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Abstract. The subject of the study is a load bearing capacity of building structures from fiber reinforced 
polymer (FRP) shapes under the short term load, such as snow load and occupancy load, which significantly 
exceed values of dead load. Experimentally determined actual strength and stiffness under the short term load 
of following structural members and connections: of I-beams; bolted connections under the bearing load with 
different directions of material’s pultrusion relatively to applied force; connections transferring load via contact 
surfaces, at the ends of structural members, oriented normally to the direction of pultrusion; webs of the I-
beams under locally applied load perpendicularly to the direction of pultrusion. Experimental studies deemed 
following results. Minimal flexural strength of beams obtained experimentally is on average 1.25 times higher 
than values of flexural strength determined theoretically. Strength of different types of connections obtained 
after testing procedures is on average 1.35–2.5 times higher of its theoretical values. Conducted studies allow 
widening of the field of an applicability of FRP profiles as structural members of small scale structures 
subjected to predominantly atmospheric or live loads, for instance, tiered and covered seating pavilion. Such 
types of structures subjected to short term load allow to utilize strength and stiffness of their structural members 
more deeply. 

1. Introduction 
Structures made from fiber reinforced polymers have become more common in building construction 

practice. Some structural members from fiber reinforced polymers are being casted right in the construction 
site using infusion methods with mechanical properties such as strength from 65-90MPa and elasticity 
modulus from 3100 MPa up to 4000 MPa [1]. However, practice of production certain nomenclature of profiles 
of different shapes found its place in a new emerging manufacturing method based on pultrusion process. 
Pultruded fiber reinforced polymers (PFRP) are made of strand rovings inside of matrix from polymer. PFRP 
have mechanical properties similar to that of the wood in its orthotropic behavior and with strength in 
longitudinal direction up to 250MPa and elasticity module in the same direction up to 26000MPa. 

The strength to density ratio, commonly used as criterion of the material effectiveness in load bearing 
structures, for PFRP in longitudinal direction can reach up to 250/1.85 = 135 that is higher than for the steel 
250/7.85 = 31.8 and wood 130/0.5 = 26. 

Today more than 300 firms worldwide are involved in production of fiberglass profiles made by pultrusion 
process. Significant share of production volume in those companies is accommodated for lattice flooring, 
windows and doors profiles, handrails and fence, stairs, manholes, noise barriers, outdoor lighting poles, cable 
channels and antennas (Figure 1). 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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Figure 1. Examples of products made from fiberglass profiles. 

In addition to already mentioned nomenclature of various products fiberglass profiles for building 
construction industry in different shapes (hollow sections, angles, channels, I-beams, T-beams etc.) are 
produced. Structures of suspended galleries, footbridges and crossings etc. are known to be made of 
fiberglass-reinforced profiles produced by pultrusion process [2–4]. 

Structural analysis of load bearing members of structures made from pultruded fiberglass reinforced 
profiles (PFRP) is performed predominately on the basis of industry standards and design manuals of 
individual manufacturers [5] which are not obligatory for every participant [6]. Main types of joints being used 
in the field are bolted joints [7–9] and bolted joints with different shapes of steel cleats [10–12]. 

Despite of the existing results of research and normative codes (mostly US and Europe based) versatile 
service conditions render it difficult to apply codes mentioned above to the all structural shapes, loading cases, 
local standards of production and regions of location. Regarding to the examples of structures from PFRP and 
the tendencies in applicability of PFRP, apparent tilt to the structures of pedestrian crossings [13], bridges [14] 
and special engineering structures [15, 16] has become obvious. This study addresses issues related to the 
load conditions of structural members and joints those ratio of values of short-term load to the values of dead 
load is equal 4 and higher (for instance design snow load at most parts of Russia exceeds 1 kPa and in some 
regions can be up to 5.6kPa). Also structural forms, structures and joints of members of the structures meant 
to be subjected mostly to short-term load were reviewed. Design of joints of the structural members with steel 
plates acting as load transferring members extensively studied in following papers [10–12]. Various types of 
beam to column connections are also extensively studied [17, 18]. Bolted connections play pivotal role in 
designing structures made of PFRP [19–21]. Different local effects in bolted connections were meticulously 
scrutinized in [22, 23]. PFRP members such as built up columns under the compression load were subject of 
research in [24]. The point of interest of a current study was design solutions of connections without additional 
steel force transferring plates. End use conditions of structures in current studies supposed to be such that 
short-term load applied either to the roof system or to the other members of the structures cause stresses 
significantly higher than that caused by dead load. Short term load duration also reduces influence of a load 
duration factors on the strength of structural members allowing higher stress levels. Nevertheless, required 
strength of a structural member was significantly lower than actual strength obtained from tests experiments. 
Structural shape designed during current study covered seating pavilion with tiered rows, assumed short term 
loads from occupancy during events at summertime period and snow load up to 3.5 kPa during winter periods 
with almost excluded load from occupancy. Both types of mentioned loads significantly exceed dead load and 
have short term nature. Also supposed function and location of a mention seating pavilions also widens the 
field of applicability of PFRP allowing usage during events at summer camps which service during winter 
period is extremely constrained. Design of joints with absent of steel plates provides uniformity of inside 
connection displacements during temperature changes ranging from -35 ˚C to 60 ˚C. 
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PFRP have some competitive advantages: 

− strength (normative tensile strength up to 380MPa); 
− resistance to corrosion and to the chemically aggressive environment; 
− light weight(material density 1850 kg/m3); 
− dielectric properties; 
−  reduced service cost of the surface area. 
Mechanical properties of PFRP which are the subject of this studies are shown in table1. 

Table 1. Mechanical properties of PFRP 
Mechanical properties of material Description Unit Value 

1 2 3 4 
Longitudinal ultimate tensile strength(min) 

,
H
t LR  

MPa 380 

Longitudinal elasticity modulus in tension(min) 
,
H
t LE  

GPa 28 

Longitudinal ultimate compressive strength(min) 
,

H
c LR  

MPa 270 

Longitudinal elasticity modulus in compression (min) 
,

H
c LE  

GPa 20 

Shear modulus , (min) H
LTG  

GPa 3 

Transverse elasticity modulus in compression (min) 
,

H
c TE  

GPa 7 

Poisson Ratio (min) 
TLv   0.1 

 
Nevertheless more wide usage of PFRP as structural members of the structures is constrained by the 

lack of regulating codes and required experience. Actually only first steps in direction of proliferation of 
structural PFRP into building industry had been made.  

Therefore the substantiation of possibility of more wide usage of the PFRP as structural members of 
the different load bearing structures is very important. 

The objectives of this study are: 

− establishing peculiarities in working under the predominantly short-term load of PFRP structures and 
joints of structural members; 

− explore the possibility of widening field of applicability of PFRP in structures of seating pavilions. 
To reach mentioned objectives following tasks should be accomplished:  

− structural shape of interest should be introduced as an example which widens field of applicability of 
PFRP structures; 

− experimental data should be gathered concerning of load bearing capacity of joints of the PFRP 
structures under the short-term load; 

− joints of structural members of PFRP structures without web cleats should be studied and assessed 
as main types of connections in mentioned structures.  

First steps in pushing envelope further in the field of PFRP applicability are being made in the form of 
design projects and already erected structures. Vivid example of this is the covered seating pavilion on 200 
seats with 5 tiered rows for sports venues. At least 11 of such pavilions were erected in different locations.  

The structural shape of this covered 5×22.3 m seating pavilion (Figure 2) includes following structural 
members and systems. Columns installed with grid 2.375×4.75 m, in aisle area – 1.1 m, roof system include 
primary and secondary roof beams, purlins, brace members (Figure 3). Seating part of pavilion includes 
stringers, seating beams, lattice flooring for seats. All mentioned structures are made of PFRP. Columns, 
primary and secondary beams have I-beam cross section with dimensions 200×200×15×15 mm, purlins – 
channels of 150×70×8×8 mm, stringers have paired channels cross section of 200x100x10x10 mm, braces 
and beams for seats made of 75×75×6×6 mm and 105×105×13×13 mm angles, lattice flooring has spacing of 
38x38 mm. Joint gusset for stringers and roof beams were supposed to be made by splitting channels and  
I-beams cross sections in half resulted in T-beams cross sections and angles of required geometry. 
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Figure 2. Spatial view of covered 5x22.3m seating pavilion on 200 tiered seats. 

 
Figure 3. Side view of the seating pavilion. 

Roof of the seating pavilion covered with steel deck connected to the purlins with bolts. 
Bolted connections of seating pavilion have galvanized coatings bolts M12 or M16 with strength grade of 8.8. 
During designing of the seating pavilion calculations of load bearing capacity of PFRP members considered 
snow load of 3.2 kPa, wind load of 0.3 kPa and live load at 4 kPa. 

2. Methods 
Some compositions of structural members of the pavilion have very innovative fulfillment and structural 

form that can be tested by only experimental approach. For example, some structural members transfer load 
via bolted connections in longitudinal and perpendicular directions to the grains and some via direct contact 
of surfaces in members ends. 

In order to confirm the results of structural analysis made during designing of a pavilion and also to 
obtain actual data on load bearing capacity of structural members and joint solutions experimental tests were 
conducted. Those test included flexural bending of I-beams (Figure 4), compressing test of joints parallel to 
the direction of pultrusion and also in the lateral direction (Figure 5, Figure 6), compressing tests of end faces 
of profiles and the web of the I-beams in perpendicular to the direction of pultrusion (Figure 7, Figure 8). In 
structural analysis of columns of the covered seating pavilion results of experimental studies [24] were taken 
in consideration. 

Experiments were conducted with 2000 kN hydraulic press (Figure 4), 500 kN electromechanical press 
(Figure 6). Mentioned presses were equipped with force measuring devices and were connected to the PC 
and operated by it displaying results of the test in real time. 
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In order to determine experimental values of load bearing capacity of the PFRP as flexural elements,  
I-beam with cross section dimensions 200 mm – height, 15 mm – web and flanges thickness, 200 mm – width 
was simply supported (1550 mm span) and loaded by local force at the middle of the span. Test is shown in 
Figure 11. 

 b.  
Figure 4. Flexural bending test of I-beam from PFRP: a –hydraulic press; b – scheme of a loading. 

To determine load bearing capacity of bolted joints two types of connections were made. First one has 
two bolts and meant to be tested for compression load perpendicular to the direction of pultrusion (Figure 5a). 
Second type of joint was also a connection with two bolts only with compressing load applied parallel to the 
direction of pultrusion (Figure 5b). Test is shown in Figure 6. 

a)  

b)  
Figure 5. Bolted connection of the PFRP with two bolts: a) test with load perpendicular to the 

direction of pultrusion; b) test with load parallel to the direction of pultrusion. 
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Figure 6. Test of the connection with two bolts with load applied perpendicular to the direction of 

pultrusion. 
In the main frame of the study tests of the web of the I-beam during action of local load parallel and 

perpendicular to the direction of pultrusion were conducted. Load was acting on the span of a web of the  
I-beam with length of 200 mm. Thickness of the web and flanges of the I-beam was 15 mm, with width of the 
I-beam 200 mm. The process of test is shown on the Figure 7. 

 
Figure 7. Test of the web of the I-beam under the local compressive load. 

During final stage of the experimental study face ends of the I-beam profile was tested for crumpling 
under compressing load. Tested samples were 200 long pieces of I-beam profile with height of 200 mm, 
thickness of the web and flanges 15 mm and width of 200 mm. 
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Figure 8. Sample of the I-beam profile during test on crumbling of the face ends under the 

compressing load. 
As a result of experimental study actual values of load bearing capacity of the possible structural 

members and joints were obtained. Comparison of the experimental and theoretical values calculated earlier 
was conducted. 

3. Results and Discussion 
Accordingly, to established plan of the study a range of experimental tests were held. Full sized test of 

I-beam profile with span 1.5 m in case of flexural bending was conducted. Diagram showing dependence 
between maximum vertical deformation of the beam and gradually ramped load is depicted in Figure 9. 

Actual and theoretical ultimate loads were Pult = 143.14 kN and Ptheor = 114.14 kN respectively. Hence 
safety factor could be assessed at 1.25 that is experimental load values is 1.25 times bigger that theoretical 
as also shown in [25]. 

 
Figure 9. Diagram of vertical displacements under the local load applied at the middle of the span. 

