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Abstract. The design and construction of unique buildings, facilities and complexes of “modern” 
architectural forms and constructive solutions in Russia began less than 20 years ago in the conditions of 
a shortage of national design codes and experience of such construction. Thus these objects were not 
provided with proper scientific and technical support and structural health monitoring (SHM) systems. 
Generally only the instrumental monitoring system, based on results of finite element analysis and 
comparison with measured data allows performing planning activities to prepare for and respond to 
changes in state of critical structures and drawing conclusions about the actual state and the possibility of 
further safe operation of the building. Theoretical foundations of methodology of such SHM have been 
developed. Parameterized finite element models of buildings, special algorithm of adaptation (calibration) 
in accordance with results of measurements, methodology of measurements of natural frequencies and 
modal shapes and algorithm of structural evaluation are proposed in this paper. So-called “start” finite 
element model is normally developed to study the load-bearing capacity of the current version of the 
project. Parameterized “monitoring-oriented” three-dimensional dynamic finite element model for each 
significant stage of life cycle of the building (the stages of construction and operation) is constructed or 
modified, verified and adapted in accordance with the measured data. The main criterion for the 
adaptation is the correspondence of calculated and measured spectrum of the natural frequencies and 
mode shapes in the entire frequency range, significant for the assessment of system-wide changes and 
for identification – localization of possible defects. 
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Аннотация. Расчетное обоснование, проектирование и строительство уникальных зданий, 
сооружений и комплексов «современных» архитектурных форм и конструктивных решений в 
Российской Федерации начинались менее двадцати лет назад в условиях дефицита национальной 
нормативной документации и опыта подобного строительства, в результате чего не были 
обеспечены надлежащим научно-техническим сопровождением и мониторингом соответствующих 
несущих конструкций. Вообще, лишь система инструментального мониторинга, построенная на 
основе анализа результатов конечноэлементного моделирования в сопоставлении с данными 
измерений, позволяет выполнять планирование мероприятий по подготовке и реагированию на 
изменения состояния ответственных конструкций, сделать выводы о фактическом состоянии и 
возможности дальнейшей безопасной эксплуатации здания (сооружения). Теоретические основы 
соответствующей методики разработаны и представлены в настоящей статье. Описываются 
параметризованные конечноэлементные модели зданий, алгоритм их адаптации (калибровки) по 
данным инструментальных наблюдений, методика измерения собственных частот и форм 
колебаний, подход к оценке несущей способности для фактического состояния объекта. 
«Стартовая» конечноэлементная модель используется, как правило, для обоснования несущей 
способности актуального проектного варианта. Для каждой значимой стадии «жизненного цикла» 
здания (этапы строительства и эксплуатации) строится, модифицируется (актуализируется), 
верифицируется и адаптируется по текущим данным инструментальных наблюдений 
параметризуемая пространственная динамическая «мониторинговая» конечноэлементная модель. 
Основным адаптационным критерием здесь принимается соответствие расчетного и измеренного 
спектра собственных частот и форм колебаний во всем диапазоне частот, значимом как для 
оценки общесистемных изменений, так и идентификации-локализации возможных дефектов. 

1. Introduction 
The main target of research of this paper is unique buildings, facilities and complexes of “modern” 

architectural forms and constructive solutions. The design and construction of unique buildings, facilities 
and complexes of “modern” architectural forms and constructive solutions in Russia began less than 20 
years ago in the conditions of a shortage of national design codes and experience of such construction. 

The systematic process of observing, tracking and logging data over a period of time in order to 
characterize the health state of structures and to detect any possible change due to damage occurrence 
is referred to as structural health monitoring (SHM) [1]. SHM is nowadays a field of great concern. The 
main aim of SHM is to prevent and avoid fatal structural damages through the determination of stresses 
and deformations (i.e. displacements) of whole structure or a specific component. It is clear that external 
loads and boundary conditions should be previously identified [2]. 

