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Abstract. This paper investigates changes in the dynamic parameters and seismic response of
reinforced concrete shell roofs of unique large-span buildings during long-term operation. The
aim of the study is to evaluate how long-term loading, stiffness degradation, support rigidity, and
boundary conditions affect the vibration characteristics and structural safety of shell systems
subjected to high-intensity seismic actions. The research combines experimental modeling and
theoretical analysis. Shell models and full-scale spatial structures were tested under long-term
static loading and forced dynamic actions corresponding to design seismic intensities of 7, 8, and
9 points. The study considers free-standing and coupled conical domes, as well as shells of various
geometric forms, with attention to oscillation modes, vibration periods, amplitudes, deflections,
residual deformations, and crack development. The results show that long-term operation
significantly reduces the dynamic rigidity of reinforced concrete shell systems and increases their
deflections and residual deformations. A 5.86-fold increase in column rigidity increased the
frequency of horizontal oscillations by 74.3 %, while the influence on vertical vibration
frequencies remained limited. Long-term loading increased ultimate deflections by 1.5-2 times,
fiber deformations by 2.4-2.75 times, and crack development by up to 2 times. A resolving system
of equations for shell deformation under nonlinear creep conditions is proposed for assessing the
stress-strain state of structures at the operational stage. The obtained results can be used to improve
the seismic safety assessment and rational design of reinforced concrete shell roofs in seismic
regions.

Keywords: reinforced concrete shell roofs, dynamic parameters, seismic response, long-term
operation, large-span structures, structural safety, nonlinear creep, experimental modeling.

1. Introduction

Large-span reinforced concrete shell roofs remain one of the most efficient structural solutions
for unique public and industrial buildings because they combine high spatial rigidity, favorable
material distribution, and architectural expressiveness [1]-[3]. Interest in shell roofs has also
persisted due to their structural efficiency and continued relevance in modern design practice,
including renewed attention to thin shell and dome systems for contemporary long-span
applications [11], [19], [20].

At the same time, the reliable use of such systems in seismic regions remains a challenging
engineering problem. Shell structures are characterized by complex stress redistribution, strong
sensitivity to boundary conditions, and nonlinear dynamic behavior under earthquake excitation.
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Their seismic resistance depends not only on the shell geometry itself, but also on the rigidity of
supports, shell interaction within a coupled system, and the evolution of structural properties
during operation [2], [14], [17], [18].

An additional difficulty arises at the operational stage. In real structures, long-term loading,
creep, cracking, residual deformations, stiffness degradation, and the time-dependent evolution of
concrete properties gradually change the dynamic characteristics of reinforced concrete shells [6],
[13], [15], [16]. As a result, the natural frequencies, oscillation periods, amplitudes, and overall
seismic response of the structure may differ substantially from those assumed at the design stage
[6], [71, [15], [16]. For this reason, the assessment of shell roofs only under short-term or idealized
conditions is insufficient for a reliable evaluation of structural safety and reliability, which
requires more comprehensive assessment approaches for structures operating under complex
service conditions [4], [6], [15], [16].

Previous studies have established the importance of nonlinear analysis, experimental
verification, and improved numerical modeling for spatial systems and reinforced concrete shells,
while broader modeling approaches for building systems under operational influences also
confirm the relevance of computational assessment in structural engineering [2], [8], [9], [14],
[17], [21]. However, insufficient attention has been paid to the combined assessment of shell roofs
at the long-term operational stage under intense seismic actions, especially for free-standing and
coupled dome-type systems with different support conditions and varying rigidity of the
supporting elements [2], [5], [14]-[16].

This issue is particularly relevant for regions with high seismicity and demanding climatic
conditions, where shell structures are required to maintain serviceability and safety over extended
periods of operation [2], [5], [6], [10]. Under such conditions, the interaction between long-term
material behavior and dynamic loading becomes a decisive factor in structural performance.

The aim of this paper is to investigate the dynamic parameters and seismic response of
reinforced concrete shell roofs of unique buildings during long-term operation on the basis of
experimental and theoretical studies. The study considers free-standing and coupled spatial shell
systems subjected to high-intensity dynamic actions corresponding to severe seismic conditions.
Special attention is given to the influence of loading duration, stiffness degradation, support
rigidity, oscillation modes, and nonlinear creep on the stress-strain state and vibration
characteristics of the structures.

