veloped models of the hydraulic structure was carried out. An algorithm for sequential refinement of the results
of dynamic calculations of hydraulic structures, significant factors and approaches to modeling the dynamic

stress-strain state of hydraulic structures is presented.
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THIpOTeXHUYECKoro coopyxkenns (CasHo-

Hlymenckoit I'9C). Ilposenen kpaTkuii aHaIu3 pa3paboTaHHBIX paHee Mojenel ruapoysna. [lpeacrasnen anro-
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KiioueBrle cjioBa: ApO‘IHO-FpaBI/ITaLII/IOHHaSI IJIOTHHA, JUHAMHUYCCKUEC XapaKTCPHUCTUKH, TPUCOCTNUHCHHBIC
MaccChl, COOCTBEHHEIE YaCTOTHI U (I)OpMLI KoJiebaHui

1. INTRODUCTION

Today, increased attention is being paid to the
safety of high-pressure concrete hydraulic struc-
tures all over the world. Reliable and trouble-
free operation of high-pressure dams is a key
issue for researchers and practitioners in the
field of construction and operation of such
structures. Since a significant part of concrete
dams were designed and built in the middle of
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the last century [1] and have been in operation
for several decades, monitoring their condition
is fundamental to ensuring an adequate level of
safety.

Assessing the dynamic characteristics of con-
crete water-retaining structures is of great im-
portance in monitoring the safety of such struc-
tures. The regulatory legal acts in force in Rus-
sia [2] oblige regular dynamic testing of hydrau-
lic structures and the preparation of dynamic
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passports of such objects. In addition to the re-
sults of dynamic testing, the dynamic passport
includes calculated natural frequencies and vi-
bration modes obtained from numerical models.
Having information about changes in the dy-
namic characteristics of a structure, one can
draw conclusions about its condition and chang-
es in the stress-strain state (SSS) of the object,
which increases the overall level of reliability
and safety of the object [3, 4].

In world practice, there are examples of the use
of dynamic monitoring systems of concrete dams
as a basis for diagnostic, mathematical models of
hydraulic structures that can adapt according to
the readings of instrumentation equipment (CAI)
and conduct a predictive analysis of changes in
the SSS of a structure [5, 6, 7].

Another important aspect of using the dynamic
characteristics of a structure is the possibility of
verifying the developed numerical models of the
structure using natural frequencies and shapes
measured in situ (if they are determined experi-
mentally).

Therefore, the issue of calculation and full-scale
determination of the dynamic characteristics of
concrete pressure dams is an urgent and sought-
after task in the hydraulic engineering industry.
In this article, using the example of the Sayano-
Shushenskaya HPP (SSHHPP) hydroelectric
complex, we consider the important features of
creating dynamic computational models of hy-
draulic structures, the disadvantages of simpli-
fied methods for modeling dynamic stress-strain
state and the most significant factors that must
be taken into account when creating dynamic
models of hydraulic structures. The article also
presents the results of a comparison of the dy-
namic characteristics obtained from calculation
models developed in 2023 with the results of
field studies at the SSHHPP dam.

2. REVIEW OF PREVIOUSLY
DEVELOPED SSHHPP MODELS

During the operation of the SSHHPP, a number
of calculation models of the “dam-base” system

were built, in various software systems, with
different formulations and details [8, 9, 10, 11,
12], which were developed in the period from
2024 to 2014. Natural frequencies of dam vibra-
tions obtained from these models differed sig-
nificantly from field measurements [13, 14].
These significant differences were due to sim-
plified approaches to modeling the dynamic
characteristics of a structure and insufficient de-
tail of the calculation models.