Due to the above-mentioned reasons, unique buildings, facilities and complexes in Russia were 
not provided with proper scientific and technical support and SHM systems [3]. Corresponding 
consequences of this situation include, in particular, inadequacy of the structural analysis and the poor 
quality of the construction works [4, 5]. The problem of SHM (at the construction and operation stages) 
takes on special significance, the importance of which has already been recognized by designers, 
builders and specialists of supervisory organizations [6, 7]. However, there is no algorithm for the solution 
of this problem in the Russian design codes. Besides, SHM systems of erected unique buildings and 
structures exist, as a rule, only on papers, approved by the Russian State Expertise [8]. 

In the last decades, SHM technology has emerged creating an exciting new field within various 
branches of engineering. This technology integrated remote sensing [9], smart materials, and computer 
based knowledge systems to allow civil engineers see how built up structures are performing over time. 
Since the emergence of this technology, it became more and more useful for large infrastructures, such 
as bridges, buildings, tunnels, pipelines, offshore platforms, wind turbines, and railway infrastructure 
where performance is critical but onsite field test is difficult or even impossible [10, 11]. Besides, the 
request for damage detection by means of non-destructive methods is greatly increasing in order to 
reduce the maintenance costs and to increase the safety level of the structures [12]. 

As is known, there are four basic methods of instrumental monitoring at the present time: geodetic 
measurements; geotechnical monitoring the state of foundation; measuring loads and strains in the 
substructure and superstructure; dynamic (seismometric) approach [13–15]. Special mention should go 
to seismometric method that allows investigator to explore the whole building and to identify significant 
changes in the load-bearing structures without instrumental actions and visual inspections of each 
structure [16, 17]. The experiments on real objects confirmed the potential of this method, however, 
revealed a number of problems [18, 19]. It is necessary to note complex specify of unique buildings and 
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advantages of seismometric method in the context of the monitoring problems (high dimensionality and 
variability (relative to loads, masses and stiffness) of object; difficulty of corresponding instrumental 
measurements (online access to the majority of load-bearing structures in residential and other premises 
is difficult or impossible [17]). 

Instrumental monitoring of unique buildings without corresponding correct and adequate 
“monitoring-oriented” mathematical and computer models has random nonsensical nature and therefor it 
is not of practical interest. These “monitoring-oriented” models (several models or parameterized one) 
have a number of specific differences from the conventional design models, which are normally used to 
justify design decisions (input of real (actual measured instead of design) physical and mechanical 
parameters of construction materials (steel, concrete, reinforcement etc.) and geometry of structures; 
input of real (actual measured instead of design) loads; inclusion of non-bearing structures (dividing 
walls, facades, etc.) in static and dynamic operation of structures under weak “background” loads; 
modelling of work of several joints in accordance with schemes, different from design ones (for example, 
elastic restraint instead of hinge joint); adaptability (calibration, “learning”) of model in accordance with 
data obtained from instrumental measurements (including detected defects). 

The main objective of this paper is the development of correct adaptive finite element models in 
SHM systems of unique buildings. Thus, the following tasks are solved: 

1. Formulation of basic theoretical foundations of advanced methodology of structural health 
monitoring. 

2. Development of parameterized finite element models of buildings (so-called “design” and 
“monitoring-oriented” models). 

3. Adaptation (calibration) of finite element models in accordance with results of measurements. 

4. Introduction of effective technology of measurements of natural frequencies and modal shapes. 

5. Introduction of correct approach to structural evaluation in real situation of building. 

6. Approbation of advanced methodology of structural health monitoring. 

2. Methods 

2.1. Formulation of basic theoretical foundations of advanced methodology of 
structural health monitoring 

Block diagram and content of developed computational and experimental methodology of structural 
health monitoring dealing with load-bearing structures of unique buildings, is presented in Figure 1. 

So-called “start” (“design”) finite element model is normally developed to study the load-bearing 
capacity of the current version of the project. Parameterized “monitoring-oriented” three-dimensional 
dynamic finite element model for each significant stage of life cycle of the building (the stages of 
construction and operation) is constructed or modified, verified and adapted in accordance with the 
measured data. The main criterion for the adaptation is the correspondence of calculated and measured 
spectrum of the natural frequencies and mode shapes in the entire frequency range, significant for the 
assessment of system-wide changes and for identification – localization of possible defects. 