The novelty of the study lies in the combined experimental and theoretical assessment of
reinforced concrete shell roofs at the operational stage, taking into account changes in dynamic
parameters caused by long-term loading, nonlinear creep, residual deformations, and seismic
actions. Unlike studies focused mainly on design-stage behavior, the present work evaluates how
the dynamic response of shell systems evolves after extended service under realistic operating
conditions [14]-[17].

The main contribution of the paper is threefold. First, it provides experimental evidence on the
vibration behavior of individual and coupled shell systems under vertical and horizontal dynamic
actions. Second, it identifies the role of support rigidity and long-term degradation in changing
the frequency characteristics and seismic response of shell roofs. Third, it presents a resolving
system of equations for the assessment of shell deformation under nonlinear creep conditions,
which can be used for a more reliable safety evaluation and rational design of large-span
reinforced concrete shell structures in seismic regions.

The novelty of the study is as follows:

1) The seismic response of reinforced concrete shell roofs is assessed at the operational stage,
rather than only at the design stage.

2) The study combines long-term loading effects, nonlinear creep, stiffness degradation, and
dynamic seismic excitation within one assessment framework.

3) Both single and coupled dome systems are experimentally and theoretically compared.

4) The influence of support rigidity and spatial coupling on vibration characteristics is
quantified.
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2. Materials and methods
2.1. Investigated shell systems

Because of the complexity of reproducing the actual stress-strain state of large-span reinforced
concrete shell roofs during long-term operation, the study combined theoretical analysis with
experimental modeling. This integrated approach made it possible to assess the behavior of shell
systems under conditions that are closer to real service life and subsequent seismic excitation.

The investigated structures included large-span reinforced concrete shell roofs of various
geometric configurations intended for operation in seismic regions. Particular attention was paid
to free-standing and coupled conical dome systems, since these configurations make it possible to
evaluate the effect of shell interaction, support rigidity, and long-term degradation of stiffness on
the dynamic response of the structure. The structural diagrams of the investigated systems are
shown in Fig. 1.

I
o Il
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Fig. 1. Structural diagrams of the investigated large-span composite shell roofs of unique buildings

For the purposes of the present study, a single dome was considered as an individual
shell-support system, whereas a coupled dome consisted of two adjacent shell units connected in
the interaction zone by a spatial stiffness element. The purpose of this element was to ensure the
joint operation of the shells and to increase the horizontal dynamic rigidity of the composite spatial
system. The comparison of single and coupled domes made it possible to evaluate the influence
of shell interaction and support conditions on the vibration characteristics and seismic response.

2.2. Geometry, support conditions, and excitation scheme

The tested shell systems included models and full-scale spatial structures with spans of 4.8,
12, 18, 24, 30, and 36 m, as well as free-standing and coupled multi-wave conical domes with
spans of 18, 30, and 42 m. Depending on the specimen, the model scale varied from 1:4 to 1:10.
For the detailed dynamic tests of coupled conical domes, a geometric scale of 1:5 was adopted.

The support arrangement and shell contour conditions used in the experimental setup were
reproduced in the analytical formulation as boundary conditions. In the coupled system,
compatibility of displacements and transfer of internal forces between adjacent shell units were
ensured through the stiffness element located in the coupling zone. Such a representation made it
possible to investigate the influence of both shell interaction and support rigidity on the dynamic
characteristics of the structure.

Dynamic excitation was applied in both the vertical and horizontal directions. Vertical forced
vibrations were generated by means of a frame fixed to the contour diaphragms of the shells,
whereas horizontal excitation was introduced through the supporting columns and the loading
frame of the test stand. The response of the structure was recorded in three orthogonal directions
corresponding to the expected components of seismic action. The measured parameters included
vibration frequencies, oscillation periods, amplitudes, deflections, residual deformations, and
crack development.