Most of the studies concerning of load bearing capacity of PFRP structures [10] focus on ultimate load 
that joints are able to transfer. This study nevertheless also includes test of a beam in loading case scenario 
close to its service period. Tested solutions of joints also were explicitly linked to certain structural shape which 
excluded steel web cleats in case of predominately short term load. Tested connections were also more 
structurally similar to those with cleats from FRP material. FRP cleats were fabricated from I-beams utilizing 
longitudinal cut alongside of the web. The main difference was that cleats were produced as a single piece 
whereas stringers were built up members. Described web cleats presumably have different stress distribution 
such that results of [11] study couldn’t have been directly utilized. The effects of action on column flanges 
presumed to be similar to those described in [11]. The differences in stress distribution inside of web cleats 
from PFRP angles comparatively to the one described above supposedly are all due to gap between angles. 
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Displacements of the angles in gap area are presumably more tangible than those in the area of connection 
between flanges and web of T-shape cleats. Failure mode of web cleats in the heel area also apparently 
depends on this gap as shown in [12]. Mentioned above peculiarities were taken into account during 
development of connections for the experimental studies. Also one of the important aspects of experimental 
studies were tests of specimens of girders from I-shapes subjected to local force acting on the top flanges of 
the girders (Figure 7) and compressing tests of short specimens of I shapes acting as column members (Figure 
17). Short length of the column specimens was due to the goal of avoiding of possible buckling effects. Main 
purpose was to focus on the bearing strength of the ends of specimens. Bearing strength of specimens around 
hole area was also a subject of interest. Connections in tested specimens were developed in such a way that 
probability of lamination failure or cracks in areas of connections between flanges and webs was reduced to 
the minimum. 

The following results were obtained after the experimental tests of joints with two bolts. For joints with 
load applied perpendicular to the direction of pultrusion actual ultimate compressing force is amounted for 
Sb,90 = 57 kN, in case of parallel applied compressive load is Sb,0 = 83 kN. Theoretical values of load bearing 
capacity for joints mentioned above for the perpendicular and parallel cases of applied load relatively to the 
direction of pultrusion are Sb,90 = 22.4 kN, Sb,0 = 48 kN respectively. Thus conducted experimental studies has 
shown that an actual experimental ultimate compressive load for joints exceed one that calculated theoretically 
for the perpendicular case of applied load up to 2.5 times, for the parallel case – 1.7 times. Considering 
duration of applied load methods used to calculate theoretical values can be utilized in engineering 
calculations. Results of the tests are depicted in diagrams shown in Figures 10–11. Diagrams show ultimate 
values of the compressive load Pu and summarized displacements in the joint Δ. Failure of the joint under the 
ultimate load is shown in Figures 12–13. 

Theoretical values of ultimate load were devised from expressions in the related codes. The values of 
design strength take into consideration several aspects ranging from duration of the load, load-stress state 
and specific material properties to the stress level during service period. Tangible difference between 
experimental values of ultimate load and theoretical values of critical load expressed from design strength for 
each load case, thus comprised of safety factors, and material resistance factor. Latter factor depends on 
mechanical properties of material of specific PFRP producer whereas safety factor usually additionally 
increased to accommodate stresses near design material resistance during service period. Therefore the case 
of stresses reaching near limit of design material resistance during only very limited amount of service time is 
ought to be argued. All tested specimens of bolted connections showed failure mode related to the failure of 
material around hole area. Failure of material in connection of flanges and webs occurred only during tests of 
local force acting on flanges of I-shape girders. 

 
Figure 10. Diagram of displacements Δ (mm) in joints with two bolts under the compressing load 

Pu (kN) applied perpendicular to the direction of pultrusion. 
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Figure 11. Diagram of displacements Δ (mm) in joints with two bolts under the compressing load 

Pu (kN) applied parallel to the direction of pultrusion. 

 
Figure 12. Failure of joints under the compressing load in case of load applied perpendicular to the 

direction of pultrusion. 

 
Figure 13. Failure of joints under the compressing load in case of load applied parallel to the 

direction of pultrusion. 
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Test results of the web of the I-beam under the local compressing load are shown as a diagram in 
Figure 14. Failure of the web under the compressing load is shown in Figure 15. Test has shown that load 
bearing capacity of the web fragment of the I-beam (Figure 7) under the locally applied load is 130 kN. That 
fact makes possible design solutions of the joints where secondary beam is installed onto primary beam above 
causing local stresses in the web of the primary beam. 

.  
Figure 14. Diagram of local displacements ∆ (mm) of the web of the I-beam under the local 

compressive load Pu (kN). 

 
Figure 15. Failure of the web of the I-beam under the ultimate local compressive load. 

Tests of the face ends of the PFRP are shown as a diagram in Figure 16. Failure mode of the I-beam 
is shown in Figure 17. 
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Figure 16. Diagram of displacements ∆ (mm) under the crumbling load Pu (kN). 

 
Figure 17. Failure mode of the I-beam under the crumbling load. 

Tests have shown that ultimate compressing load was Pult = 692 kN. Theoretical values of ultimate 
compressive load is Pult = 513 kN. Thus actual experimental values of load bearing capacity of the I-beam 
under the crumbling load are higher than theoretical values on 35 %. 

Experimental test of structural members in flexural bending have shown that limit state for the girder 
with mentioned span to dept ratio is determined by failure of material due to flexural stress and not by torsional 
buckling of the girder, which also confirmed by test data presented in [23]. 

Material failure mode around holes for the bolts in longitudinal and transverse directions, is consisted 
with 1st and 2nd types of failure described in [2], and confirms that patterns of bolts had been chosen correctly. 

4. Conclusions 
Conducted experimental studies confirmsafety of the designing decisions and possibility of widening of 

the field of an applicability of PFRP as structural members of different structures.Although tested samples 
were subjected only to a short term load obtained during the tests safety factors allows to assume acceptable 
safety margin of the whole structure during its exploitation term. 

After conducted studies following conclusions can be made: 

− - experimental test confirmed designing decisions and sufficient load bearing capacity of the 
structural members made from PFRP and joint solutions connecting these structural members; 
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− - obtained values of yield strength to the ultimate strength ratios were: 
a) in case of members in bending – 0.89 
b) in case of compression (buckling excluded) – 0.74 
c) in case of bending of flanges of the I-beam in lateral direction – 0.52 
d) in case of bolted connection with force transfer in longitudinal direction – 0.6 
e) in case of bolted connection with force transfer in longitudinal direction – 0.59 

− - studies make case for more wide application of PFRP as structural members of different structures. 
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Abstract. The article presents a method for monitoring the natural frequencies of HPP dams according to 
continuous seismic observations. The object of the research is the largest arched dam in Russia, the Chirkey 
HPP located in the Caucasus. If damaged, it could cause great loss of property and human life, but disasters 
can be minimized by using effective dam structural health monitoring. The study for changes in the natural 
frequencies of engineering structures is one of the most common methods of remote control over their 
structural health. However, the determination of values of natural frequencies of huge concrete dams is a very 
difficult procedure due to their have complex construction. Moreover, interpretation of changes in the natural 
frequencies values is difficult due to the significant influence of the water level in the reservoir.  Consequently, 
at the initial stage, we performed a detailed study of the natural oscillations of the dam using the method of 
coherent restoration of the standing wave fields with the definition of both the natural frequencies of the 
structure and their modes. They were conducted twice at the minimum and maximum upstream level and for 
the first time highlighted the features of seasonal changes in the full field of standing waves. The normal modes 
were determined that are present in oscillations at different upstream levels and which frequencies can be 
detected continuously from the records of seismic equipment. The series of frequency changes during the 
year are calculated. For the first time we established that, frequency changes are by 5 to 11 days behind 
reservoir level changes and assumed that relaxation processes of the dam body and / or its base cause the 
delay after the upstream level changes. We calculated dependencies for predicting the frequency values from 
the reservoir level, taking into account the delay time. As a result, we proposed an approach for monitoring of 
the dam structural health based on a comparison of the observed natural frequencies with the predicted ones. 
The developed method can be applied to monitor the structural health of concrete dams of other HPPs. 

1. Introduction 
For control of the health of engineering structures, monitoring methods based on the analysis of 

changes in time of various parameters of the field of standing waves (primarily, natural frequencies) are widely 
used [1–10]. At the same time, variations of the field of standing waves can be related not only with the 
appearance of any defects in the structure, but also with other factors. For example, this may be a time-varying 
external load, without causing defects. In the case of hydroelectric dams, such a load, which is usually 
seasonally varying, is the water pressure from the reservoir [7–8, 11–13]. In heavy and complex structures, 
which include hydroelectric dams, the standing wave field has a complex structure, to determine which, it is 
necessary to perform measurements with high detail [14]. Therefore, to avoid misinterpretation, before 
conducting research on the monitoring of the state of structures based on changes in their natural frequencies, 
it is necessary, firstly, to determine reliably these frequencies and, secondly, to study thoroughly all the factors 
affecting them. As the occasion requires making immediate decisions a method for determining, the current 
values of the frequencies (near real time) should be developed. 

Thus, the main objective of the study is to develop a method for continuous real-time monitoring of the 
natural frequencies of the Chirkey arched dam. 

There are various ways to study the natural frequencies of structures. For example, based on the 
registration of oscillation under the influence of artificial sources of vibration type or explosions [11, 15–16], or 
under the influence of earthquakes [9].  
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Methods with artificial sources, especially in the study of large structures, such as hydroelectric dams, 
are quite labor-intensive and high-cost, and therefore not common for solving problems of operational 
monitoring of the structural health. 

Methods based on the registration of earthquakes, due to the inability to predict the time and place of 
their occurrence, are also unacceptable. Nevertheless, these methods are implemented and give some 
information about the health of the structures, albeit with low accuracy [9]. 

There are also ways to study the natural frequencies of structures, based on the registration of 
background microseismic vibrations. Their main advantage is that many sources of microseismic vibrations 
are used. These methods are based on the well-known fact that practically in any engineering structure, due 
to its limited volume, forms a set of standing waves when oscillations propagate [14]. It does not matter where 
the sources of these oscillations are. A number of authors, using this property of standing waves, determine 
the natural frequencies from the maxima of the spectra of microseismic vibrations recorded at several points 
of the structure [7, 8, 13, 17]. This method is quite simple to implement. But due to difficulties in constructing 
natural oscillation modes possible errors in the identification of each of the natural frequencies could occur. In 
addition, various noises from operating hydroelectric equipment can be superimposed on the valid signal. The 
situation is complicated by the fact that in the case of an unsuccessful arrangement of sensors in the field of 
standing wave nodes, their frequencies are almost impossible to determine [18]. 

There is a way to determine the current values of the natural frequencies of a structure using continuous 
recordings of seismic stations located in its vicinity. In work [19], it is shown that standing waves forming in the 
dam of the Sayano-Shushenskaya HPP are a source of waves that, propagating in the earth, are recorded by 
highly sensitive stations of the seismological network at distances of several kilometers. A technique has been 
developed to isolate such oscillations by averaging the amplitude spectra of seismic records with duration from 
several hours to several days. This method assumes that the natural frequencies of the object have already 
been identified. 

In work [14], a method of coherent recovery of standing-wave fields was proposed, which makes it 
possible to isolate coherent in time and space oscillations – standing waves from the data of the registration 
of microseismic oscillations. Through the use of registration at the reference point, the implementation of 
measurements is carried out by a limited number of sensors on an arbitrarily dense network of observations. 
This makes it possible to construct detailed modes for each of the natural frequencies and eliminates the error 
in their identification. 

The object of the research is the Chirkey dam. It is located in the Caucasus, in an area with increased 
seismic activity (9 points on the general seismic zoning map); it has the largest arch type dam in Russia, 232 
m high and 338 m long. The designed head of the generators is 170 m, and seasons fluctuations of the 
reservoir level are almost 40 m. In accordance with the standards, the hydroelectric station is equipped with a 
system of continuous seismometrical and seismological observations, the characteristics of which are given 
in work [20]. In the literature, there are no data on studies of changes in the parameters of the natural 
oscillations of the dam. 

This paper proposes a method for monitoring the natural frequencies of a HPP dam using continuous 
seismic observations at stations installed inside the dam and / or at a distance from it. This problem was solved 
as follows. At the initial stage, a detailed study of the natural oscillations of the dam was carried out by the 
method of coherent restoration of the standing wave fields with the definition of the natural frequencies and 
modes of the structure. These studies were carried out at different levels of reservoir filling in order to 
determine the features of seasonal changes in standing wave fields. Later, using continuous recordings from 
seismic stations, averaged amplitude spectra were calculated, which were used to determine the current 
values of the natural frequencies of the dam and to analyze their changes over time. Changes in frequency 
values that were not related to the appearance of structural defects were established. Further, in case of 
detection of anomalous deviations of the values of natural frequencies, it is possible to draw conclusions about 
the appearance of defects in the structure. 