Computational assessment of load-bearing capacity of structures is carried out in accordance with 
design codes with the use of “design” and “monitoring-oriented” finite element models based on design 
and measured parameters of structures, foundation, loads etc. Basic peculiarities of components of 
proposed methodology of structural health monitoring are discussed in the distinctive paper. 

171



Magazine of Civil Engineering, No. 2, 2018 

 

Belostotsky A.M., Akimov P.A., Negrozov O.A., Petryashev N.O., Petryashev S.O., Sherbina S.V., Kalichava D.K., 

Kaytukov T.B. Adaptive finite-element models in structural health monitoring systems. Magazine of Civil 

Engineering. 2018. No. 2. Pp. 169–178. doi: 10.18720/MCE.78.14. 

 

Figure 1. Block diagram and content of developed computational and experimental methodology 
of structural health monitoring dealing with load-bearing structures of unique buildings 

2.2. Parameterized finite element models of buildings (“design” and “monitoring-
oriented” models) 

Three-dimensional shell-beam finite element model (models) of coupled systems “foundation – 
building” are normally constructed for strain-stress state analysis and load-bearing capacity of actual 
design version. It is so-called “start” (“design”) model for subsequent parameterization and adaptation. 

Vector of parameters of model has the form 

𝜃𝑙 = {𝜃}𝑙 = {𝜃1 𝜃2 𝜃3 … }𝑙 , (1) 

where 𝑙 is the number of stage of construction and operation (𝑙 = 1,2 … ) with corresponding 

instrumental SHM. 

Vector (1) can contain the following measured parameters, which normally differ from design ones: 

𝜃1is dynamic parameters of foundation; 𝜃2 is physical and mechanical parameters of construction 

materials (concrete, reinforcement, steel, etc.); 𝜃3 is geometrical parameters of load-bearing structures 

(particularly eccentricities and inclinations of walls and columns; 𝜃4 is measured loads and impacts; 𝜃5 is 
stiffness and mass of nominally non-bearing structures (dividing walls, façade structures), included in 

dynamic operation of structures under weak “background” loads; 
6  is modeling of structural behavior of 

several joints in accordance with schemes, different from design ones (for instance, elastic restraint 
instead of hinge). 

Well-known methods of construction of three-dimensional shell-beam dynamic finite element 
models [20, 21] with allowance for above mentioned factors are realized. Thus, the reduction of the actual 
class of the concrete in comparison with the project one are taken into account by corresponding 
reduction in the modulus of elasticity, deviations of the geometric positions of the columns, walls and 
other load-bearing elements are taken into account by introduction of so-called “rigid inserts” allowing 
displacement of the elements in the plan, and their inclination. 

The most problematic is the allowance for stiffness of dividing walls (especially located inside 
apartment) and façade structures included in the dynamic operation of the system for the operation 
stages, under weak background loads. We can use “integrated” approach (a proportional increase of 
stiffness of the vertical load-bearing structures), and introduction of each non-bearing structure with 
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reduced dynamic stiffness in finite element model (this approach can substantially (at times) increase 
computational dimension of the model). 

Partial eigenvalue problem is formulated and solved for parameterized finite element model 

(computing of natural frequencies 𝜔𝑖  and mode shapes {𝜑𝑖}) of dynamic system has the form 

[𝐾(𝜃𝑙)][𝛷] = [𝛺2][𝑀(𝜃𝑙)][𝛷], (2) 

where 

[𝛷] = [{𝜑1} … {𝜑𝑛}];  [𝛺2] = 𝑑𝑖𝑎𝑔(𝜔1
2 … 𝜔𝑛

2); (3) 

[𝐾(𝜃𝑙)] is the global stiffness matrix of system; [𝑀(𝜃𝑙)] is the global mass matrix of system. 