26 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479



DYNAMIC PARAMETERS AND SEISMIC RESPONSE OF REINFORCED CONCRETE SHELL ROOFS OF UNIQUE BUILDINGS DURING LONG-TERM
OPERATION. SAIDMAKHSUD RAZZAKOV, MUKHLIS AKHMED OGLI HAJIYEV, ULUGBEK AKHMADIYOROV

2.3. Experimental program and loading regime

It is difficult to reproduce experimentally the complete long-term operational stress-strain state
of reinforced concrete shell roofs while simultaneously controlling deflections, strains, residual
deformations, and crack development. Therefore, shell models of the largest feasible dimensions
were used after preliminary long-term static loading of different levels. This approach made it
possible to simulate the operational stage more realistically and to reproduce the time-dependent
changes in structural response caused by long-term loading.

The seismic resistance of large-size shell models that had been operated for up to seven years
was assessed experimentally. The long-term stress-strain state at the time of testing was formed
by overload stages with deflection control based on previously established nonlinear load-
deflection relationships. The tests were carried out under laboratory conditions and included
measurements of deformations and dynamic parameters in the selected design sections under free
and forced vibrations, as well as under different combinations of static and dynamic loads.

Forced vibrations were generated using a V-2 vibration machine. To simulate earthquake
action more realistically, the vibration machine tire was installed at the level of the power floor
on special pads, which minimized energy losses during excitation. During the experiments,
acceleration levels corresponding to seismic intensities of 7, 8, and 9 points were created, bringing
the structure to a resonant state. Structural vibrations expected during an earthquake were recorded
along the vertical and horizontal directions.

2.4. Theoretical formulation

To assess the stress-strain state of reinforced concrete shell roofs at the operational stage, a
resolving system of equations for shell deformation under nonlinear creep conditions was
formulated on the basis of the theory of flexible shallow shells with large deflections and
established approaches to nonlinear analysis and concrete creep. In this formulation, the stress
function, shell deflection function, stiffness-state parameters, and principal curvatures of the
middle surface were introduced to describe the time-dependent deformation behavior of reinforced
concrete shells during prolonged service [5], [6], [9]:

Ly(F,D;) + Ly(&,D;) + Fgg(ky + waq) + Fuo(ky + wpp) + 2F4pwap + Fppiian
+ Faatopp = 2Fapup = Ly (F,Di(8)) = Ly(w?, Dy(1)),

L3(F,B;) + Ly(6,B) + (ky + @ge) + (k2 + wpp)@aq + 2Fap0qp
= —L; (F,Bi(5)) — Ly(?, Bi(D)),

()
2

where, L,-L, are differential operators with variable stiffness coefficients, F is the stress function,
w is the shell deflection function, D; and B; are parameters characterizing the stiffness state of the
shell, and k4, k, are the principal curvatures of the middle surface. The adopted form of Eq. (1)
reflects the influence of nonlinear creep and large deflections on the deformation behavior of
reinforced concrete shells during long-term service.

After the governing relation for long-term deformation had been established, the seismic force
corresponding to the selected vibration mode was represented through a modal expression that
accounts for the distribution of inertial motion over the roof area, the building dimensions,
vibration attenuation, and seismic-wave propagation. For circular spatial coverings, the same
relation was written in polar coordinates:

Sij(x,¥) = q(e, y)Au(x, y)Bii (L, v, ) Kymij(x, y), (3)
Sij(p, ®) = q(p, ) Ap(p, ©)Bi; (£, v, )Kynij(p, @), 4)

The inertia of the system was introduced into the governing equations through an additional
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inertial-load term. Free vibrations of a bending-type shell were considered with allowance for
physical and geometric nonlinearity, as well as creep effects. For composite shell systems, the
governing equations were further transformed into a computational form suitable for determining
the natural vibration frequencies and deformation characteristics of the investigated spatial
structures:

2

_rhoe s)

g ot

For the determination of the natural vibration frequencies of composite spatial systems, the
method of structural cuts was adopted. In this approach, instead of the original composite
structure, several simpler shell components were considered. Along the cut lines, harmonically
varying normal forces and moments with an unknown frequency were introduced.
Forced-vibration problems were then solved for each shell component under the action of these
boundary forces. By applying the equality of forces and deformation compatibility conditions in
the shell-joint zones, the governing relation for determining the natural vibration frequencies of
composite spatial structures was obtained [2], [5], [9]:

1
(1 - EK)V*® + BR, [EL(“” w) + Viw] -9, =0,

ho’w
(1 - EK) [L(w, ®) + R,V2D + 2 Y

g ot? Rg] ~DVie =4, =0, (6)

t t
Y, = Ej Ly(®,M)K(t,Ddr, P, = EJ L,(®, M;;)K (¢, T)dx.