To bring the calculated eigenvalues closer to the
natural ones, approaches related to adjusting the
added mass of water on the pressure face were
forced to pressure face [8]. Criticism of the applica-
tion of the distribution of hydrodynamic pressure
on the pressure face of arch dams, obtained from
the Westergaard solution [15], is associated with
the obvious simplification of this method. This ap-
proach considers the motion of an absolutely rigid
body in a fluid, but in reality the rigidity of arched
dams is not infinite. Thus, the Center for Geody-
namic Observations in the Electric Power Industry,
when calculating the model in 2014, proposed to
significantly change the distribution of hydrody-
namic pressure on the pressure face (figure 1) in
order to bring the calculated dynamic characteris-
tics closer to those measured in situ [8].
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Figure 1. Distribution of hydrodynamic pres-
sure along the height of the dam
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The disadvantages of the outdated approach to
taking into account fluid and added masses
when performing dynamic calculations were
demonstrated in a number of works devoted to
determining the dynamic characteristics of high-
pressure hydraulic structures [16, 17]. In most
cases, taking into account the hydrodynamic
pressure on the pressure face of the hydraulic
structure, calculated according to Westergard,
gives overestimated values at higher natural fre-
quencies.

In another case, on a site built by a group of
specialists. VNIIG B.E. Vedeneev finite ele-
ment models of the system “dam-base of the
SSHHPP” in the ANSYS software package [9],
when performing calculations in the period from
2004 to 2013. «Attempts were constantly made
to calibrate the model in such a way as to bring
the calculated data closer to the field measure-
ment datay [18].

In many cases, to determine the elastic modulus
of a structure or foundation, “calibration” of the
calculation model is used, during which, by
changing the properties of the materials of the
foundation and structure, a number of design
parameters are achieved to match the field
measurement data [19]. Such “calibration” is in
some cases unfounded and is a necessary meas-
ure in the absence of initial data or deficiencies
in the calculation model. Below (Table 1) are
the lowest natural frequencies of the SSHHPP
dam when varying (significantly increasing) the
value of the elastic modulus of concrete, ob-
tained in [9].

Table 1. Values of the first five natural frequen-
cies of the SSHHPP dam, Hz [9]

Excluding water Headwater level | Headwater level
500 m 540 m
Econer Econer Econer Econer Econer Econer
50 GPa | 45GPa | 50 GPa | 45GPa | 50 GPa | 45 GPa
1.568 1.481 1.384 1.312 1.159 1.099
1.625 1.532 1.481 1.398 1.265 1.196
2.019 1.895 1.862 1.751 1.580 1.490
2.531 2.372 | 2.351 2.208 1.999 1.882
3.164 | 2972 | 2.999 | 2.768 | 2.520 | 2.374

It must be taken into account that a model “cali-
brated” in such a free manner, in the absence of
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justification for this, cannot be considered veri-
fied, even if the calculated parameters corre-
spond to field measurements.

3. NEW DYNAMIC MODEL OF SSHHPP

As part of the contract with the Branch of JSC
Institute Hydroproject - employees of R&D
Centre StaDyO in the period 2020 - 2023, a
volumetric finite element model of the system
“base - reservoir - dam - station building of the
Sayano-Shushenskaya HPP” was developed and
verified in ANSYS.

The main goal of the research work was to as-
sess the occurrence of resonance phenomena in
the structures of the station building during
equipment operation or hydrodynamic phenom-
ena in the flow part. Since the SSS of the station
is directly influenced by the SSHHPP dam,
which is confirmed by the readings of control
and measuring equipment, it was decided to
create a general (basic) model of the hydroelec-
tric complex, including all the main structures.
And after verification of the basic model, pro-
ceed to the analysis of the station building with-
in the framework of a local model, refined in
terms of building structures and the foundation
mass under the structure.

Two families of basic models were created: dy-
namic and static models, which have differences
related to the features of calculations (for exam-
ple, properties of materials, loads, the need to
take into account the sequence of construction,
etc.).