2. Methods 
To study the natural oscillations of the dam, we used the method of coherent restoration of standing 

wave fields, which allows us to construct a detailed field of standing waves from microseismic oscillations 
recorded at various points of a building or structure and to determine the natural frequencies and modes of 
object oscillations. The study can be divided into two stages: the first is the measurement of oscillations on a 
detailed grid using the reference point and the second is the signal processing of the received data in order to 
obtain a one-time field of standing waves and determine of natural frequencies and modes. 

The measurement of microseismic oscillations was performed using autonomous three-component 
seismic stations “Baikal-ASN” (own development of GS RAS). GS-20DX velocimeters were used as seismic 
receivers. The frequency range of recorded oscillations is 1–60 Hz, the sampling frequency is 200 Hz. 
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To equalize the amplitude-frequency response of seismic receivers in the low-frequency domain (1–10 Hz), 
the method of low-frequency deconvolution of digital recording of a short-period seismometer, well-proven in 
seismological studies, was used [21]. Registration was carried out by a series of consecutive measurements 
of oscillations by 5 units of equipment. The recording time of each measurement is 10 minutes. Data were 
obtained at 287 different points located on 10 profiles at different levels, passing either through the galleries 
inside the dam or the balconies (Fig. 1). At the level of 290 m, the profile is forced to be broken due to the 
impossibility of installing seismic sensors (penstocks pass in this place). Additionally, three sets of equipment 
were used at reference points. They did not change their position in the course of measuring oscillations in 
moving points. Points number 1 and number 2 were set due to the fact that it was obviously not known where 
in the dam the nodal lines would pass, and as it is known, if the point falls close to the natural oscillation node, 
then the coherence value will be lowered [14]. During the analysis of the coherence functions, it was found 
that the position of point number 2 is more suitable for subsequent use (the coherence values for the set of 
selected modes are higher and, accordingly, the conversion accuracy is higher). Point number 3 was 
established for the purpose of the subsequent implementation of the assessment of the seismic stability of the 
dam. The orientation of the devices was carried out in the following way: the X-channel is directed in the radial 
direction relative to the dam, Y in the tangential direction, Z in the vertical direction. The measurements were 
carried out twice - with close to the minimum and maximum filling levels of the reservoir in order to determine 
the features of seasonal changes in the parameters of the fields of standing waves in the body of the dam.  

 
Figure 1. The appearance of the dam of the Chirkey HPP (a) and the scheme of seismic 

observations (b). 
After registering according to the method described above, a set of continuous (10-minutes) multi-time 

records was obtained at N = 287 observation points. The task of digital processing was to bring time-varying 
seismic records to a single time, followed by the allocation of standing waves formed in the structure. For this, 
the method of calculating Wiener filters was used to recalculate the oscillations from the reference point to 
each of the N observation points, described in detail in work [14]. After receiving the filter set, at the final stage 
of processing, the oscillations recorded at the reference point were recalculated at each point on the structure. 
Below there are the basic formulas used for digital data processing. 

The formula for calculating the Wiener filter, which provides the recalculation of oscillations from the 
reference point to the i-th, taking into account the splitting of the original record into disjoint time fragments, 
has the form: 
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where ( )ih ω  is the frequency characteristic of the Wiener filter for recalculating the oscillations between 

the reference and i-th points, i=1,..,N; ( )ijF ω  and 0 ( )jF ω  - Fourier transforms of j-th fragments of 
simultaneous records in the i-th and reference points, respectively, and the superscript * means complex 
conjugation, n is the number of such fragments. 

Formula (1) allows the calculation of the filter characteristics with an error that depends on the 
parameters of the registered implementation of the oscillations of the object being examined. Such parameters 
are: the sampling interval of the recorded oscillations with respect to time – t∆ , the length of a single fragment, 
into which the recording of vibrations is divided – T, the number of fragments in the recording – n. The choice 
of the first two parameters is not difficult. The sampling interval is linked to the frequency range in which the 
oscillations of the object of research are studied – was chosen equal to 0.005 s. The length of a single fragment 
is related to the required resolution of the spectral analysis – Tf 1=∆ . To survey complex objects that have 
a whole range of degrees of freedom and, accordingly, a whole series of resonant bandwidths in the frequency 
response, resolution is required, linked to the width of these resonant bandwidths and the frequency distances 
between them. Taking into account the experience of conducting such studies, the length of a single fragment 
was chosen to be 10 s, which corresponds to a resolution of 0.1 Hz. More difficult is the question of the number 
of fragments. The calculation by formula (1) is only a certain estimate of the filter characteristic, the error of 
which depends on the number of fragments n and the ratio of noise energy and useful signals, i.e., in fact, to 
what extent the change of oscillations from point to point is described by a linear system. 

The expression for calculating the relative error of the amplitude characteristic of the filter (1) is: 
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In accordance with (2), with an increase in the number of fragments for calculating the characteristic of 
a filter that recalculates oscillations from the reference point of the object being inspected to i-th, any given 
error in constructing the filter can be achieved. In order to improve the performance of measurements, it is 
necessary to choose the optimal value of n (or record length) so that the results are accurate enough, but the 
measurements would be performed as quickly as possible. With a small number of fragments, even a small 
increase in their number provides a significant decrease in error. For large values of n, the decrease in error 
with an increase in the number of fragments slows down. High accuracy of oscillation recalculation is quickly 
achieved with large values of )(2 ωγ . For cases with small values of the coherence function, a large number 

of fragments in simultaneous recording is required. In our case, the values of )(2 ωγ  were 0.64–0.81, and 
n = 60 (for 10-minute records, a single fragment with a length of 10 s), the relative error of the amplitude 
characteristic was 0.02–0.04. 

At the final stage, after the construction of a set of filters using formula (1), the oscillations recorded at 
the reference point were recalculated at each point on the structure. As a result, a full field of coherent 
oscillations is obtained, analyzing which standing waves are distinguished – by the characteristic space-stable 
arrangements of alternating maxima (antinodes) and minima (nodes) of amplitude. For each of the standing 
waves, the natural frequencies of the structure are determined.  

In order to further monitor the natural frequencies of the structure, averaged amplitude spectra are 
constructed from the records of microseismic oscillations. The values of the frequencies corresponding to the 
previously defined natural frequencies are determined by the local maxima of the amplitudes. Nevertheless, 
the frequencies are determined at points located in the antinodes of standing waves, in accordance with the 
method18. Further, the factors affecting changes in frequencies, but not related to changes in the structural 
health of the dam, are examined. For example, the changing level of the reservoir. Exclusion of such factors 
will increase the degree of reliability of the results of health monitoring of the structure. 
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3. Results and Discussion 
The data in Fig. 2, show changes in the sets of amplitude spectra of coherent oscillations, according to 

the results of two experimental works – with maximum and minimum upstream level. It can be seen from the 
figure that in both cases the overwhelming part of the oscillation energy is concentrated on the X-component, 
which is directed radially (across the dam). It is noticeable that the X-component of the oscillations has both a 
general and a difference. For example, oscillations of the 1st, 2nd, and 4th modes (the mode number 
corresponds to the number of observed antinodes along the profile), although with different frequencies and 
intensities, are repeated at the maximum and minimum filling levels of the reservoir. At frequencies between 
the 2nd and 4th modes, another stable oscillation is observed, having one antinode, which can be classified 
as the secondary first mode. That is, in this case, the two first modes are observed with different oscillation 
frequencies. This phenomenon is due to the fact that the first and secondary standing waves are formed in 
objects that combine different sections of the dam. The same happens with the higher modes of oscillations, 
creating a very complex picture, which can only be understood when carrying out more detailed work. With 
these observations, the remaining oscillations are much less pronounced and do not repeat in shape with 
different modes of filling the reservoir. It can be said that the fields of standing waves at frequencies not 
equivalent to the two 1st, 2nd and 4th modes are completely different. Such a difference, in our opinion, can 
be caused by a significant change in the stress-strain state of the dam with a change in upstream level.  

 
Figure 2. Sets of amplitude spectra of coherent oscillations of the dam along the profile at altitude 

315 m at the maximum (a) and minimum (b) upstream level (UL). 
Fig. 3 shows a more detailed image of changes in the low-frequency part of the spectra of transverse 

oscillations of the dam. It is seen that with the reduction of the upstream level (from 347 m to 318 m), the 
frequencies of the two 1st, 2nd and 4th modes increased by 0.20-0.45 Hz from the values of 2.15 Hz, 2.78 
Hz, 2.30 Hz and 4.88 Hz to 2.39 Hz, 2.98 Hz, 2.59 Hz and 5.32 Hz, respectively. Fig. 4 shows the schematic 
images of the two 1st, 2nd, and 4th modes of natural oscillations of the dam of the Chirkey HPP, it is clear that 
at the maximum and minimum upstream level, they practically do not change, but only the frequencies change. 
Only some distortions of the form of the 1st mode are noticeable, which, in our opinion, are associated with a 
superposition of the oscillations of the 2nd mode, in frequency close to the 1st. This is possible due to the low 
quality factor of the oscillations. 
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Figure 3. Changes in the amplitude spectra of transverse oscillations of the dam at the maximum (a) 

and minimum (b) levels of the reservoir (UL). 

 
Figure 4. Schematic images of two 1st, 2nd and 4th modes of radial oscillations of the dam of the 

Chirkey HPP at high (a) and low (b) levels of the reservoir. 

20



Magazine of Civil Engineering, 96(4), 2020 

Liseikin, A.V., Seleznev, V.S., Adilov, Z.A. 

Due to the fact that the oscillations of only four modes (two 1st, 2nd and 4th) repeat with a high degree 
of reliability both at the minimum and at the maximum upstream level, these modes can be used for continuous 
monitoring of the structural health of the Chirkey dam. The remaining natural oscillations, of course, also carry 
information about the state of the dam. But, due to changes in the field of standing waves when changing the 
upstream level, it is expected that these oscillations will be observed only in limited time intervals. 

The foregoing method of studying the natural oscillations of a dam compares favorably with methods 
using artificial sources. However, it should be understood that this method is not suitable for solving problems 
of continuous and operational monitoring of dam condition due to time spent on research. For example, it 
takes 2 days to field experiment and 1-2 days to perform digital data processing and analysis of the results, 
without taking into account the delivery of equipment and personnel. Therefore, for the purposes of further 
research, data of continuous recording of oscillations of the existing seismometric system in the dam body 
was used. The current frequency values were determined from the maxima of the amplitude spectra of seismic 
noise recordings at points located near the antinodes of each of the modes. 

Consider the features of the recorded oscillations on a seismometric system, the location of the points 
of which was shown in Fig. 1. Fig. 5 shows the averaged amplitude spectra of the records of oscillations on 
the X-component, obtained in points 3 and 5 for the period of observations from 10/01/2015 to 12/28/2016. 
The method of their construction consists in calculating for each day of observations of sets of amplitude 
spectra for the fragments, each 100 s long, followed by averaging. Despite the fact that in this example, 
heterogeneous data is presented (registered values of accelerations and velocities), it is seen from the figure 
that the fields of oscillations at two different points are fundamentally different. This is caused by the different 
position of the points relative to the nodes and antinodes of the standing waves. For example, observation 
point No. 5 is located in the antinodes of the two first modes (Fig. 3) and simultaneously at the node of the 
second mode, therefore, only two vibration maxima are traced in the low-frequency (2–3 Hz) part of the 
spectrum. Observation point No. 3 is located in the antinodes of the second mode, therefore only one 
maximum of oscillations is traced. More clearly it can be seen from Fig. 6, which shows the averaged spectra 
with amplitudes normalized in a narrow frequency range. It can be seen that in point No. 5 for the entire 
observation period, oscillation maxima are observed with frequencies corresponding to the two first modes, 
and in point No. 3 – corresponding to the second mode. It is noticeable that there is a close correlation between 
changes in the level of the reservoir (upstream level) and frequencies - with increasing upstream level 
frequency decreases. It is more difficult to interpret changes in the frequency of the 4th mode. The design of 
the position of the points of the seismometric system of the Chirkey dam was carried out without taking into 
account the spatial position of the nodes and antinodes. Unfortunately, all available observation points were 
concentrated near the nodes of the 4th mode (see Fig. 3). This made it impossible to trace continuously 
changes in the frequencies of this mode (Fig. 6). In 2019, it is planned to upgrade the seismometric system in 
the dam of the Chirkey HPP with the addition of observation points and, if we take into account the spatial 
position of the 4th mode antinodes, it will be possible to investigate frequency changes of it. 