The following parameters (criteria) of the solution of partial eigenvalue problem can be used:  

the number (≤ 𝑛) of computing lower natural frequencies and mode shapes; frequency range (from Ω1 

to Ω2), within which all natural frequencies (mode shapes) must be computed; frequency range (from Ω1 

to Ω2), and the number of computing lower natural frequencies and forms within this range. 

If the frequency range is given, shift 𝜎 of stiffness matrix within triangulation procedure and 

eigenvalue analysis must be done. Recommended value of this shift  can be defined by formula 

𝜎 = −0.5 ∙ (Ω1
2 + Ω2

2). (4) 

In accordance with recommendations from [4] the most advanced and competitive methods of 
solution of generalized and partial eigenvalue problems (subspace iteration method, and block Lanczos 
method) can be used as basic methods. Numerous computational experiments (including samples with 
“contrasting” ill-conditioned systems and systems with multiple eigenvalues) showed reliability and 
efficiency of current implementations of these methods. Experience has proven that Lanczos method had 
undeniable advantages in high speed of computing of the given number of eigenvalues and eigenvectors 
for practical problems (of high dimension; up to 10 million of unknowns (dynamic degrees of freedom)) of 
finite element analysis of unique buildings. 

2.3. Adaptation (calibration) of finite element models in accordance with results of 
measurements 

Two main groups of approaches are used for adaptation of finite element models in accordance 
with results of dynamic monitoring data: “intuitive-engineering” approaches and mathematically 
formalized approaches. The first group of approaches, which is the most popular at this time in Russia, 
leaves wide scope for interpretation of the calculated and measured dynamic characteristics. We should 
note the most severe and challenging approach from the second group, which is based on numerical 
solution of incorrect inverse problems by Tikhonov regularization method. It should be noted that 
algorithms and software, enabling identification of the actual status and localization of defects for simple 
linear-elastic structures (beam and plate on elastic (Winkler) foundation, frame, framework etc.) have 
been already developed. 

Let’s consider one of the versions of corresponding algorithm based on solution of nonlinear 
optimization problem (i.e. minimization of objective function): 

min
𝜃

𝛱(𝜃) =
1

2
∑ 𝑎𝑖

𝑁𝑚𝑑

𝑖=1

‖𝜑𝑖 − �̂�𝑖‖2on condition that 𝑅(𝜃) ≥ 0. (5) 

Sensitivity function is defined by formula 

𝛱,𝜃 = ∑ 𝑎𝑖

𝑁𝑚𝑑

𝑖=1

‖𝜑𝑖 − �̂�𝑖‖ 𝜑𝑖,𝜃
;   𝜑𝑖,𝑒

= − ∑
𝜑𝑖

𝑇𝐾,𝜃𝜑𝑗

(𝜆𝑖 − 𝜆𝑗)𝜑𝑖
𝑇𝑀𝜑𝑖

𝜑𝑖 (𝑖 ≠ 𝑗)

𝑁𝑚𝑑

𝑖≠𝑗

 (6) 

Regularization has the form 

min
𝜃

𝛱(𝜃) =
1

2
∑ 𝑎𝑖

𝑁𝑚𝑑

𝑖=1

‖𝜑𝑖 − �̂�𝑖‖2 +
𝛽

2
‖𝐾(𝜃) − 𝐾(𝜃0)‖2on condition that 𝑅(𝜃) ≤ 0,  

 
(7) 
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where 𝜃 = {𝜃}={𝜃1 𝜃2 𝜃3 … } is previously user-defined vector of parameters of model; 𝛼 is weight 

coefficients; 𝜑𝑖  and �̂�𝑖  are computered and measured natural mode shapes; 𝑅(𝜃) is constrain with 

respect to parameters; 𝜆𝑖  is computered eigenvalues (angular frequencies squared); 𝜃0 is initial state; 𝛽 

is parameter of regularization; 𝐾 is the global stiffness matrix; 𝑀 is the global mass matrix. 

It is necessary to note specific requirements to accuracy of structural design and instrumental 
measurements (including modal analysis in corresponding significant frequency range). 

