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Abstract. The unprecedented construction of large-span, high-rise and 
technically complex Olympic facilities in a very short time sets the goal of 
ensuring the engineering safety of the facilities being built. A necessary 
condition for its solution is a well-functioning system of continuous 
monitoring the state of load-bearing structures. It should be capable of 
identifying unacceptable deviations in the operability of the structure 
(reducing its reliability) and notifying operating services in a timely 
manner. The research is devoted to designing such systems. The research 

subject of the study is a set of requirements for monitoring systems for 
engineering structures. The feed data for the conducted studies was 
information about accidents that occurred at constructional projects with 
various purposes. Analysis of monitoring tools and controlled parameters 
was used as a research method. The paper investigated some of the existing 
monitoring systems. The following global monitoring tasks are formulated: 
what to control; how to control; controlled parameters. 

1 Introduction  

On the one hand, modern construction is characterized by a steady increase in the 
complexity of structures, giving them non-traditional architectural forms and planning 

solutions, erecting more and more developed buildings in terms of plan and height, 

improvement of internal environment. On the other hand, it is characterized by increasing 

requirements for savings, in particular, for reducing material consumption and improving 

the thermal-mechanical parameters of building envelopes. This is true with all significant 

construction projects. However, it is especially relevant regarding the construction of large-

span or high-rise structures with unique design features. 

In a certain sense, this is a contradiction. Sorting it out is possible only with a more 

thorough study of the engineering-geological conditions of the construction site, the use of 

advanced materials and technologies, the implementation of complex mathematical 

calculations, experiments on analog models and full-scale studies. 

The Sydney Opera House, which is a prime example of such a unique building project, 
is shown in Figure 1. 
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Fig. 1. Sydney Opera House, Australia. 

At the same time, quality assurance of the work performed remained unchanged. This is 

geo-inspection for engineering-geological surveys, expert evaluation for design solutions, 

engine and construction design supervision for work performed on a construction site, 

visual inspection by operating services with instrumental surveys conducted at intervals of 
three to five years at the operation stage, carried out by professional prospectors. There is 

nothing new in terms of control. However, a new concept appeared, a so-called monitoring 

of building structures. Monitoring, unfortunately, is sometimes understood as selective 

instrumental examination of visible parts of building structures with fixation of detected 

defects. The monitoring of the TRANSVAAL water park at the Baumansky market (Fig. 2, 

3), of the “L” chain, the support of the indoor speed skating center in Krylatskoye, 

Moscow, carried out according to this principle, however, as well as many others not so 

wide lighted would show that the structures are in good or operational condition, so 

accidents would not have been prevented. 

 

  

Fig. 2. Baumansky market before collapse, Moscow, Russia. 

Fig. 3. Baumansky market after collapse, Moscow, Russia. 

In this regard, continuous monitoring of the state of main load-bearing structures must 

be also carried out, especially since technical equipment is developed enough. In this case, 

monitoring should be understood as a system of technically and economically viable 
observations of impact factors, resistance to this effect and/or other integral indicators that 

determine the operability and specified reliability of a building or structure. It should be 

carried out with a period, in which the probability of an adverse event or manifestations of 

its consequences is negligible. [25–28]. 
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2 Materials and methods 

A huge number of studies is devoted to monitoring as a system of periodic observations of 

the technical condition of building structures. The main requirements for its implementation 

are set out in the regulatory documentation, in particular, in [GOST 31937–2011]. The 

literature also contains publications devoted specifically to the designing of monitoring 

systems [1–24] and defining some requirements for them. An example of designing such 

monitoring system is shown in Fig. 4. The process of parametric building planning can be 

described using BIM-technologies (Building Information Modeling), which is shared by 

architects, planners, cost designers, as well as operators when developing projects in the 

field of object management. Projects can be planned and deployed faster and more 

efficiently. Completed changes are available instantly to all participants. 
The presence of sophisticated structural elements, which are in a complex multi-

parameter interaction both between themselves and with the environment, determines high 

requirements for the quality of design and construction, and is also inevitably associated 

with the possibility of defects at the operational stage. 

 

Fig. 4. Building Information Modelling (BIM). 

The complexity of designing the analytical models is illustrated by the analysis of 
existing loads, which largely characterize the general stress-strain state of the structure. All 

current loads are conditionally divided into static and re-static (periodic). Static loads can 

lead to structural failure in the following cases: 

 mismatch of operational loads with design ones; 

 the presence of raw manufacturing defects in the design. 