 
Figure 5. Averaged amplitude spectra of daily records of radial oscillations of the dam at two 

observation points. 
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Figure 6. Changes of the upstream level of the Chirkey reservoir (a) and the normalized average 

amplitude spectra of daily records of the radial oscillations of the dam at two observation points (b). 
Thus, the existing system of seismometric observations in the dam of the Chirkey HPP allows tracking 

continuous changes in the frequencies of the two first and second modes. Let us consider in more detail how 
these frequencies change over time and depending on the upstream level. Fig. 7 shows the graphs of these 
parameters for 2016. Given the variation in frequency values relative to the trend, it is possible to determine 
the error of their determination – it is about 0.01–0.02 Hz. In general, with the growth of the upstream level, 
the frequencies decrease. Such a dependence is characteristic of hydroelectric dams [7–8, 11–13] and is 
explained by researchers as the change in the added mass of water (the larger the mass, the lower the natural 
frequency). We then considered what other factors, in addition to the added mass, can affect the values of 
frequencies. To check this, we constructed dependencies between the values of frequencies and the upstream 
level (Fig. 8). 

 
Figure 7. The changes of the upstream level of the Chirkey reservoir and of the values of natural 

frequencies of the dam. 
Fig. 8a shows that the dependence between the values of frequencies and the upstream level is 

ambiguous. Graphs have differences depending on the mode of the reservoir – its filling or drawdown. In 
general, there is a lag in frequency changes from the course of changes in the upstream level. This leads to 
the formation of loops on graphs similar to hysteresis loops. It can be assumed that such a delay is due to the 
fact that the dam does not instantly react to changes in the level of the reservoir, but gradually relaxes. If this 
is not taken into account, then when monitoring the natural frequencies of the dam, an incorrect conclusion 
can be made about its condition. 
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The following study [22] can be an additional confirmation of the relaxation hypothesis. The results of 
studies of the relationship between seasonal changes in the water level in the reservoir and variations in the 
apparent electrical resistance of a rock mass inside a well located on the right bank near the dam are 
presented. The fact of the delay of the apparent resistance from the water level in the reservoir, which is 12 
days, is established. One of the reasons for this delay, according to the authors of the study, is associated 
with a lag in the deformation of rocks from changes in the upstream level. 

To estimate the relaxation time, we introduced a time shift between the series of changes in the 
upstream level and frequency values (Fig. 8b). It can be seen that after a shift of 5, 7 and 11 days for each of 
the three natural frequencies, the dependencies become more simple and unambiguous. They can be 
approximately approached by linear functions. Thus, by introducing a time shift, we took into account the 
relaxation time of the dam. 

 
Figure 8. The dependencies of the natural frequencies of the dam on the upstream level for 2016:  

(a) one-time dependencies and (b) dependencies after the time shift. 
As noted above, the natural frequencies of large structures can be determined from records of seismic 

stations located at some distance from them. At a distance of 5.5 km from the Chirkey dam, the Dubki seismic 
station (DBKG, Fig. 9a) is located. We tried to determine what information can be gained from the continuous 
records of this seismic station. For this purpose, a technique for determining the natural frequencies of 
structures from records of remote seismic stations was used. The analysis of the seismograms showed that 
from the records of microseismic vibrations on the seismic station, with a length of about 1 day, using the 
method of accumulation of spectra, it is possible to determine the frequencies of the first mode. To assess the 
reliability of such determinations, the obtained values were compared with the values determined from the 
vibration spectra recorded by the seismic system located in the dam body. As can be seen from fig. 9b, where 
the half-year series of changes in upstream level and frequency values of the 1st mode, defined in different 
ways, are presented, the latter is set with an accuracy of 0.03 Hz. Thus, if data on the vibrations of the body 
of the dam are absent then records of the Dubki seismic station can be used for monitoring purposes. However, 
it should be noted that this seismic station is located on the territory of the village of the same name, and at a 
distance of 5.5 km from the hydroelectric power station. Therefore, all sorts of interference complicate the 
records of the useful signal. Because of this, it is possible to determine the frequency of only the 1st mode 
with an error approximately twice as large. Therefore, records of the Dubki seismic station should be used 
only in exceptional cases. For example, in case of failure of the recording equipment located in the dam. 
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Fig. 9. Position of the Dubki seismic station (a) and changes in the frequencies of the 1st mode and 

the upstream level (b). 
In order to develop a method for monitoring the natural frequencies of the dam, we approximated their 

dependence on the current values of the upstream level. For this, simple dependencies of the form were used: 

( ) ( )f t aH t bτ= − + , (4) 

where f(t) is the approximated value of the natural frequency at time t, a and b are the coefficients of the 
approximation by a linear function, τ  is the time shift that compensates for the delay in frequency changes 
relative to the changes in upstream level – H(t). The approximation coefficients were determined by the least 
squares method according to the data presented in Fig. 8b. In addition, we calculated the value of the standard 
deviation σ of the experimental data with respect to linear regression. The results of determining these 
parameters are given in Table 1.  

Table 1. The parameters of the approximation of the dependences of the natural frequencies 
from the upstream level according to the data for 2016. 

Mode a (Hz/m*103) b (Hz) τ (days) σ (Hz) 
1st -8.996 5.279 5 0.008 
2nd -10.962 6.094 7 0.014 

Secondary 1st -7.285 5.317 11 0.014 
 

It is proposed to monitor the natural frequencies of the dam as follows. First of all, the current frequency 
values of the two first and second modes are determined from the averaged spectra of seismic records at 
points located near the antinodes. Taking into account the data on the level of the reservoir, according to the 
formula (4) and with the parameters given in Table. 1, the predicted values of the natural frequencies are 
calculated. The experimental and predicted values of frequencies are compared. If the observed frequencies 
exceed the predicted ones by more than 3σ (a “three-sigma” rule is used), it is concluded that the technical 
condition of the dam has changed and there is need to establish the reasons for these changes. 

An example implementation of the method is shown in Fig. 10, which presents the predicted values of 
the natural frequencies from the upstream level and the data of their experimental determination. The figure 
shows that the observed values are located within the confidence intervals. This means that in 2017 the 
technical condition of the dam remained stable (the same as in 2016). 

The approaches presented in the article can be used on other arched and concrete dams of 
hydroelectric power stations. Other researchers are also developing approaches to monitoring the natural 
frequencies of dams for structural health monitoring of dam and damage detection. However, this technique 
is still new and not widely used. The main reason, in our opinion, is associated with large errors in determining 
the frequencies and difficulties in interpreting their changes, which are more dependent on changes in the 
reservoir water level. All this leads to a low degree of reliability in the research results. 

Most of the errors can be eliminated by studying the natural oscillations of dams using very dense 
observation systems. The method of coherent reconstruction of standing wave fields, used in the work, allows 
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such studies to be performed with high accuracy. Due to the possibility of implementing observations with a 
small amount of recording equipment, the technique is quite technologically advanced. 

Some researchers took into account the effect of the reservoir water level by introducing a corrective 
function that depends only of the upstream level. In our study, we found that the natural frequency values are 
affected not only by seasonal fluctuations in the water level, but also by additional factors associated with 
relaxation processes in the dam or its foundation. These processes lead to the fact that the dependences 
between the reservoir water level and frequencies take the form of loops similar to hysteresis loops. Therefore, 
to consider this effect, we propose introducing an additional parameter into the correction function that 
describes the delay in frequency changes relative to changes in water level. Perhaps this effect also exists for 
other large hydroelectric dams. However, as far as we know, other researchers have not yet studied it. 

It should be noted that changes in the structural health, for example, associated with the aging of 
concrete or with changes in the properties of the dam foundation, are quite long in time. Therefore, to identify 
such changes may take years or even decades of experimental observations. 

 
Figure 10. An example of the implementation of the method of monitoring the natural frequencies of 

the dam of the Chirkey hydroelectric power station. 

4. Conclusions 
1. Detailed studies of the Chirkey HPP dam were performed using the method of coherent restoration 

of standing wave fields at the maximum and minimum filling levels of the reservoir with the definition of natural 
frequencies and modes. 

2. Our research has determined that the total field of standing waves changes when the upstream level 
changes, and two 1st, 2nd and 4th modes remain unchanged, the frequencies of which, in general, decrease 
with increasing reservoir level. These modes can be used for continuous monitoring of the structural health of 
the dam by periodically determine the frequency values from the records of seismic equipment. The points of 
the existing seismometric system are located near the 4-mode nodes, which do not allow to reliably 
determining the values of its frequencies. 

3. It was determined that there are additional factors leading to the hysteresis effect in the dependence 
between the upstream level and natural frequencies, presumably related to relaxation processes in the dam 
body and / or in the dam-base system after changing the reservoir level. The time of such relaxation is from 5 
to 11 days. 

4. A method has been developed for monitoring the structural health of the dam, based on a 
comparison of the observed frequencies with the predicted ones. The latter are determined by linear 
dependencies on the upstream level taking into account the time shift associated with relaxation processes. 
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Abstract. In Eastern Europe countries, including Ukraine, a significant part of the buildings belongs to the 
mass development of the 80s, which are characterized by a low level of energy efficiency. For such countries 
with sharply continental climates, heating costs prevail to a large extent. Improved thermal protection forces 
more attention to be paid to heat losses with ventilation. The distribution of air exchange between individual 
rooms is difficult to determine, especially due to natural ventilation. The work is devoted to considering the 
conditions of natural convection and determining the effect on the energy consumption of a building. The article 
considers the advanced ASHRAE technique for calculating natural air exchange. The influence of the 
temperature and wind characteristics of the outdoor air on the natural component of the air exchange rate at 
the different locations of the representative rooms of an 8-story building is analyzed. The value of the air 
exchange rate for typical conditions of Kiev does not exceed 0.25 h-1, 0.65 h-1 and 0.4 h-1 for two-chamber 
and single-chamber double-glazed windows, triple glazing in wooden double binders, respectively. On the first 
floors, air exchange is associated with air infiltration, and on the last floors there is exfiltration, which must be 
taken into account when dynamically modeling the energy characteristics of a building. The example is with 
additional mechanical ventilation to maintain a comfortable environment. 5R1C dynamic grid models were 
created to study the energy performance of the building. The estimate of additional heating costs due to 
infiltration is 23 % for the North and 43 % for the South orientation of rooms with two-chamber energy-saving 
windows. It has been established that in dynamics, the energy consumption of a building with normative air 
exchange and the calculated value of the natural component differs by 50–75 %, which is a possible level of 
savings under actual air exchange conditions in comparison with standard ones. This savings can be reduced 
by increasing air exchange during busy hours, for example, due to additional aeration. 

1. Introduction 
HVAC systems are designed to maintain the thermal comfort and quality of the indoor climate. The 

HVAC systems usually have a large percentage of the total energy cost in the building. In developed countries 
this figure can be about 40%, for post-Soviet countries this figure is over 40 %. [1] Considering global trends 
aimed at reducing energy consumption and greenhouse gas emissions, software for modeling energy 
processes in a building is used to deepen the analysis of energy consumption, allowing to consider different 
design and operation options [2, 3]. 

In the European area of the post-Soviet countries, including Ukraine, a large part of buildings belongs 
to the typical construction of the 80-ies, which is characterized by low energy efficiency. The energy 
performance of these buildings is influenced by the thermophysical properties of the envelope, geometry, solar 
heat gains and additional internal heat gains, air exchange rate and operating conditions. Effect of innovative 
energy-saving measures on building envelope and heat sources is investigated in detail in papers [4, 5]. One 
of the most influential parameters is the air exchange rate [6, 7]. Energy need calculations based on dynamic 
modeling are carried out using such software products as EnergyPlus (37 %), TRNSYS (35 %), DOE-2 (16 %) 
and others [8]. 

For buildings of 70–80's typical development in the post-Soviet countries the low level of thermal 
insulation properties of building enclosures is typical. For the proper functioning of such buildings, the 
significant part of energy costs is used for heating (for Eastern European countries heating period lasts for 
about six months). The trends of the last decades are aimed at improving the thermal insulation properties of 
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building enclosures. For instance, according to the standard of Ukraine [9], with regard to the 
recommendations of the energy saving measures implementation priority, the main attention is paid to the 
measures for thermal renovation of the building envelope and heating system regulation. After the introduction 
of energy saving measures (the first stage), the ventilation component of heat loads in residential and 
commercial buildings can range from 25 to 50% [9]. In order to ensure proper working environment from the 
air exchange point of view, the specified air exchange rate is regulated in the standards. In buildings, the air 
exchange rate is provided in two ways: naturally and mechanically. In most of the old Soviet buildings of typical 
construction mechanical ventilation is not provided or is not working. 