2.4. Technology of measurements of natural frequencies and modal shapes 

As follows from the common engineering sense and confirmed by formal above-mentioned 
mathematical manipulations, seismometric method of measurement should provide reasonable accuracy 
of computing of not only lower total-system performance natural frequencies [22] and mode shapes but 
also natural frequencies and mode shapes corresponding to local deviations of state of structure 
(including structural failures). Besides, efficiency and economic competitiveness are also provided. 

Analysis of available sources showed that so-called standing wave method, proposed by Professor 
A.F. Emanov, is fully consistent with these principles and criteria. Standing wave field, different from other 
waves by coherence property in time, is always formed in closed spaces. Standing waves extraction from 
recorded wave fields on filtering basis by coherence in time and conversion of nonsimultaneous 
observations in simultaneous standing waves records in studied objects forms the basis of standing wave 
method. The method performs well in study of self-induced buildings vibrations. Amplitudes and phases 
maps of standing waves in set of natural frequencies fully characterize object and allow to determine not 
only seismic stability, but realize physical state diagnostics at a constructional elements level. In 
microzoning the standing wave method performs well as direct research method of resonant properties of 
section. As a result of standing wave method use we have set of section natural frequencies and 
vibration amplification maps. On the basis of maps of standing wave phases a resonance type is simply 
set. The resonances, formed as multiples between horizontal boundaries, have the same close phase on 
area, whereas in lenses and block mediums horizontal resonances may appear characterized by banded 
change of areal phase. Combination of high-accuracy study of resonant properties of areas and buildings 
provides a new echelon of accuracy in seismic risk assessment [4, 15, 18]. 

Russia already has positive experience of using this method to determine the dynamic 
characteristics of dams, bridges and buildings. However, there is no such experience for high-rise 
buildings, complexes and long span structures. It is planned to fill this gap in research on real objects. 

2.5. Structural evaluation in real situation of building 

Analysis of stress-strain state and load-bearing capacity of structures is carried out in accordance 
with the design codes and corresponding criteria with the use of finite element model comprising 
parameters of “monitoring-oriented” and design models. 

Static and dynamic (including seismic) stress-strain state for stage number l can be obtained after 
solution of system of linear algebraic equations. In particular, we have displacement equations of 
equilibrium 

[𝐾(𝛩𝑙)][{𝑢}1 … {𝑢}𝑚] = [{𝐹(𝛩𝑙)}1 … {𝐹(𝛩𝑙)}𝑚] (8) 

and displacement equations of motion 

[𝑀(𝛩𝑙)]{�̈�} + [𝐶(𝛩𝑙)]{�̇�} + [𝐾(𝛩𝑙)]{𝑢} = {𝐹(𝛩𝑙)}. (9) 

Stability analysis (computing of lower critical loads 
i

  and modes of buckling 𝜑) can be done as a 

result of solution of partial eigenvalue problem 

[𝐾(𝛩𝑙)][𝛷] = [𝛬][𝐾𝐺(𝛩𝑙)][𝛷], (10) 

where 

[𝛷] = [{𝜑1} … {𝜑𝑛}];  [𝛬] = 𝑑𝑖𝑎𝑔(𝜆1 … 𝜆𝑛). (11) 

This enables the additional (as compared with the dynamic model), the properties, namely, 
parameters of foundation, stiffness and loads (set of parameters 𝛩𝑙). The model is complemented by data 
measures within SHM. 

The proposed approach allows verification of results of progressive collapse analysis at each stage 
of SHM based on the actual state of the object. 
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Planning for measurement at the current stage of SHM should be done with the use of results of 
the previous stage. Thus, the detection of “suspicious” of natural frequencies and mode shapes requires 
installation of a sufficient number of sensors for the measurements for the qualitative identification of 
these frequencies and shapes. However it should be noted that for most SHM applications, the number of 
available sensors for monitoring is usually significantly less than the number of potential monitoring 
locations. 