For elements of composite shells outlined along a single geometric surface, the equation was
specified according to the adopted geometric shape and coordinate system. To solve free-vibration
problems, the system of equations was transformed with respect to the unknowns used in the
vibration analysis. For the solution of the free-vibration problem of composite shell systems, the
governing relations were transformed into the following computational form:

1
VV*Dw(1 — EK) + C2R3VEVE Do + C2REVE + D 5 L(w, @)
7)
vh, 2w (
—(1 - EK)V*R: 22— =
( ) 2 g atz

2.5. Computational procedure

The numerical assessment was performed in four successive stages.

First, the long-term stress-strain state of the shell was determined by taking into account
nonlinear creep, stiffness degradation, residual deformations, and the time-dependent evolution of
material properties.

Second, the updated stiffness parameters of the shell-support system were introduced into the
free-vibration equations in order to determine the dynamic characteristics of the structure at the
operational stage rather than at the initial design stage.

Third, the natural frequencies, oscillation forms, and vibration periods of the investigated shell
systems were determined for different structural configurations, including single and coupled
domes, as well as for different support conditions and rigidity levels of the supporting elements.

Fourth, the modal seismic action corresponding to the selected vibration modes was introduced
to evaluate the dynamic response of the shell roofs under high-intensity excitation. The theoretical
predictions were then compared with the experimental observations in terms of vibration forms,
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frequencies, amplitudes, and deformation response.
Depending on the specimen, the shell contour was considered either clamped or simply
supported, in accordance with the experimental setup.

2.6. Verification strategy

To verify the proposed approach, the natural vibration frequencies of experimentally studied
long-term loaded shallow shells of positive and negative Gaussian curvature were evaluated for
unique buildings with spans ranging from 18x18 m to 96x96 m and 120x190 m. Additional
calculations were also carried out for domes with diameters up to 60 m, hanging roofs with spans
up to 120 m, and structural systems with spans of 18-36 m.

Verification was performed by comparing the calculated and experimentally observed
vibration characteristics of the investigated shell systems. The obtained agreement confirms that
the adopted formulation adequately represents the dynamic behavior of reinforced concrete shell
roofs during long-term operation.

3. Results and discussion
3.1. State of individual and coupled domes under dynamic impacts

The vertical and horizontal vibration modes of the shell models revealed a clear difference
between the dynamic response of individual and coupled dome systems. At the initial stage of
testing, the oscillation period during bending was small. During vertical oscillations caused by
horizontal impacts, two principal vibration forms were identified. The higher mode corresponded
to two symmetrical half-waves in the meridional direction along the shell surface. In the initial
period of testing, high-tone oscillations with periods of 0.04-0.08 s were observed; later, they
stabilized and corresponded to the lower tone of dome vibrations. Under different directions of
horizontal impacts, the shell oscillations remained progressive and single-phase.

Fig. 2 clarifies the experimental and computational interpretation scheme used for the dynamic
analysis of the tested conical dome models. It combines the structural configuration of the single
and coupled dome systems, the direction of dynamic excitation, the location of measurement
points, and the corresponding displacement-time histories. The tested dome models had spans of
18 and 30 m and were investigated at a geometric scale of 1:5. Panels (a) and (b) show the vertical
response under horizontal excitation, while panels (c) and (d) illustrate the horizontal vibration
modes of single and coupled dome systems. The circled numbers indicate the measurement points
where oscillograms were recorded. The arrows indicate the direction of the applied dynamic
impulse, and the dashed lines represent the deformed vibration shapes. The spatial stiffness
element in the coupled dome system is denoted by 1.