For buildings in Eastern Europe after thermo-modernization the component of ventilation losses 
significantly increases in the overall energy balance of building losses. At the same time, improving the thermal 
performance of windows results in a reduction in air exchange through natural ventilation. Features of energy-
saving measures implementation in Ukraine follow the general trends in Central and Western Europe, where 
after the implementation of measures associated with improvement of building envelope thermophysical 
properties, the CO2 concentration in premises with natural ventilation has increased significantly [10]. 
Reducing this component is the second step in implementing energy-saving measures in Ukraine. Therefore, 
in the context of widespread implementation of programs aimed at increasing the thermal protective properties 
of the building envelope, greater attention should be paid to factors influencing natural ventilation (free 
convection). 

Recent studies have confirmed this need and paid considerable attention to air exchange research 
[11, 12]. Studies [13] have shown that the most influential parameter on the energy balance of a building is 
the air exchange rate. For example, infiltration share in France can be 15%. In the USA researchers conclude 
that this component reaches 33 %. [14] 

It is difficult to determine the real value of air exchange rate in spaces. A number of scientific studies 
are devoted to the determination of this parameter using experimental approach based on measuring the CO2 
concentrations [10, 15–18] but it requires a large number of representative spaces and experimental studies. 

Accurate consideration of the infiltration component is the key to the reliability and quality of the 
calculations to determine the feasibility of implementing energy-saving measures. The calculation of natural 
ventilation is based on the use of physical and empirical models [19]. Physical models for determining natural 
air exchange are quite complex and require a large number of output parameters, which significantly 
complicates the calculation for buildings with many zones. These approaches use algebraic equations that 
relate characteristics of the building, such as height, orientation, air permeability of building envelope, and 
weather conditions. One of the first approaches was developed by Shaw and Tamura [20], which was based 
on a single equation that combined the stack and wind effect to calculate the natural air exchange rate. 

Empirical approaches have been reflected in software for calculating the energy performance of 
buildings. Among the most widely used software complexes for energy modeling of buildings are: eQuest 
(17 %), EnergyPlus (12 %), TRNSYS (8 %), DOE2 (8 %), DesignBuilder (6 %), and Ecotect Analysis (5 %) 
[19]. It should be noted that the general capabilities of airflow modeling in the above software systems are 
based on empirical equations to determine infiltration designed for residential buildings based on ASHRAE 
approaches and cannot be applied to taller buildings or buildings with natural or mechanical ventilation 
systems. Therefore, a number of empirical methods for determining air exchange that are reflected in software 
can be used for low-rise residential buildings [21–23]. 

More recently proposed method of estimating infiltration in commercial buildings using EnergyPlus [24] 
considers wind, not just temperature effects [20, 25]. This approach is based on the use of constant coefficients 
A, B, C, D for DOE-2 and BLAST methodology (formula 1) [24]. 

Infiltration = Idesign·Fshedule [A+B·∆T+C·W+D·W2], (1) 

where Idesign is defined by EnergyPlus as the "design infiltration rate", which is the airflow through the 
building envelope under design conditions; Fshedule is a factor between 0.0 and 1.0 that can be scheduled, 
typically to account for the impacts of fan operation on infiltration [24]; ∆T is the indoor-outdoor temperature 
difference, °C; W is the wind speed in m/s. It should be noted that EnergyPlus varies the outdoor temperature 
and wind speed by zone height for use in Equation (1) and for other calculations. How this was handled in this 
study is detailed in Ng et al. [26]. A, B, C, and D are constants, for which values are suggested in the 
EnergyPlus user manual [24]. Two sets of values are presented: DOE-2 and BLAST. 

However, as mentioned above, this approach (the considered coefficients) describes with sufficient 
accuracy the processes of air exchange only in low-rise buildings. In addition, the method provides a simplified 
picture of the impact of building envelope air permeability, weather and HVAC system operation on infiltration 
rate [26]. The method [24] does not allow to consider the wind direction and height, which is especially 
important for the leeward and windward facades of the building.  
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One of the software used for the analysis of air flows in buildings is CONTAM [26]. CONTAM is a multi-
zone computer program for air quality and ventilation analysis that allows determining infiltration, exfiltration 
and airflows into rooms from controlled mechanical ventilation systems, wind pressures acting on the exterior 
surfaces of a building, the stack effect caused by the difference in indoor and outdoor air temperatures, 
concentrations of pollutants and their effects on humans. It should be noted that this software product is used 
at the design stage and has not found its application in the energy management of existing buildings. 

The software complexes discussed above allow for an hourly change in weather data based on typical 
meteorological year (TMY) data [26, 27]. 

For Ukraine and other post-Soviet countries, with a respect to improving the energy efficiency of typical 
development buildings, the assessment of the baseline level of energy consumption when implementing a set 
of energy-saving measures is one of the key issues. In calculations of the baseline level of energy 
consumption, air exchange rate is taken in accordance with the normative values [28], and its actual value is 
difficult to determine experimentally, given that the natural component of this parameter has a dynamic nature.  

When calculating the buildings energy performance in Ukraine using stationary and quasi-stationary 
methods, the climatic characteristics for the respective regional center are used, namely, the monthly average 
outside temperature, solar heat gains on the horizontal and vertical surfaces for the quasi-stationary method, 
the average values for the heating period are used for heating degree-day method [1]. The impact of the wind 
in the models for the monthly and seasonal averaging intervals is considered by the normative value of the air 
exchange rate.  

In terms of efficient energy use (heating system regulation) the energy need for heating should be 
calculated on the basis of hourly changing climatic characteristics [1]. In Ukraine, dynamic models for 
determining the buildings energy performance [1], which require the use of hourly climate data, such as 
International Weather for Energy Calculations (IWEC) file, are becoming increasingly widely used [27]. Similar 
approaches are relevant both for the design and in-depth analysis of the energy performance of existing 
buildings, and the climatic conditions of Ukraine are similar for the countries of Central and Eastern Europe 
(Ukraine, Baltic States, Belarus, Hungary, Poland, Czech Republic, Slovakia, Western Russia). 

The analysis shows that the empirical methods for calculating the natural air exchange rate are quite 
simple, but usually can be used only for low-rise buildings or partially account for influential parameters on the 
air exchange rate in buildings. Software-based mathematical models for determining the natural air exchange 
rate allow the calculation of air exchange rate by zone and are commonly used at the design stage, and have 
not been widely used in energy consumption regulation. There is a need to develop empirical methods that 
can be easily used and accurately describe the actual natural air exchange for existing housing stock of 
buildings. 

With the described problems, there is a need for improved empirical methods for determining the air 
exchange in buildings, which are simpler than models based on physical modeling, but at the same time allow 
to calculate for multi-story buildings in conditions of operation, considering the time variability of weather 
conditions, which will allow for a more detailed calculation of the baseline level of energy consumption. 

The aim of the paper is to develop approaches to the in-depth analysis and specification of air exchange 
rates in the context of dynamic change of environmental characteristics for the existing building stock of post-
Soviet countries, based on the climate characteristics of Kyiv, Ukraine. Objectives of the study are to: 

1. provide a generalized methodology for determining the calculated value of the air exchange rate; 

2. develop a mathematical model of local determination of the air exchange rate in multi-story buildings; 

3. carry out a comparative analysis of the air exchange rate for different values of air permeability for 
climatic data of a typical year meteorological file IWEC [27]; 

4. show the importance of influential parameters with the help of air exchange rate modelling and to 
evaluate its influence on the change of energy need local characteristics. 

2. Methods 
Usually, mathematical models for determining buildings energy consumption use the value of the air 

exchange rate for ventilation component (air exchange). Air exchange is difficult to determine experimentally. 
Even with the same window designs in terms of air permeability, different amounts of air enter the room. Room 
air exchange depends on a number of factors, both external and internal ones. The generalization of the 
methods for air exchange rate determination based on the calculation of pressure differences given in the 
studies of Berge A. and others [30, 31] and according to the ASHRAE approaches [21] is used in the paper, 
which allows to use the given technique for multi-story buildings. The pressure difference that determines the 
air exchange rate in a building is created by three different mechanisms: stack effect, wind pressure effect, 
forced ventilation effect (Fig. 1) and is calculated as their sum (formula 2): 
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inftot s w v vР Р Р Р Р Р∆ = ∆ + ∆ + ∆ = ∆ + ∆ , (2) 

∆Ptot is total pressure difference, Pa; 
∆Ps is pressure difference from stack effect, Pa; 
∆Pw is the wind pressure difference, Pa; 
∆Pv is pressure difference from forced ventilation, Pa; 
∆Pinf is infiltration pressure difference, Pa. 

 
Figure 1. Example of building height distribution and sum of pressure difference profiles [31]. 

The stack effect is also called the buoyancy effect created by the difference in density between warm 
and cold air. Reduction of air pressure with the height determined by the formula (3): 

( ) ( ) ( )s e i e iР Р z Р z z gρ ρ∆ = − = − ,  (3) 

z is height from the reference point, m; 

ρe, ρi are density of exterior and interior air, kg/m3; 

g is acceleration of gravity, m/s2. 

From the neutral pressure level towards the first floor, the pressure difference is positive, towards the 
last floor it is negative. Assuming that air is the ideal gas, formula (3) looks like: 

1 13456 ( )s
e i

Р z
T T

∆ = ⋅ − , (4) 

,e iT T  are exterior and interior air temperature, respectively, K. 

Wind pressure is created when airflow hits an obstacle. The magnitude of the wind pressure depends 
on the wind speed and direction (windward, leeward side, etc.). 

Most software products for modeling wind pressure, use the following formula [30, 31, 7]: 
2

( )
2
met

w h p
UP C Сρ θ∆ = , (5) 

ρ is density of the environment air, kg/m3; 

metU  is wind speed according to the nearest weather station, m/s; 

( )pС θ  is wind pressure factor considering wind direction through the angle of incidence θ; 

θ is the magnitude of the wind angle relative to the normal drawn to the considered surface, °; 

hC  is wind pressure factor that considers the height. 

2
2 2
02 ( ) ан

h
refmet

U HC A
HU

= = , (6) 

нU  is wind speed at the highest point of the object, m/s; 
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0A  is the wind shelter coefficient; [20] 

H is height of the considered floor of the building from the ground level, m; 

Href is height at which the weather station measures wind speed, m; 

a is an exponential coefficient that considers wind shelter for a given area [30]. 

The amount of air entering the room due to leakage under the specified conditions (without mechanical 
ventilation) is determined by the following formula: 

inf inf( ) pG С P= ∆  or inf
inf

p

w
b

PG F
R

∆
=  (7) 

Ginf is the amount of air entering the room due to leakage, kg/h; 

С, p are coefficient and the degree index depend on the purpose of the building; 

Rb is window air permeability resistance, (m2∙h∙Pa2/3)/kg [32]; 

Fw is window area, m2. 

The space air exchange rate as a characteristic of the ventilation node in mathematical models is 
determined by the following formula [32]: 

infGп
Vρ

= , (8) 

V is volume of the space, m3; 

n is air exchange rate, h-1. 

The above method allows to consider the infiltration and exfiltration flows into the space, which 
significantly affects the energy performance characteristics. 

Model description. For the purpose of building energy performance study, a group of representative 
premises having southern and northern orientation was considered with the thermophysical properties of 
building envelope for typical construction: 1) triple glazed windows in PVC profiles; 2) triple glazing in wooden 
twin sashes; 3) double glazing in wooden twin sashes (old translucent structures). The building has 8 floors, 
where the constant indoor air temperature of 18°C is maintained during the heating period. Based on the 
selected representative premises (on the 1st, 3rd, 6th floor with southern and northern orientation), a study of 
the change in the air exchange rate in a multi-story building with different types of windows permeability was 
carried out according to the above described method. The hourly values from the IWEC file for the climatic 
conditions of Kyiv (Ukraine) [27] were used: dry bulb temperature, wind speed and direction, barometric 
pressure. 

3. Results and Discussion 
3.1. Calculation of hourly natural air exchange in accordance with IWEC climate data 

of a typical year 
The climate file IWEC [27] shows hourly values for wind speed and direction. Wind direction is given in 

degrees clockwise starting from north (0°). 

From the analysis of the IWEC file for Kyiv city (Ukraine) of [27], it follows that the most typical wind 
direction for the cold season is northern and northwestern, and the average speed is 2.7 m/s, which is similar 
to the data of building climatology of Ukraine for the given region. [29]. The range of fluctuations of hourly 
values of wind speed is from 0 m/s to 18 m/s (rarely). The wind direction changes every two hours on average. 