3. Results and Discussion 
We considered so-called Evolution Tower as a vital object for approbation of proposed 

methodology of SHM. One of the most ambitious skyscraper projects in Moscow, Evolution Tower is part 
of the Moscow International business center Moscow City. The impressive design of this 255 meters high 
skyscraper, its well-developed facilities and efficient state-of-the art engineering services form most 
comfortable conditions for work and rest (Figure 2). 

 

 

 

 

Figure 2. Evolution tower. Building and corresponding finite element models 

Basing on the files of the research activity customer in the form of AutoCAD and the set of 
drawings in the software ANSYS, a “design” shell-beam finite element model (FE model) of a building 
was constructed (Figure 1). Then basing on the “design” (ideal) model another two models were 
developed: “actual no. 1” – finite element model of an object, in which the deviations of piles from the 
designed positions were taken into account, that were found out as a result of investigation; “actual no. 2” 
– finite element model of an object, in which the deviations of walls from the designed positions were 
taken into account, that were found out as a result of investigation. 

In frames of verification of finite element models the natural frequencies and vibrational modes of 
the considered system were estimated (for “design” and “actual no. 1” models), which means almost 
most informative test tasks were solved, which, from the one hand, integrate many factors and 
parameters of the design models, and, from the other, allow detecting their difference. Thus determined 
natural frequencies and vibration modes of the building were expectable characteristic (for the objects of 
a similar type) in quality and quantity senses (in terms of natural frequencies spectrum and systemic 
forms), which allowed making a conclusion on the correctness and adequacy of the created finite element 
models to the “design” variant of the building (“actual no. 1” model is dynamically equivalent to the 
“design” one). 

The comparative analysis of the corresponding results for “design” and “actual” finite element 
models revealed the slight “sensitivity” of the stress-strain state parameters, which predetermine the 
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reliability of the bearing structures (piles, columns and walls), to the considered deviations of the columns 
and walls from the designed positions, detected as a result of the investigations. It was established, that 
the design reinforcement of the piles and walls generally possesses an essential reserve compared to the 
corresponding design parameters for “design” and “actual” models. 

Basing on the results of the investigations the authors made a conclusion on the correspondence 
of the design parameters of the stress-strain state and reliability of the bearing structures of a high-rise 
building to the specified criteria of stability and deformability at set actual deviations of the reinforced 
concrete structures from the designed positions, detected as a result of field measurements (account for 
eccentricities and vertical deviations [17, 20]. 

The obtained results of the mathematical simulation of a building – static displacements, natural 
frequencies and vibration modes – may (и and as authors believe, should) be used at developing and 
implementing the program and methods of monitoring the state of the foundation and bearing structures 
of a building on all the stages of its operating life [4, 23, 24]. 

4. Conclusion 
Generally the finite element method (FEM) method is nowadays a very powerful computer aided 

simulation technique, allowing the user to study any kind of problem virtually without limitation in model 
size and complexity. 

Finally we can formulate the main results. 

1. Formulation of basic theoretical foundations of advanced methodology of structural health 
monitoring is presented 

2. Parameterized finite element models of buildings (so-called “design” and “monitoring-oriented” 
models) are proposed. 

3. Algorithm of adaptation (calibration) of finite element models in accordance with results of 
measurements is described. 

4. Effective technology of measurements of natural frequencies and modal shapes and correct 
approach to structural evaluation in real situation of building are introduced. 

5. The results of the approbation of advanced methodology of SHM were very satisfactory and 
were discussed in this paper. Since the investigated cases are taken from real structures, it can be 
concluded that the proposed advanced methodology can be a valuable tool for SHM. 

6. Thus only the instrumental monitoring system, based on results of finite element analysis and 
comparison with measured data allows performing planning activities to prepare for and respond to 
changes in state of critical structures and drawing conclusions about the actual state and the possibility of 
further safe operation of the building. 

As we have already mentioned, the monitoring of building structures is rather complicated due to 
complex relationship between various loads and structural members. However, if the proposed advanced 
methodology of SHM is developed, it will have a positive effect on the maintenance of structures. 
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