Periodic loads cause the development of local stress-strain areas with a high level of 

stress. These sections are grouped in the zone of geometric concentrators and other 

irregularities. Such loads lead to the occurrence or intensification of defects, change the 

design position of the structure. 

According to the duration of the impact, the loads acting on buildings and structures can 

be classified as permanent and temporary, as well as super loads (Table 1). 
Taking into account the variety of factors affecting the technical condition of building 

structures, and the complexity of their mathematical modelling, it becomes obvious that 

they cannot be fully taken into account in the used mathematical models. 
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In addition to this, it should be emphasized that building materials combined in structures 

have different aging rates; there is a statistical variation in the characteristics of base soils 

and building construction materials. 

The first problem in designing monitoring systems is the question of what to control. 

Without dwelling on the totality of engineering goals in construction, we only touch upon 

the goals associated with force impacts, i.e., supporting structures, such as the following: 

- comparing the obtained state parameters of the controlled structures with standardized 

parameters defined in the project, or in regulatory documents; 

- drawing up a conclusion on the current technical condition of the monitoring object 

and forecast for changes in the technical condition for the near future; 

- controlling the compliance of the load parameters and the impact on the structures 
with the adopted design values  or values indicated in the current regulatory documents; 

- ensuring the safe functioning of load-bearing structures during the construction of 

buildings and structures, as well as during their operation; taking, if necessary, timely and 

adequate measures to strengthen the load-bearing structures. 

Table 1. Load types. 

Load type 
Exposure 

time 
Origin sources and nature of manifestation 

Constant Constant 
The weight of the structure, including the weight of the supporting 
and enclosing building structures; soil weight and pressure 

Temporary 

Temporary 

Weight of temporary partitions; weight of stationary equipment, 
tanks, pipelines with fittings; weight of liquids and solids filling the 
equipment; pressure of gases, liquids and bulk solids in tanks and 
pipelines; loads from stored materials and shelving equipment; 

temperature, climatic effects due to changes in humidity, shrinkage 
and creep of materials 

Short term 
Loads of equipment used during commissioning; loads from mobile 
handling equipment: loaders, telphers, elevators; wind loads; ice and 
snow loads 

Super Short term 
Seismic explosive effects; impacts caused by deformations of the 
base associated with a fundamental change in the structure of the soil; 

loads caused by a sharp disruption of the technological process 

The work scope on monitoring the load-bearing structures of buildings and 

constructions is determined by the Program, which includes systems for measuring and 

analyzing the stress-strain state of load-bearing structures. 
Instrumental monitoring of building structures is based on considering loads and 

measuring deformations in the structures of foundations and above-ground parts, using 

geodetic, seismic, vibration, acoustic and other methods. 

During the monitoring work, the following aspects should be systematically observed: 

 deformations of individual structures; 

 deformations of individual joints; 

 general deformations of the building. 

It is necessary to provide and ensure the stability of the observation system and the 

parameters of the measuring devices when conducting long-term observations, for example, 

in case of environmental changes (temperature, humidity, etc.) Deformations should be 

measured when observing large-span structures during decentering or removing the 
supports. 

It is necessary to record the appearance and condition of cracks (direction, length and 

magnitude of opening) when observing the state of load-bearing concrete and stone 

structures during their erection. It is necessary to conduct geodetic monitoring of 

foundation deformations, building rolls and deflections of foundation mattresses, floors and 
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coatings in order to early diagnose the technical condition of especially critical assemblies 

and structures and the localization of places of change in the stress-strain state. Instrumental 

monitoring in automatic or automated mode should also be conducted. 

In order to detect changes in the stress-strain state of structures, automatic and 

automated control means must be installed during the construction of a building or 

structure. Subsequently, these controls can be used when monitoring a building or structure 

during operation. 

In the case when critical changes in the stress-strain state of structures or joints are 

detected, the zones should be inspected using instrumental methods and the state of the 

entire building analyzed. Based on these results, conclusions about the technical condition 

of the structures are drawn, the reasons for the change in their stress-strain state are 
determined as well as the need for measures regarding restoration or strengthening of 

structures. 

Instrumental systems should be used for monitoring the status of structures in the design 

position. These systems are based on strain measurements at various distinguished points of 

the structures using domestic and foreign magnetoelastic and string sensors, piestic 

dynamometers; voltage converters; deflection meters; fiber optic sensors and other devices. 