According to IWEC, the average outdoor air temperature for the heating season is 1.7 °C, which is 
slightly different from the current climatology [29] value of -0.1 °C. The minimum external temperature in the 
IWEC file occurs in February and is -15.8 °C. Regular changes in average daily outside air temperature can 
be up to 4 °C, and fluctuations within the day can be up to 5 °C. The behavioral trends of daily, between-day 
and seasonal temperature fluctuations are similar for those of Central and Eastern Europe. 

Given that the hourly data for a typical year gives 8760 points, for each point there is a complex effect 
of a number of factors. Therefore, the impact has been explored alternately to separation the impact of change 
in outside temperature, wind speed and direction on the value of in pressure difference from wind and stack 
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effect. The considered range of change in outside temperature, wind speed and direction may be relevant for 
other climatic zones. 

Fig. 2 presents the height profiles of pressure difference caused by the stack effect, depending on the 
change in ambient temperature. This phenomenon is related to the difference in density between warm and 
cold air and does not depend on the orientation of the premise.  

 
Figure 2. The change in pressure caused by the effect stack depending on the change in ambient air 

temperature. 
Provided that the exterior air temperature is close to the interior one (peak solar activity during  

off-season) the pressure difference from the stack effect can be offset. 

The study investigates changes in pressure difference height profile for different wind speed and 
direction at different ambient air temperatures and their effect on windward and leeward enclosures. Figure 3 
presents the corresponding graphs of wind pressure profiles on the southern side of the building, depending 
on the building floor and wind direction. Representative days are used, for which the wind speed is 3 m/s 
(typical wind speed for the conditions of Ukraine [29]) and exterior air temperature is 3 °C (average typical 
exterior air temperature for December in the city of Kyiv (Ukraine) [28]). The graph shows that the magnitude 
of the pressure change caused by wind effect increases with height. 

 
Figure 3. Changes in wind pressure depending on the incidence angle of the wind direction θ. 

The wind vector directed to the surface (windward side) causes positive values of wind pressure 
difference, for leeward sides it is negative.  

As mentioned above, northern and northwestern wind direction is typical for Kyiv (Ukraine). The average 
wind speed is 2.7 m/s, the wind speed greater than 8 m/s typically has northwestern direction. The change in 
wind pressure effect for different wind speed profiles and wind incidence angle θ = 0 ° is shown in Fig. 4. 
Similar calculations are performed for incidence angles θ = 180 ° (profiles are similar with a negative value of 
change in wind pressure). The analysis shows that the pressure difference increases with wind velocity 
increase. 

Figs. 2-4 shows that the pressure difference caused by the stack effect has a greater effect on the 
natural the air exchange rate as opposed to the wind effect. 
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1 – w=0 m/s; 2 –3 m/s; 3 – 6 m/s; 4 – 9 m/s; 5 –12 m/s; 6 – 15 m/s 

Figure 4. Change of wind pressure difference depending on change of wind speed at northern 
wind direction on the northern side of building (θ = 0°). 

This paper investigates the natural component of air exchange, which is determined by the sum of 
the pressure difference from the stack and the wind effect. Fig. 5 shows the average resulting infiltration 
pressure difference depending on building height in January and March for the southern (S) and northern 
(N) orientations. Fig. 5 shows that for the first floors (1-3 floors) the typical effect is infiltration of the exterior 
air, where, accordingly, the heat consumption will be the highest. The profile of change in the average 
monthly values of infiltration pressure difference depending on the height in January is more low-angle that 
is stronger than in March for the similar premises. This feature is caused by a number of factors: the ambient 
air temperature decreases (the pressure difference from the effect stack increases); different wind speeds 
and directions specific for a particular period of the year. 

Also, Figure 5 shows the profile of changes in the mean monthly values of the infiltration pressure 
difference depending on height for southern (S) and northern (N) orientations for March, the orientation 
difference is caused by wind effect (wind direction). A similar analysis was carried out for January data, the 
difference of profiles is less, which is caused by a combination of factors and their influence on the 
magnitude of the stack and wind effect of the pressure difference profiles. 

Thus, the above method allows to determine the quantitative dependence of the distribution of 
infiltration pressure difference and air exchange on a specific set of characteristics of the terrain and 
building. 

 
Figure 5. Change in average monthly pressure difference depending on height for January and 

March of typical year data for rooms with N and S orientation. 
As mentioned above, the considered technique takes into account both infiltration and exfiltration 

natural air flows in the building. Fig. 6 shows an example of changing the air exchange rate for rooms of the 
northern (N) orientation of the building under consideration for different values of the air permeability 
coefficients. For the off-season, the air exchange rate decreases somewhat compared to the cold period, 
which is explained by the decrease in the temperature difference between the indoor and outdoor 
environment. 
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а)                                                   b) 

1 – for triple-glazed PVC windows; 2 – triple-glazed wooden windows; 3 – double-glazed wooden 
windows; 

Figure 6. Average air exchange rate for representative premises (N orientation) for different types 
of window structures for January (a) and March (b). 

An hourly calculation of air exchange rate was carried out for representative premises of different 
orientation and floor location. The natural air exchange rate for premises with north-eastern orientation is 
slightly smaller than for other orientations, which is related to the wind direction, the difference is more 
noticeable for windows with less air permeability resistance. The average annual calculated natural air 
exchange rate is about 0.25 h-1 – for triple-glazed PVC windows, 0.4 h-1 – triple-glazed wooden windows, 
0.65 h-1 – double glazed wooden window. This value may actually be greater for older windows with wooden 
frames as airtightness has decreased during operation. During the year, the maximum value of the air 
exchange rate is greatest for double glazed windows and can range from -2 to 1.2 h-1, which is typical for 
periods with gusty winds of more than 15 m/s. 

During the off-season, the air exchange rate decreases somewhat compared to the cold period, which 
is explained by the decrease in the temperature difference between the indoor and outdoor environments.  

On the ground floor there is a phenomenon of infiltration (fresh air inflow naturally due to leakage in 
window structures), in the above floors there is an area where it is on average close to zero, which is related 
to the NPL of the building (stack effect), on the upper floors there is an exfiltration which corresponds to 
negative air exchange rate values. Fig. 7 shows the variation of hourly values of air exchange rate during 
the season for premises on the ground floor with N orientation. 

 
1 – double-glazed wooden windows; 2 – triple-glazed wooden windows; 3 – for triple-glazed PVC 

windows; 4 – pressure difference for natural ventilation 

Figure 7. Hourly values of air exchange rate for premises on the ground floor with N orientation. 
Fig. 7 shows that windows with improved thermophysical characteristics are less sensitive to 

fluctuations in environmental parameters. In general, on the ground floor the range of infiltration air 
exchange rate change is -0.2...0.25 h-1 – for double-glazed windows with PVC profile, -0.4 ... 0.5 h-1 – for 
triple-glazed wooden windows, -0.5… 1 h-1 – for double glazed windows. The negative values of air 
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exchange rate on the ground floor are explained by a short gusty wind with a velocity of more than 10 m/s 
and a frontal direction to the considered enclosure.  

The results of simulation of the average air exchange rate 0.25 h-1 was obtained for the heating 
season for triple-glazed windows with PVC profile. The similar results show that the annual average 
infiltration rates in Beijing range from 0.02 to 0.82 h-1 with a median value of 0.16 h-1 [15]. For upper floors 
(not shown in Fig. 6) the range of variation is -1.5…0.25 h-1 – for double-glazed windows with PVC profile, 
-2 ... 0.5 h-1 – for triple-glazed wooden windows, -4… 1 h-1 – for double glazed ones. 

The obtained results show that for the ground floors there is a positive variation range of the hourly 
air exchange rate values, for the upper floors it is negative. For double-glazed windows, the air exchange 
rate of -4 h-1 is characterized by a wind speed of 18 m/s at the level of 10 m (meteorological measurements). 

It should be noted that for the conditions of Ukraine this type of research was not conducted, similar 
trends are obtained for Chinese conditions [15], but quantitatively the differences in results are due to the 
different nature of buildings and climatic data.  

The use of more efficient windows leads to less sensitivity depending of the air rate exchange on the 
considered factors, due to the fact that modern windows have greater air permeability resistance value. The 
obtained results show the dynamics of air exchange due to natural infiltration and how much it is necessary 
to supplement the air exchange mechanically to ensure comfort under certain modes / operating conditions 
[30]. 

3.2. Calculation of energy consumption and analysis of energy need for heating with 
change of actual natural air exchange rate 

Input data. A group of representative rooms is in the buildings of typical development of the 1970s. 
Room dimensions are 5.5×6.1 m, room height is 3 m. The room has one outside wall (5.5×3.0 m) with a 
window (5×2 m). The outer wall has a thermal resistance of 0.8 m2·K/W (the main layer is brickwork in one 
brick). Ceiling over the heated premises is reinforced concrete (20 cm). The building is located in Kyiv, Ukraine. 
The design indoor air temperature is 18°C. Solar heat gain coefficient for window is 0.56. Climate hourly data 
from the IWEC file for the city of Kyiv were used [27]. Solar heat gains are calculated using IWEC file data and 
EnergyPlus "Full interior and exterior with reflection" technique. The low level of thermal insulation properties 
is relevant for a large volume of buildings in countries such as Ukraine, Baltic States, Belarus, Hungary, 
Poland, Czech Republic, Slovakia, Russia. 

Figure 7 shows the hourly variations of the outside temperature and solar heat gains for premises with 
N and S orientation during heating period. 

 
Figure 7. Variations of exterior air temperature tout, solar heat gains Qsol for premises with N and S 

orientation. 
Model description. According to 5R1C model (dynamic grid room model, five resistances, one capacity), 

energy need for heating ФHC is calculated as the heating power value for each hour to be supplied to the indoor 
air temperature node (θair) to maintain a given temperature setpoint [6]. The dynamic method scheme is 
implemented on the basis of EN ISO 13790 [33] and EN ISO 13786 [34] and shown in Fig. 8.  
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Figure 8 - Dynamic grid room model, five resistances, one capacity (5R1C) [2]: θair, θs, θe, θm, θsup are 

temperature of air, internal surfaces, external environment, opaque enclosures, supply air, 
respectively, ℃; Фm, Фst, Фia are additional solar (Фsol) and internal heat gains (Фint), distributed 
between the air node, the surface of the inner enclosure and walls, W; ФHC is heat flow from the 
heating system, W; Cm is internal heat capacity of opaque building enclosures, J/K; Htr.w, Htr.em, 

Htr.ms, Htr.is, Hve are coupled conductivity between temperature nodes characterizing transmission 
losses through building envelope and ventilation, W/K. 

The energy need for heating is based on the calculation of the heating level, ФHC.nd, for each hour to 
be delivered to the internal air temperature node, θair, to maintain a certain set-point temperature. The set-
point temperature is an average weighted value of internal air temperature and radiant temperature. 

Heat transfer by ventilation, Hve, is directly connected to internal air temperature node, θair, and the 
node that corresponds to supply air temperature, θsup. Heat transfer by transmission is divided into two parts: 
the first one is through fenestration surfaces, like windows, Htr.w, that do not have thermal mass, the second 
one is through opaque surfaces Hop, that have thermal mass, and, in its turn, is divided into two parts: Htr.em 
and Htr.ms. Solar (Фsol) and internal heat gains (Фint) are distributed between the internal air temperature 
node, θair, the central node, θs (mixture of θair and mean radiant temperature θr) and the node representing 
the building mass, θm. The thermal mass is reflected by the specific heat, Cm, located between Htr.ms and 
Htr.em. The coupling by conductivity is determined between the internal air temperature and the central node. 
The value of the heat flux due to internal sources, Фint, and the value of the heat flux in the zone of the room 
due to the sun, Фsol, are divided between the three nodes: internal air temperature, θair, and internal nodes, 
θs, θm. 
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         , ,ia m stΦ Φ Φ  internal and solar radiation heat gains are distributed between the 3 nodes, , ,air s mθ θ θ ; 

.m totΦ  is total heat flow, W; 

ish  is heat transfer coefficient between the internal air temperature node, airθ , and central node, sθ , 

has a fixed value 23.45is
Wh

m K
= ; 

msh  is heat transfer coefficient between the nodes m and s, has a fixed value 29.1ms
Wh

m K
= ; 

mA  is effective mass area, m2; 

jA  is area of the j-element, m2; 

totA  is the area of all external enclosures of the building, m2; 

mC  is internal heat capacity, J/K; 

jk  is internal heat capacity per unit area of the j-element of the building, J/(m2·K); 

.tr isH  is coupling by conductivity between node s and inside air temperature, W/К 

.1 .2 .3, ,tr tr trH H H are conductivity of conditional nodes 1, 2, 3, W/K 

Model validation. Based on the considered series of models and results of studies [35–37], a model built 
on the basis of the EnergyPlus software can serve as a reference model for verification. The verification of the 
simplified hourly calculation method of EN 13790 [23], implemented on the basis of the grid model 5R1C, was 
carried out with the model based on the EnergyPlus software product. The difference between the results of 
grid calculation models is less than 5 % and slightly higher value of load in 5R1C model is explained by the 
common node for internal and external envelope inertia protections, this feature can produce more model’s 
discrepancy results in the summer. The models considered performed an hourly calculation. During the 
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heating period for the facility the located in Kyiv (Ukraine), the discrepancy between the results of the two 
models was estimated on the basis of an adjusted coefficient of determination of R2 = 0.968. 