Fig. 2 shows that the vibration response of the tested dome models depends on the type of
structural configuration and the direction of excitation. In the single dome, the recorded
oscillograms demonstrate a more pronounced local response at the selected measurement points.
In the coupled dome system, the spatial stiffness element provides joint operation of adjacent
shells, which results in a more coordinated vibration pattern. The maximum vibration amplitude
was observed in the middle part of the span of the meridional ribs, approximately at one quarter
of the dome span from the lower support contour. The vibration amplitude in the middle of the
dome span was approximately two times smaller than the maximum value. Under horizontal
impacts, regardless of the distance and direction of the created dynamic impulse, the free-standing
and coupled domes moved progressively in one phase and behaved as a single spatial rigid disk.
For the coupled dome, the spatial stiffening element ensured joint operation under both horizontal
and vertical impacts.
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Fig. 2. Experimental vibration modes, measurement scheme, and displacement-time histories of single
and coupled conical dome models under dynamic excitation: a) single dome, vertical response under
horizontal excitation; b) coupled domes, vertical response under horizontal excitation; c¢) single dome,
horizontal vibration mode; d) coupled domes, horizontal vibration mode. Circled numbers indicate
measurement points; arrows show the direction of dynamic impulse; dashed lines represent the deformed
vibration shapes; I denotes the spatial stiffness element in the coupling zone. The displacement scales are
0.197 mm for panels a) and b), and 1.0 mm for panels c) and d); the time scale is 1.0 s

The experiments also showed that under both free and forced vibrations, the amplitude of
horizontal vibrations was greater than that of vertical vibrations, because the rigidity of the shell
in the vertical direction was significantly higher than in the horizontal direction. The direction of
the forced vibrations of the structure coincided with the actual movement of the shell. During
earthquakes, the oscillation of the spatial system follows a random law, whereas the shell itself
transmits mainly those frequencies that are close to its own natural frequencies. Thus, the shell
response retains an ordered harmonic character even under irregular external excitation.

In the horizontal direction, the shell works as a single spatial system. At the same time, the
amplitude of the horizontal components depends strongly on the rigidity of the supporting
structures. The use of conjugate shells ensures the combined operation of the columns and
increases the dynamic rigidity of the composite shell in the horizontal direction. However,
horizontal seismic effects are still perceived mainly by the supporting columns, while the shell
elements themselves participate less effectively in resisting these actions. Therefore, increasing
the rigidity of columns and adopting additional design measures remain important means of
improving seismic resistance, which is also consistent with studies addressing the load-bearing
assessment of reinforced concrete supporting elements [12].

A particularly important result of the tests is the quantified influence of support rigidity. A
5.86-fold increase in column rigidity led to a 74.3 % increase in the frequency of horizontal
oscillations of the conical dome under self-weight. As the load level increased, the effect of
column rigidity on the frequency characteristics weakened. Thus, a four-fold increase in load
reduced the influence of column rigidity on the oscillation frequency of the conical dome to
38.7 %. This indicates that under strong earthquakes the structure may approach its limit state and
that the rigidity of the supporting columns remains one of the most important design parameters
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for shell systems of various geometric forms. By contrast, increasing column rigidity at different
loading stages caused only a small increase in the frequencies of vertical vibrations, limited to
about 5 %, which means that this effect may be neglected in practical design for the vertical
vibration mode.
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Fig. 3. Graphs of changes in deflections and frequencies of vertical vibrations of shells depending
on the loading level, loading duration, and boundary conditions: 1, 3 — short-term and long-term loading;
2, 4 —recovery after unloading; d, e — clamped and simply supported shell

3.2. Condition of long-term operated shell structures under dynamic impacts

Modeling the true stress-strain state of a structure while simultaneously reflecting both the
construction and operation stages is extremely difficult. For this reason, the shell models were
subjected to long-term tests lasting up to seven years. The experiments showed that the
stress-strain state at the moment of loading undergoes considerable development over time due to
the growth of long-term inelastic deformations, especially when temperature and humidity
conditions are taken into account.