When creating the basic dynamic model, a se-
ries of computational studies were carried out
with sequential consideration of various factors
and assessment of their influence on the natural
frequencies and vibration modes of the
SSHHPP arch-gravity dam. As a result, more
than ten groups of dynamic models were pre-
pared, which reflect the evolution of the basic
model in terms of clarifying the criterion dy-
namic characteristics.

To consistently refine the dynamic model, the
following factors were taken into account:
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1. Use of volumetric finite elements of the 2nd
order. Grid Convergence Analysis

3. Taking into account a number of design fea-
tures of the dam body.

4. Various methods of accounting for fluid on
models with and without a rock base. Assessing
the impact of boundary conditions settings for
FLUID30 acoustic elements on the results.

5. Taking into account a homogeneous rock
base.

6. Taking into account the heterogeneous rock
base, the structure and characteristics of the
geological elements of which correspond to the
current results of geophysical research.

7. Taking into account additional factors: mass-
es of water in water pipelines, gantry cranes on
the crest and other loads.

An analysis of the influence of most of the
above factors on the dynamic characteristics of
the dam has not been previously carried out. It
is the consistent “complication” of the calcula-
tion model with an assessment of the contribu-
tion of each of the factors under consideration
that is a mandatory requirement when preparing
dynamic models.

Estimation of grid convergence of the basic dy-
namic model.

When conducting these studies, the reservoir
was not taken into account, and the founda-
tion was assumed to be absolutely rigid and
massless. After a series of calculations, a
comparison was made of the natural vibration
frequencies of the dam for variants of the
model with a free breakdown (1,578 thousand
nodes) and the model with an optimized
mesh in part of the dam body (243 thousand
nodes). When comparing the models, agree-
ment was noted in the shapes of natural vi-
brations, and the differences in the first 10
frequencies do not exceed 0.25% (Table 2).
For further research, a variant with an opti-
mized mesh and second-order volumetric fi-
nite elements was adopted.
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Table 2. Estimation of grid convergence

No Free mesh Optimized model A%

~ | 1578 000 nodes 243 000 nodes ’

1 1.0037 1.0012 0.25
2 1.1241 1.1218 0.21
3 1.4106 1.4108 0.01
4 1.7986 1.8006 0.11
5 2.2581 2.2588 0.03
6 2.4948 2.4888 0.24
7 2.7343 2.7349 0.02
8 2.8931 2.8916 0.05
9 3.2307 3.2327 0.06
10 3.4157 3.4135 0.06

Assessment of the influence of the design fea-
tures of the body of the SSHHPP dam.

In the previously developed models of the
SSHHPP, the arch-gravity dam was assumed to
be simplified (with a smooth pressure face), be-
cause taking into account the protruding ele-
ments of a structural element in the area of wa-
ter intake holes (figure 2) increases the dimen-
sion of the problem, and the influence of these
elements on the dynamic characteristics was
considered insignificant (although such assess-
ments were not carried out).

When assessing the influence of this factor,
three models were considered:

1) Without taking into account these structural
elements. The surface of the dam on the up-
stream side is “smooth”.

2) Taking into account the protruding structural
element in the area of the water intake openings
of the spillway.

3) Taking into account the protruding structural
element in the area of the water intake openings
of the spillway and pressure water conduits
(figure 2).

Figure 2. Structural element on the pressure
face of the dam
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The base was assumed to be absolutely rigid,
the reservoir was not taken into account.

With the contribution of these design features to
the total mass of the dam at the level of 1.4%,
the influence on the lower natural frequencies of
the dam turned out to be significantly higher -
up to 3.65% (Table 3).

Table 3. Comparison of natural frequencies

No Model 1 Model 2 | Model 3 | nModel 1/3
Natural frequency, Hz A%

1 1.5301 1.5073 1.4791 3.33%

2 1.6122 1.5825 1.5533 3.65%

3 1.9492 1.9402 1.9120 1.91%

4 2.4125 2.4129 2.3942 0.76%

5 2.9750 2.9921 2.9683 0.23%

The studies carried out showed a significant in-
fluence of this factor on the lower frequencies
of natural vibrations of the arch-gravity dam of
the SSHHPP. For further research, a model was
adopted that took into account the structural el-
ements in the area of the spillway inlet openings
and pressure conduits.