Simulation results. When using the calculated values of the natural component of air exchange rate, 
due to infiltration (leaks in window construction), the supply of fresh air into the room area and heat loss 
significantly change under the influence of natural factors, and accordingly the energy consumption of the 
building also changes.  

Mathematical modeling of specific energy need for heating of representative rooms of northern (N) and 
southern (S) orientation is carried out with the condition of only transmission losses (n = 0), for normative 
values of air exchange multiplicity (n = 1 h-1) and for the calculated value of natural component (n = var.) air 
exchange.  

Fig. 9 shows the annual specific energy need for heating for northern (N) and southern (S) orientation 
on the example of representative rooms with triple-glazed energy-saving windows with PVC profile located on 
the ground floor. The maximum estimate of additional energy costs due to natural ventilation (infiltration) 
compared to energy consumption with only transmission losses (n = 0) differs by 23% for northern and 43 % 
for southern orientations. 

The obtained value for the natural component of air exchange does not allow to provide a normative 
level of air exchange for comfortable working conditions. Comparison of the specific energy need for heating 
calculated for the normative values (n = 1 h-1) and the obtained level of natural air exchange establishes that 
the difference of energy need for the entire heating period can be more than 50 %, compared with n = 1 h-1. 
For example, for the premises on the ground floor with N orientation it can be 50 %, for S orientation it can be 
65 %. This difference can be reduced by increasing air exchange rate during occupied hours, for example, by 
airing. 

 
1 – normative values of air exchange rate n = 1 h-1; 2 – calculated (natural component) air exchange rate;  

3 – no air exchange 

Figure 9. Annual specific building energy need for heating under different conditions of air exchange 
Fig. 10 shows the change in hourly values of specific energy for heating using normative (1) and 

calculated (2) values of natural air exchange rate and for premises with only transmission heat losses 
component (3) oriented to the North (a) and South (b) located on the ground floor. 

The results of mathematical modeling show that at a certain level of natural air exchange for the 
considered type of windows (air permeability resistance), the heating system of the rooms oriented to the 
south can be switched off during the off-season (October, April), i.e. solar heat gains work as a passive heating 
system. The heating season can be reduced by more than 30 days. 

During the cold period of the year, the energy need for heating calculated for the values of normative 
air exchange rate, and according to the variable natural conditions (natural exchange rate), line 2, varies up 
to 50 %, and for the off-season period the difference can be up to 75 %. Addition to the energy need due to 
natural air exchange (the difference between 2 and 3) is about 20 %, the value of fluctuations in the heating 
load increases by one and a half - two times. 
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a)  

b)  
Figure 10. Load on the heating system for the heating period of the premises oriented to the north (a) 

and south (b): 1 – at the normative values of air exchange rate n = 1 h-1;  
2 – calculated (natural component); 3 – no air exchange 

For premises oriented to the South, the fluctuations of the load on the heating system during the day 
are somewhat larger and the effect of natural air exchange on them is not so obvious, unlike for the northern 
orientation, which is explained by solar heat gains into the premises. Also, on some days there are short-term 
shutdowns of heating during peak hours of solar activity, the amount of which is reduced by the influence of 
air exchange.  

4. Conclusions 
1. The article reviews literature sources and approaches to the assessment of natural air exchange in 

a building, taking into account the cumulative variability of a number of external and internal factors. 
A generalized technique for determining the natural air exchange rate for multi-story buildings is proposed, the 
considered methodology is based on ASHRAE approaches and allows to calculate natural air exchange for 
medium-sized buildings. The calculation was made for climatic conditions typical in Central and Eastern 
Europe. The calculations used the data of the international climate file IWEC (typical year), e.g. for the city of 
Kyiv, Ukraine. The natural component of the air exchange rate is calculated for air permeability coefficients of 
the most typical characteristics of window construction, namely: triple-glazed PVC window, triple and double-
glazed wooden window. The calculation was carried out for representative premises of 8-story building that 
have one window of different orientation. 

2. For energy efficient triple-glazed PVC windows an hourly calculation of the natural component of air 
exchange rate at different locations of representative premises showed that the infiltration value does not 
exceed 0.25 h-1, for triple-glazed wooden windows it can be 0.4 h-1, for double-glazed wooden windows it can 
be 0.65 h-1. It should be noted that on the first floors, in general, the natural component of air exchange has a 
positive value (air infiltration), while on the last floors, it has a negative value (air exfiltration), which must be 
taken into account in the dynamic modeling of building energy performance.  

3. General trends show that as thermal resistance of building envelope structures increases, heat 
losses are reduced, while the share of heat losses with air exchange increases ensuring conditions of comfort. 
In addition, the improvement of window structures leads to a decrease in natural air exchange through them. 
The research shows to what extent mechanical ventilation should be additionally used to maintain the 
normative value of the air exchange rate during the people occupancy period. In further studies it is planned 
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to perform hourly calculation of air exchange rate taking into account building air flow conditions with regard 
to the landscape, mechanical ventilation and heat recovery. 

4. Dynamic grid models have been developed to study buildings energy performance based on EN ISO 
13790 [33] and EN ISO 13786 [34] standards. The model was validated with the model created in the 
EnergyPlus software package. 

It is established that the maximum estimate of additional energy costs due to natural ventilation 
(infiltration) compared to the energy consumption of the building with only transmission losses (n = 0) differs 
by 23 % for northern and 43% southern orientations for premises with energy efficient triple-glazed PVC 
windows. It is also established that the energy consumption of the building at the normative value of the air 
exchange rate (n = 1 h-1) and the calculated value of the natural component of the air exchange rate differs by 
50–75 %, which is a possible savings result under the actual conditions of air exchange compared with the 
normative. This savings can be reduced by increasing air exchange during occupation periods using premises 
airing to ensure proper ventilation in the room. 

5. For residential and public buildings of typical development of the post-Soviet countries there is a 
general tendency to improve the thermal characteristics of the building enclosures. Replacing windows 
reduces air exchange through natural ventilation, so more attention should be paid to mechanical ventilation. 
In order to maintain the normative value of the air exchange rate during occupancy, natural or mechanical 
ventilation should be used additionally. The actual natural component of air exchange in the premises of 
variable occupancy rate consideration specifies the determination of the level of energy-saving measures 
efficiency for thermo-modernization, a component that must be provided by mechanical ventilation, and can 
also be utilized in heat recovery devices. The dynamics of the air exchange rate influence on energy 
consumption under these conditions needs further investigation. 

6. The results of the paper provide a methodology, demonstrate the needs and boundaries for 
quantifying natural air exchange for the conditions of Central and Eastern Europe (temperate climate) for 
typical characteristics of buildings in post-Soviet countries before and after window replacement. 
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Abstract. The investigation is concerned with seepage-control canal lining made of geosynthetic materials 
(GSM): polymer geomembranes and bentonitic mats (bentomats) with protective coatings. Efficiency and 
longevity criteria of lining made of geomembranes, bentomats and protective coatings (concrete, stone, gabi-
on, and soil) have been stated. New lining designs with GSM of high reliability are proposed, including two or 
three layers of seepage-control lining made of bentomats and geomembranes, as well as protective layers 
made of geotextiles, rock filling, gabions. We have considered the effectiveness of already constructed 
sections of Bentofix bentomat linings at Donskoy principal canal (Rostov region, Russia) according to the 
following three criteria:  

− - Filtration costs of the bentomat lining compared to the ground bed,  
− - Efficiency degree due to the bentomat lining compared to the alternative options,  
− - Filtering resistances of the bentomat lining compared to the alternative options.  

We have developed a technique to assess the effectiveness of bentonite mats taking into account the 
regeneration (self-healing) of possible damage due to the regeneration of Ca-bentonite. It is based on the 
method of successive change of steady states, when the nonsteady process of filtering through damages of 
the bentomat is divided into a number of steady states. Studies of the aging coefficient of the geomembrane 
made of polyethylene (HDPE) by the modulus of elongation in the test basin during the period of 8–10 years 
have made it possible to extrapolate these data and determine the longevity (service life). There is also a 
calculation of the geomembrane longevity according to the Arrhenius equation. We have made a comparative 
analysis of the efficiency of various types of canal linings which showed that the most effective type is the 
bentomat liner, which also has the highest service life. 

1. Introduction 
Urgency of the research is caused by high losses of water during its transportation through canals in 

the Russian Federation [1], which amount is equal to 4.8 km3/year (more than 30 % of use). The main reasons 
are the low technical level and a significant wear factor of land reclamation systems and hydraulic structures. 

According to the FSBSI “RosNIIPM”, the average value of the efficiency coefficient of the principal 
canals for today is 0.829, which is significantly less than the requirements of the standards [2]. In this case, 
the efficiency of the canals in the ground channel is 0.790, and the canals in the lining is 0.870. 

Studies of the seepage-control efficiency of the canals were performed by A.G. Alimov [3], 
M.A. Bandurin [4], S.V. Solsky [5], Yu.M. Kosichenko and O.A. Baev [6–8]. 

Thus, the studies [3] made it possible to develop express methods for ultrasonic testing of water 
permeability of isolation joint and concrete of canal linings, which (with a sufficient density of ultrasonic 
sounding) provide acceptable accuracy (with an error of 5 %) for determining water losses through linings. 

The issues of the evaluation of efficiency of drainage and concrete blankets of concrete dams on a 
rocky basis are considered in the work of S.V. Solsky et al. [5], where the authors used the method of numerical 
modeling and data of field observations. 
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The study of M.A. Bandurin [9] contains an original software and hardware complex for diagnosing the 
technical condition of water supply structures of irrigation systems which ensures the detection of defects in 
linings and ground beds using acoustic and geo-radar location-based methods of non-destructive testing. 
However, there are no specific examples of their use on existing canals with lining. 

During the last 10–20 years, geosynthetic materials [10] in small hydraulic engineering have been 
increasingly used. They can be successfully used for the facilities intended for nature protection purposes – 
storage of industrial and household waste, ash dumps, as well as on canals and reservoirs of clean water. 

The use of waterproof geosynthetic materials (geomembranes and bentomats) on the canals of 
irrigation systems (with losses up to 30 %, where 80–90 % of these losses occur due to filtration), is especially 
promising [11]. In modern conditions, the efficiency of most irrigation canals is 0.75–0.80, and when using a 
new generation seepage-control lining made of geosynthetics, the efficiency will reach 0.97–0.98 [11]. Thus, 
the seepage-control effect due to the use of geosynthetic materials for canals can be about 20–30 %. 

The articles [6, 7, 11] consider new multilayer constructions of seepage-control coatings using bentonite 
materials. They differ by the fact that they provide increased reliability due to healing of possible damage to 
the bentomat and duplication of protective and waterproofing layers. 

Despite the fact that the linings using geosynthetic materials (geomembranes and bentomats) are highly 
reliable, nevertheless, various damages can happen during construction and operation. Therefore, a 
significant amount of scientific works has been devoted to studying the water permeability of polymer screens 
and linings. 

We would like to highlight the article of the authors [12] where various methods for calculating the water 
permeability of polymer screens are considered: experimental, theoretical and experimental-theoretical. When 
analyzing the filtration flow through the hole in the polymer geomembrane according to a number of calculated 
dependences, including J.P. Giroud [13], the results are consistent with each other. However, according to the 
formula of R.K. Rowe [14], the discrepancy reaches 75 %. 

Another article of the authors [15] investigates the problem of water permeability of a polymer screen 
made of geomembrane through a system of slots. The solution to this issue was obtained by the method of 
conformal mappings and the motion hodograph. 