Technical diagnostics of building structures includes the search for defects, 

measurement and control of diagnostic signs, analysis and processing of measurements and 

control. Diagnostics begins with a general examination of buildings and structures and their 

condition monitoring. 

It is necessary to identify the construction design of foundations when inspecting 

buildings. Particular attention should be paid to lightweight and mixed masonry. When 
identifying the foundations of such a design, the boundaries of the bearing sections and the 

non-bearing filling should be determined. The construction design of foundations and 

basement walls can be determined by means of masonry sounding. During the general 

inspection of the columns, it is necessary to determine their cross sections and the detected 

deformations (deviation from the vertical, bend, displacement of the joints), fix and 

measure the width of the crack opening. When inspecting metal columns, particular 

attention should be paid to the corrosion damage, mainly at the floor level of the first floor 

or basement, as well as to general geometric shape of the columns and their compliance 

with the design position. Local deflections, dents and other mechanical damage to chords, 

lattice elements, mainly in the lower part of metal columns, as well as to erection joints of 

columns and the quality of welds are recorded. The columns of the building are checked for 
the following aspects during inspection: design compliance of the interface nodes of the 

columns with adjacent structures; the presence of all elements of the bracing structures 

according to the design; general curvature of branches, connections and elements of the 

connecting lattice of metal columns; local mechanical damage to the bracings. The 

condition of the connections of bracings to the columns and the butt joints of the braced 

framings are monitored. For the reinforced concrete columns, the junctions between the 

beams and the columns are carefully examined during inspections, as well as the verticality 

of columns and beams and their mutual bracing on the abutments. 

The performed calculations allow selecting the optimal ratio in the design, regarding 

both material and the geometry. In this sense, the construction becomes fully-stressed. It is 

almost impossible to control all structures at the present time. What is to be done? The key 

to solving this problem is probably controlling the most stressed zones. Such certainly exist 
in the structure, at least due to the fact that the reinforcement of concrete structures is the 

same for a certain area with variable loads within, and the corresponding stresses. Areas 

with increased stress in relation to adjacent areas can be distinguished in any structure, as 

well as in any structural element. And this is the more noticeable, the further the designer 

departed from strength uniformity for the sake of constructible considerations. It should be 
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noted that particularly “constructible” considerations often prove to be economically more 

expedient. 

One supposing was made for selecting the installation locations of sensitive elements 

that allow controlling mechanical stresses, which in fact is the main indicator of structure 

condition, studied at the design stage of the object. 

The matching of calculated and actual values shows the correctness of the calculations 

and the well-being of the structures, a significant difference requires taking corresponding 

measures to explain the reasons for the mismatch, analyze them and make a technically 

adequate solution for this particular situation. There can be many reasons for the mismatch, 

for example, inaccuracies made during engineering and geological surveys or their 

interpretation; errors in the project; technological features of the construction of structures, 
also expressed in inability to ensure the quality of materials. In addition to above mentioned 

reasons, there may be geotechnical reasons noted in [29], namely the impossibility of 

determining the natural stresses in the soil mass of the base, which significantly affect the 

characteristics of the foundations, their settlement and deformation. Flaws in the monitoring 

systems themselves should also be noted, which are caused by the interpretation of the data 

being learned. Thus, for example, the stress-strain state of structures can be determined by 

installing strain gauges (electrical, fiber optic, string or any other), determining deflections 

by geodetic methods or by installing displacement sensors. It can also be determined by 

analyzing the acoustic emission signals, measuring the angle of inclination of the observed 

structure, etc. Each of the above mentioned methods requires its own calibration, but in this 

case various values of the parameter of interest can be also obtained, for example, the 

values of mechanical stresses in the structure. 

3 Research results 

Let us more carefully consider one of the above mentioned statements, namely, the need to 

control mechanical stresses in the structure or pressure in the soil mass, including the 

foundation-soil contact. 

Firstly, are the measured stresses large or small? The answer to this question will be 

given by comparing them with the limiting or permissible values for a given material in the 

particular construction. Therefore, not only the impact must be controlled, but also the 

resistance to the impact. This simple truth was stated by leading Soviet scientists Rzhanitsin 

and Bolotin back in the sixties of the last century [30–31]. However, in scientific researches 
devoted to monitoring, only the effect is considered and practically no mention is made of 

resistance to this effect. A structure has been installed on the concrete block, the section of 

the block and the current load is continuously monitored, they remain unchanging. 