Assessment of the impact of different liquid ac-
counting methods

In assessing this factor, a series of calculations
were carried out in which the dimensions of the
acoustic reservoir, boundary conditions for the
reservoir elements and the properties of the
foundation were varied.

Due to the inability to present the results of all
calculations performed in the article, the results
for the model with a homogeneous elastic foun-
dation, E = 50 GPa, are presented below.

Two methods of accounting for the reservoir
were considered:

1. Added masses (with distribution according to
Westerhard [15]). This method was used on all
previously developed models of the SSHHPP
hydroelectric power station.

2. Using acoustic finite elements (FLUID30).
Previously, such a method was not used for
SSHPP models.

For the acoustic elements of the reservoir that
are in contact with the structure and foundation,
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additional degrees of freedom in the form of
displacements are specified [20].

Analysis of natural frequencies showed that
when the reservoir is taken into account with
added masses, the natural values of the dam are
significantly lower than when modeling the flu-
id with acoustic elements. At lower frequencies
the difference reaches 10% (Table 4). The first 3
modes of the dam’s natural vibrations coincide;
at higher frequencies in model No. 2, forms ap-
pear that are not detected in model No. 1. Some
natural vibration modes are similar.

Assessment of the influence of additional fac-
tors.

A separate series of studies was carried out to
assess the influence on the dynamic characteris-
tics of the SSHHPP dam of such factors as the
position of gantry cranes on the dam crest and
the presence of water in the water conduits.
Based on the results of the studies, it was re-
vealed that the position of the gantry cranes on
the crest affects the change in the lower natural
frequencies of the dam by no more than 0.38%,
and the added mass of water in the water con-
duits significantly affects the dynamic charac-
teristics of the water conduits themselves, but
not on the lower natural frequencies and vibra-
tion patterns of the SSHHPP dam.

The final dynamic model of SSHHPP.

The final dynamic model of the system “base
— reservoir — dam — station building of the Sa-
yano-Shushenskaya HPP” was made on an
elastic heterogeneous foundation. Dynamic
properties are based on reasonable grounds
based on geophysical research data. The dam
material was adopted based on the results of
laboratory studies of cores from the dam body
with the following characteristics E=41.5
GPa, v=0.15, p=2.45 t/m3. The model takes
into account 4 reservoir filling levels: 500 m,
520 m and 540 m and 539 m. The volume of
the reservoir is taken into account by
FLUID30 acoustic finite elements. All signifi-
cant design features of the dam are taken into
account.
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Table 4. Comparison of natural frequencies/

Table 6. Comparison of natural frequencies.

Matching shapes are shown in color Headwater level 500
Ne Field

No Agfizgerlnzliss Aci\ﬁ:tcil:lefem Model 1/2 measurements, | Calculated .

° A% 1999 1, Hz data, A Hz | 8 %

Natural frequency, Hz Hz
1 1.0011 1.1071 9,57
2 1
) 11217 1.2069 7.06 1.236 1.2861 0.0501 3.90
3 1.4108 1.5297 1,77 2 1.325 1.3738 0.0488 3.55
4 1.8006 1.6786 8,14 3
5 22588 19601 $.39 1.633 1.7373 0.1043 6.00
6 2.4874 2.1063 4 2.035 2.2044 0.1694 7.68
7 2.7348 2.2677 8,99 5 2531 27457 | 02147 | 7.82
8 2.8911 2.4657 10,03
9 32327 25349 8.97 6 3.064 33118 0.2478 7.48
10 3.4134 2.8993 8,95
11 3.5415 2.9788
12 3.8096 3.0051 Table 7. Comparison of natural mode shapes
13 4.0371 3.2133 -
14 42018 33561 Field measurements ‘ Calculated data
15 4.4122 3.5331 Headwater level 539-540 m
16 4.5372 3.5513 fi=1.129 fi=1.118
17 4.7068 3.6151 - — |
18 4.9933 3.6864 M
19 5.0325 3.7491
20 5.1021 3.9496
4. RESULTS