By the end of the observation period, the ultimate deflections of spatial shell structures of
different geometric shapes had increased by 1.5-2.0 times compared with the initial loading stage.
Fiber deformations increased by 2.4-2.75 times, and the observed crack widths or crack
development increased by as much as 2 times. Residual deflections amounted to 23-60 %, while
residual fiber deformations reached 35-80 %. These results indicate a significant reduction in the
rigidity of reinforced concrete shell systems during long-term operation.

During the subsequent dynamic tests, the long-term stress-strain state of the shells was created
by overload stages with deflection control using previously established nonlinear load-deflection
relationships. The structure vibrations were again recorded in three orthogonal directions expected
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during seismic action. Forced vibrations in the vertical and horizontal directions were created by
a vibration machine with acceleration levels corresponding to the estimated seismicity of 7, 8, and
9 points, bringing the structures to a resonant state. The tests involved both model and full-scale
shell structures with spans of 4.8, 12, 18, 24, 30, and 36 m, as well as free-standing and coupled
multi-wave conical domes with spans of 18, 30, and 42 m, using model scales from 1:4 to 1:10.

The results demonstrate that under strong seismic impacts, an increase in the magnitude of
external loads and the duration of loading leads to a substantial decrease in dynamic rigidity, which
is expressed experimentally by an increase in the period of the fundamental vibration tone. In
other words, the shell becomes dynamically more flexible as a result of long-term loading and
material degradation, which should be explicitly considered in the seismic safety assessment of
structures at the operational stage.

3.3. Summary of key quantitative findings

The main experimentally observed changes in dynamic parameters and deformation
characteristics of long-term operated reinforced concrete shell systems are summarized in Table 1.

The summarized results confirm that both support rigidity and long-term degradation must be
explicitly considered in the seismic design and operational safety assessment of shell roofs.

Table 1. Main experimentally observed changes in dynamic parameters and deformation
characteristics of long-term operated reinforced concrete shell systems

No. Parameter / response characteristic O:LS;;;Zd Engineering interpretation
Increase in horizontal vibration frequency S
1 due to 5.86-fold increase in column 74.3 % Suppor.t rigidity stron.gly affects the
o horizontal dynamic response
rigidity
Influence of column rigidity on horlzqntal , The effect of support rigidity
2 frequency under four-fold increase in 38.7% ;
load decreases as the load level increases
Increase in vertical vibration frequencies o The influence on vertical vibration
3 . Lo Upto5% AR
due to increased column rigidity modes is limited
4 Increase in ultimate deflections during 1.5-2.0 Long-term loading significantly
long-term operation times reduces structural rigidity
5 Increase in fiber deformations during Factor of Time-dependent inelastic behavior
long-term operation 2.4-2.75 strongly affects the stress-strain state
6 Increase in crack development during Upto 2 Damage accumulates during
long-term operation times prolonged service life
Residual deflections after long-term o Irreversible deformation remains
7 . 23-60 % . .
loading substantial after unloading
Residual fiber deformations after long- o L.ong-term operation leads to
8 . 35-80 % significant irreversible strain
term loading .
accumulation

4. Conclusions

This study investigated the dynamic parameters and seismic response of reinforced concrete
shell roofs of unique buildings during long-term operation by combining experimental modeling
and theoretical analysis. The obtained results lead to the following conclusions.

1) Long-term operation significantly changes the dynamic behavior of reinforced concrete
shell systems, leading to reduced dynamic rigidity, increased deflections, residual deformations,
and crack development.

2) The rigidity of supporting columns has a strong influence on the horizontal dynamic
response of shell roofs. A 5.86-fold increase in column rigidity increased the frequency of
horizontal oscillations by 74.3 %, whereas its influence on vertical vibration frequencies remained
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limited to about 5 %.

3) Long-term loading increased the ultimate deflections of shell structures by 1.5-2 times, fiber
deformations by 2.4-2.75 times, and crack development by up to 2 times, confirming the
importance of accounting for degradation effects at the operational stage.

4) A resolving system of equations for shell deformation under nonlinear creep conditions was
formulated and used together with the free-vibration analysis framework to evaluate the stress-
strain state and dynamic parameters of reinforced concrete shell systems.

5) The obtained results can be used for a more reliable seismic safety assessment and rational
design of large-span reinforced concrete shell roofs operating in seismic regions.
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