However, after two years, the structure collapses. What was the reason? The answer is 

simple, the frost resistance of concrete was insufficient, the concrete was degraded, i.e. 

crumbled. Stresses remained unchanged, but the ratio of the impact and resistance to this 

effect changed significantly due to a sharp decrease in the latter. 

Secondly, stresses having [N/m2] quality dimension are not one of the seven basic units 

of the SI system adopted by the 11th general conference on measures and weights (1960), 

where the main ones are as follows: units of time – second; lengths – meter; masses – 

kilogram; current strength – amperes; temperature – kelvin; the amount of substance – 

mole; light forces – candela. Stresses relate to many derived units formed from basic units 
using formulas and equations that relate the corresponding quantities. Thus, stresses cannot 

be measured directly, only indirectly, which causes additional errors that arise when 

measuring the main quantities that make up the derivative. 

The second monitoring issue is selecting the controls and the measurement base. 
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The use of specialized sensors is advisable for solving the problems of monitoring 

engineering constructions, buildings and structures. For the certain joints of the structure, 

the sensors should be distributed according to the measured parameters. A competent 

solution to the problem of monitoring structures will be the integrated use of the main 

groups of measuring devices, since this gives a really complete view of the state of the main 

structural components. Domestic and foreign industry produces a wide range of controls, 

such as the following: 

1. Extensometers. They are used to measure stresses in materials. A good example is long 

span metal beam. In addition to deflections, the beam is also subject to twisting. 

Extensometers should be installed in the middle between the beam supports. In such 

places, where the material works only due to its properties, there is a probability of 
obtaining proper data. Visually, the beam does not yet take the form of a spiral, but 

material shifts and overstressings are already starting. The extensometer mounted on 

two fixed points measures the smallest change in distance between them; 

2. Inclinators. These are sensors that measure the deviation of a controlled object from a 

vertical axis or, in other words, the inclination angle that is relative to the direction of 

the Earth's gravitational field vector. A classic example is the use of inclinometers for 

bearing columns, support poles. 

3. Accelerometers. They are used to measure accelerations. From a constructive point of 

view, vibration characteristics of the material, where the accelerometer is installed, are 

important. A classic example is the large spans of the bridge and its cables.  

In addition, instruments that measure the speed and other parameters of the passage of 

an ultrasonic wave in various media are used. 
Let us consider extensometers. The electric ones are used to control the load-bearing 

structures (Fig. 5). The appearance of cracks causes an abrupt increase in the readings of 

the extensometer, which usually precedes the destruction of the material. Vibrating wire 

extensometers (Fig. 6) are used to control deformation in steel or reinforced concrete and 

massive concrete structures. Weld wire extensometers are designed to be welded by arc 

welding to steel structures, such as lining tunnels, piles and bridges. The meters are 

equipped with mounting units. Embedded wire extensometers are inserted directly in 

concrete for measuring deformations in piles, foundations, dams, tunnels lining, etc. Optical 

amplitude extensometers detect changes in the transmitted light flux through a divided 

fiber. This is based on the fixation of reflected scattering or on changing the step of the 

diffraction grating, embedded in the fiber when it is stretched or compressed. 
 

 

Fig. 5. Electric extensometer. 
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Fig. 6. Wire extensometer. 

Means of control also differ on the basis of measurements, i.e., on the zone length of the 
structure in which measurements are made. It is necessary to clearly understand the purpose 

of the measurement in order to select the base length. If changes in the level of stresses 

need to be measured in a structure with a sharply changing geometry, which is made of a 

material with stable and well-studied properties, then it is necessary to use extensometers 

with an extremely short base. If the properties of the material, such as the elastic modulus 

E, change within the material volume and acquire values of Е1; Е2…Еi, then a short-base 

extensometer will not allow obtaining the data about the stresses acting in the considered 

zone. Let us assume that the relative strain ε was measured absolutely accurately. What are 

the σ stresses in this case? Is their value σ1 = Е1ε, or σ2 = Е2ε, or σi = Еiε? Concrete, as well 

as steel, is a multicomponent material. The difference is that the grain size of the steel is 

from 10 to 100 micrometers, while the concrete aggregate can have a size of up to 100 or 

more millimeters. The difference in size is three orders of magnitude. In mechanical 
engineering, extensometers with a base size between 5 and 20 mm have proven themselves 

well. From these positions, the base of extensometers for concrete should be from 5 to 20 

meters. Opponents can rightly notice that GOST 10180-90 “Betony i metody opredeleniia 

prochnosti po kontrolnym obraztsam” involves testing cubes with a rib of 100 mm. 