For the final basic dynamic model of the sys-
tem, a comparison was made between the calcu-
lated dynamic characteristics and the available
set of results of instrumental studies of the actu-
al dynamic properties of the dam, obtained in
different years (table 5, 6) (figure 3, 4). The
natural mode shapes were compared with field
data obtained in 1999 using the standing wave
method and in 2022 using the frequency domain
decomposition method (table 7).

Table 5. Comparison of natural frequencies.
Headwater level 539-540

No Field Calculated

measurements, data, A, Hz 5, %
1999 T, Hz Hz
1 1.129 1.1181 0.0109 | 0.97
2 1.217 1.2162 0.0008 | 0.07
3 1.527 1.5365 0.0095 | 0.62
4 1.921 1.9651 0.0441 | 2.24
5 2.448 2.4709 0.0229 | 0.93
6 2.972 3.0077 0.0357 1.19
32

Headwater level 500 m (fi

eld measurements carried

out by VNIIG in 2022)
fi=1.27 f,=1.286
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Frequency,Hz

il

Ne frequency

W R&DS StaDyO. Numerical, 2021. HWL 540 m

M SB RAS. Natural 1997/98. HWL 539 m

1 SB RAS. Natural, 2000. HWL 539 m

B SB RAS. Natural, 2009. HWL 535.84 m

NIIESYS. Natural 2017. HWL 538.55 m

M VNIIG. Numerical 1994-1995. HWI 540m

M LHP, Numerical, 1997. HWL 540 m

LHP. Numerical, 2014. HWL 539 m

W VNIIG. Numerical 2014. Without decompaction rock-

concrete. HWL 539 m

m VNIIG. Numerical, 2014, With cracks at 350 m. HWL 539
m

Figure 3. Results of previous studies. Headwater level 539-540 m

Frequency, Hz

il

Ne frequency

WRE&DS StaDyO. Numerical, 2021. HWL 500 m

B SB RAS. Natural, 1997/98. HWL 500 m

GS SB RA, Natural 27.03.2014 507.29

NIIESYS. Natural 2017. HWL 500.07 m

m VNIIG. Numerical, 1994-1995. HWL 500 m

B LHP, Numerical, 1997. HWL 500 m

LHP, Numerical, 2014. HWI 500 m

u VNIIG. Numerical, 2014. Without decompaction rock-

concrete. HWL 500 m

m VNIIG. Numerical, 2014. With cracks at 350 m. HWL 500
m

Figure 4. Results of previous studies. Headwater level 500 m
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CONCLUSION

A multiparameter and multifactor verification
of the spatial finite element base model of the
system “foundation — reservoir — dam — sta-
tion building of the Sayano-Shushenskaya
HPP” developed and implemented in the
ANSYS Mechanical software package was
carried out using field measurement data: sig-
nificant dynamic characteristics (spectrum of
natural frequencies and vibration modes) of
the dam.

The accepted and tested verification method-
ology excludes any “calibration” of model pa-
rameters, but represents a systematic move-
ment from the initial basic model to an in-
creasingly more detailed and/or complex one -
until an acceptable correspondence of the cri-
terion calculation results to the field data is
achieved, or until the source of such discrep-
ancies is identified, associated with the unreli-
ability of the original information.

As a result of the research, the most signifi-
cant factors were identified that must be taken
into account when creating dynamic models of
hydraulic structures.

The results obtained for the SSHHPP dam
(natural frequencies and vibration modes) ex-
ceed in accuracy and correspondence to nature
all previously obtained results.
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