Therefore, the base length of the extensomter should also be 100 mm. However, the 

specified GOST also provides for cubes with an edge of 300 mm during compression tests, 

as well as “eights” when determining axial tensile strength with an active zone of 300 to 

600 mm. In this case, a series test is provided. With a variation coefficient of the studied 

properties (strength in our case) of more than 8%, the required number of samples in a 

series is at least 6 (note that the variation coefficient for modern concrete plants is much 

larger even in one batch, usually it is assumed to be 13.5%). The number of samples in the 
series depends on the shape and ranges from 3 to 4. So, 18 to 24 samples with an edge from 

100 to 300 are to be tested. The length of the series of such samples is from 1.8 to 7.2 

meters. The opponent will rightly note that all this relates to strength, and not to the 

modulus of elasticity. Then we will refer to the studies of the winners of the USSR State 

Prize V.N. Baykov and E. E. Sigalov, in particular, to the study [32], where an almost direct 

correlation between the elastic modulus and the concrete grade is indicated. By the way, the 

elasticity modulus of steel also depends on its strength. 

4 Discussion 

Let us return to the first question, in order to avoid errors of this kind, the controlled 

parameters properly selected. In other words, it is better to monitor the parameters 
measured by the basic units of the SI system. According to this logic, we will conclude that 
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the smallest measurement errors will occur when monitoring dimensionless quantities, for 

example, acoustic emission. Monitoring the basic values of the SI system should be put in 

the second place from this point of view, in particular the geometrical characteristics of the 

object, measured in meters, i.e., geodetic monitoring. Monitoring the simplest derivatives of 

the SI system, such as the oscillation frequency measured in [1 / s] will be the third 

position. Monitoring such quantities as stresses with a very complex dimension [Pa = N/m2 

= (kg/m/s2) / m2 = kg/m×s2] can be only put in the fourth position. 

Let us approach the issue of the extensometer length in terms of mathematical statistics. 

Assuming that the length of the extensometer τ is much greater than the length of the 

section ℓ, within which the material properties remain unchanged, τ=n×ℓ, where n is the 

number of sections within the extensometer length. The relative elongation of each section 
at a constant stress acting in the studied zone, is inversely proportional to the elastic 

modulus Ei in this section. Therefore, the value inversely proportional to the elastic 

modulus is taken as the characteristic of the material in this section. 

Let us determine the variance D of this parameter, and hence the material properties 

along the extensometer, considering that the variance of the sum of independent random 

variables is equal to the sum of the variances, and the constant factor is taken out of the 

dispersion sign squared. 

𝐷 (
1

Е𝑒𝑓
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1

𝑛
∑

1
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1

𝑛2
𝑛𝐷𝑜 =

𝐷𝑜

𝑛
                                                            

(1) 

where Eef  is the effective modulus of elasticity, Do is the dispersion of the properties of a 
given material over a section length ℓ. 

According to this, the standard deviation defined as the square root of the variance for 

extensometer, which is n times longer than the basic one, will be n  less than the root 

mean square ratio of the basic extensometer. The same applies to the variation coefficient. 

The variation coefficient of the readings of a two hundred millimeter extensometer will be 

more than three times greater than the variation coefficient of a two meter extensometer. 
Consequently, extensometers with a larger base are preferred for studying the 

multicomponent structurally heterogeneous materials. 

5 Conclusions 

On the basis of the foregoing, the following conclusions that are consistent with the goals 

can be drawn. 

The main goal of monitoring building structures is to ensure their technical safety at the 

stages of construction and operation. 

In order solve this problem, the designing of monitoring systems should be based on 

recording the parameter of interest using sensors based on various physical principles. 

Moreover, it is necessary to monitor both the factor affecting the object of observation, and 
the factor of resistance to this effect (tracking some integral indicator reflecting their ratio is 

permissible). The safety of the structure is determined not only by the ratio of the average 

values of the impact and resistance indicators, but also by the statistical characteristics of 

the measured values, at least by the standard deviation. The absolute values of the measured 

quantities and their statistical characteristics, determined during single or periodic 

observations, provide information on their ratio without taking into account the 

accumulated damage in the material of structures. The degree of damage accumulation can 

only be determined during continuous (quasi-continuous) observations that record all, 

without exception, changes in the magnitude of the impact in a given monitoring time 
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interval. The obtained indicators should be possible to compare not only with their limit 

values, but also the rate of change should be able to calculate, which will allow determining 

the time interval for further incident free operation. 
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