Here, comparison with the formula of J.P. Giroud gives more discrepancy in the range of 67–128 % 
depending on the width of the slot, which is fundamentally different from other formulas because it uses the 
law of nonlinear filtering and empirical coefficients according to field studies. 

Foreign authors [16, 17] obtained an empirical equation for calculating the flow rate of the liquid through 
a composite coating due to defects in the geomembrane. Three types of defects (circular defects, defects of 
infinite length and damage in the form of cracks) and three types of contact (excellent, good and bad) were 
considered. 

Hydrated bentonite has a low shear resistance, which can have a negative affect to the stability of 
structures including bentonite clay inserts (GCL) [16, 17]. The GCL bentonite layer is encapsulated between 
two geomembranes which reduce the possibility of bentonite hydration. These articles present an analytical 
method for evaluating the degree of hydrated area of a bentonite layer depending on time, initial and hydrated 
moisture of bentonite, the hydraulic conductivity of bentonite, the width of the floor, the distance between the 
floors. 

The potential assessment of the longevity of exposed geotextiles and geomembranes is considered 
in [18]. In case of the unexposed (or coated) high density polyethylene (HDPE) geomembrane with a thickness 
of 1.5 mm with a value of 50 % of the remain firm and elongation, the half-life under these conditions was 
approximately 450 years. Laboratory incubation would take 12 years. The data was then extrapolated to a 
temperature of 20 °C for laboratory values of the half-lives. For open geosynthetics, the situation is completely 
different. They are directly exposed to ultraviolet radiation at elevated temperatures, that reduces the service 
life. The ratio of unexposed and exposed samples for the HDPE geomembrane is approximately seven. 
Research results for geomembranes range from 47 to 97 years, which took 12 years of laboratory incubation 
to reach. These results are considered to be the most interesting and were first obtained by the authors. 

However, the data on the durability of closed geomembranes in [18] are significantly overestimated. So, 
according to our calculations [11] (according to the obtained formula from the Rice equation), the predicted 
(calculated) service life of geomembranes with a protective coating of rockfill is 130 years. As for the open 
geomembranes without protective coatings, their service life, according to our on-site surveys, can be 
maximum of 25 years. Similarly, Techpolymer company guarantees the service life of geomembranes made 
of HDPE and LDPE polyethylene to be minimum of 25 years. On-site and laboratory studies of Carpi company 
[19] also have showed that the service life of permanently open geomembranes is more than 50 years, and 
for geomembranes under water - 200 years. The Federal Institute for Materials Research in Berlin (BAM) has 
performed severe tests of the service life of bentonite mats [20] during the period of 365 days. Then the test 
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results were extrapolated by the Arrhenius method, according to which the period of the possibility of using 
bentomats for 200 years was established, which confirms the previously considered data. 

Considerable attention is also paid abroad to the use and research of geosynthetic materials 
(geomembranes) and bentonite mats (bentomats). The article [21] discusses laboratory studies of the flow 
efficiency of conventional and multicomponent geocomposites for five different bentonite clay inserts (GCL) 
and a number of different geomembranes (GM). 

The canal lining is used to reduce the loss of water pressure during irrigation [22]. The use of 
geosynthetic materials that have been widely used in construction areas, in combination with concrete or as a 
separate material by replacing concrete with PVC, geosynthetic material is the most economical material for 
canal lining. 

The influence of the defect in the geomembrane on the water filtration in soil dams and methods for 
filtration monitoring were considered in [23]. Defects in the geomembrane can lead to the potential danger of 
a dam with a geomembrane on its surface. Therefore, three-dimensional saturated and unsaturated seepage 
fields with various sizes of defects in the geomembrane were modeled by FEM method. The process of filtering 
through geomembrane defects was modeled using methods for removing defective elements and enhancing 
permeability. The results show that leakage, caused by defects, has a significant effect on the local seepage 
field near the defects and slightly affects other parts of the dam. 

The overall scheme for calculating the flow rate of a liquid through a composite coating 
(geomembrane + ground base) with holes is presented in [14]. The solutions obtained for a circle hole and 
damaged riffles can be used to interpret field conditions and analyze leakage data under on-site conditions. 
Moreover, a number of existing solutions are obtained as special cases from the general solution. 

The longevity of the open geomembrane coatings is considered in [24, 25]. It is noted that factors such 
as ultraviolet radiation, elevated temperature and exposure to oxygen reduce the geomembrane service life. 
For incubation purposes, ultraviolet fluorescent lamps were used, where five different geomembranes were 
evaluated. Each material was incubated at temperatures from 60 to 80 °C, up to 50 % of reduction in strength 
and elongation. The results received by the authors are similar [18]. 

M.P. Sainov and A. O. Zverev [26] have performed research of the stress-strain behavior of rockfill dam 
with a screen with the main waterproof element of a polymer geomembrane. Thin geomembrane modeling 
was carried out on the example of the Bovilla dam (Albania) built in 1996. The results of numerical calculations 
showed that the most vulnerable part of the dam is the interface node between the screen and the concrete 
structure. 

Other authors consider the results of experimental studies of tensile polymer geomembranes (made of 
polyvinyl chloride and polyethylene). The test procedure differs from the standard and is similar to that adopted 
abroad. A geomembrane (fixed at the edges) experiences a normal state and is in a state of biaxial tension. 
As experiments have shown, the tensile strength of geomembranes made of polyethylene is about 2.5 times 
higher than that of geomembranes made of polyvinyl chloride. 

Interesting studies on self-healing clay-cement diaphragm of ground dams are given in the article [27]. 
Using the dam of the Gotsatlinskaya HPP (Republic of Dagestan, Russian Federation) as an example, we can 
consider the process of colmation of slot-like damages of such a diaphragm. Mathematical models in two-
dimensional and three-dimensional formulation were developed. By numerical simulation, a quantitative 
assessment of the dynamics of the pressure gradients for the following cases is obtained: fully operational 
seepage-control element with a through and washed crack. 

Based on the review of both domestic and foreign publications, we can conclude the domestic literature 
has only few publications on the research issue that concern the efficiency and reliability of linings, but at the 
same time in the last 5–10 years a whole series of works appeared regarding the use of new geosynthetic 
materials for canals to create linings of increased efficiency and reliability, some of which are protected by 
patents of the Russian Federation. In foreign publications, many of the works are devoted to researchers of 
geosynthetic materials, in particular to polymer geomembranes and especially bentonite mats. Therefore, the 
main research questions relate to the water permeability of the geomembrane, there are only few works 
regarding the models of water permeability of bentomats taking into account self-healing of damages in view 
of their complexity, and a significant number of publications still raise the issues of longevity (service life) of 
geosynthetic materials. Meanwhile, there are no works regarding the screen constructions, coatings and 
linings in foreign publications. Studies of longevity give overestimated results because they are based on a 
very short test period. The calculation formulas for determining the water permeability of screens take into 
account many heterogeneous facts that have fractional degrees that violate the principles of dimensional 
theory, and, in the end, they are not confirmed by on-site data and laboratory tests with samples. No studies 
have been found in foreign publications on the comparative effectiveness of various canal linings, including 
the use of geosynthetics. 
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Taking into account the above conclusion on the review of publications, we the necessary study of the 
effectiveness and durability of concrete blankets made of geosynthetic materials (GM) in relation to the 
channels quite reasonable and appropriate. Moreover, the open irrigation network of channels in Russia (only 
in state ownership) is more than 50 thousand km, 43 % of which require reconstruction, and the total demand 
for fuel and lubricants for seepage-control lining is by 2030 will be 1.8 billion m2. At the same time, the 
antifiltration effect of the use of GM on channels will be 20–30 %, which will save from losses up to 2 km3/year. 

Thus, the purpose of the present study is to examine the efficiency and longevity of seepage-control 
linings made of geosynthetics materials. 

The purposes of the study include as follows: 

− analysis of domestic and foreign publications regarding the methods for assessing the efficiency and 
longevity of seepage-control linings; 

− justification of criteria for the efficiency and longevity of seepage-control linings of canals made of 
geosynthetics materials; 

− development of new and improved constructions of seepage-control linings made of geosynthetics 
materials; 

− study of the efficiency and longevity of seepage-control linings made of geosynthetics materials; 
− development of a technique for efficiency and longevity of linings made of bentomats taking into 

account their self-healing; 
− a comparative analysis of the efficiency of various types of seepage-control linings of canals. 

2. Methods 
Consider the methodology for determining the effectiveness of anti-filtration lining of bentonite mats in 

the presence of possible damage, taking into account their healing. 

Methodology for calculation of the efficiency (permeability) of a bentomat lining (taking into account self-
healing of damages) was carried out by the method of successive replacement of stationary states, when the 
time-varying contour of healing of a circular shape damage is replaced by a number of its stationary states 
with an interval of time iτ∆ . Such a replacement of the healing circuit makes it possible to consider the filtering 

process through damage in the bentomat as established over a time interval 1τ∆ . This is justified by the fact 
that the healing process is very slow, and therefore, filtering through screen damage is quite acceptable to 
consider stationary for a time interval iτ∆  – with the healing speed in the sample sv = 0.67 mm/hour. 

As a result, the filtering process through damage to the screen will differ from other types of cladding in 
that it is unsteady, since when hydrated, the damage is partially healed. 

With complete hydration of the damage for the considered example, the healing time is [10]: 
τ =  37.5 hour. With a diameter of damage of mm, the healing efficiency is 80–100 %. 

The healing rate in the initial period for Ca-bentonite is determined by the formula: 

τ
0rv = . 

Healing of Na-bentonite lesions will be faster, and the healing rate will be greater. For this, it is necessary 
to conduct special studies in laboratory conditions. 

To calculate the effectiveness (water permeability) of the anti-filtration cladding from bentates, the 
dependences of the flow rate through the hole in the bentonite mat with a protective layer of soil into the soil 
base were used. 

To solve this problem, p-analytic functions of a complex variable and the conformal mapping method 
were used. An approximate solution to this problem consists first in considering a plane problem by the method 
of conformal mappings, followed by establishing a connection with the axisymmetric problem using p-analytic 
functions. As a result of the solution, the authors of [12] obtained approximate calculation formulas for the 
following particular cases: 

when 2 1/k k ≥ 10: 
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when 2 1/k k < 10: 
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1h  is piezometric pressure in the bentate screen hole, m: 
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where σ  is the ratio of the filtration coefficients of the protective and underlying layers of the screen, 

21 / kk=σ ; 

1k  is filtering coefficient of the protective coating, m3/day; 

2k  is coefficient of filtration of the underlying base, m3/day; 

0r  is hole radius in the bentomate screen, m; 

0h  is water depth in the channel, m; 

оδ  is the thickness of the protective layer of soil, m; 

cH  is capillary vacuum of the base soil cH =(0.5–0.6); 

сh  is the height of the capillary rise of water in the ground, m. 

To determine the predicted service life of the linings, the on-site experiments of samples of polymer 
materials were used, which were carried out in a test basin with an area of 5×1.9 m along the bottom with 
slopes 1:2.5 with a water depth of 3.0 m under various conditions; under water at t = –20+30 °C, direct 
atmospheric exposure at t = –20+30 °C; with a protective coating of ground with a thickness of 0.5 m at t =  –
15+20 °C. The tests were performed on a polymer geomembrane of high density polyethylene (HDPE) 1.0 mm 
thick with tensile strength of 

0рσ = 27 kN/m and elongation of 0ε =700 %. On-site tests of the samples have 

been carried out for 8–10 years, and later, the extrapolation method was used to evaluate the longevity. In 
addition, the longevity (service life) was determined by calculation using the Rice and Arrhenius equations. 
After sampling the geomembrane directly from the test basin, the tensile test ( рσ ) and elongation tests ( рε ) 

were carried out at the tensile testing machine. 

A comparative analysis of the efficiency of various types of seepage-control linings was carried out to 
compare the main technical indicators and reliability indicators, the longevity of traditional concrete linings, 
ground-film and concrete-film linings (from 0.2–0.4 mm thick polyethylene film) with new types of linings - 
concrete-film and ground-film linings from polymer geomembrane (thickness from 1.0 to 1.5 mm). As 
indicators, the averaged and admissible filtration coefficients of the lining were taken into account, reliability 
indicators - the probability of operation without failure and the probability of failure and longevity. 

3. Results and Discussion 
3.1. Criteria for the efficiency and longevity of linings made of geosynthetics materials 

Modern seepage-control canal linings should have a sufficiently high efficiency and longevity. In 
accordance with these requirements, they should minimize filtering losses and exclude flooding of the canal 
territories with groundwater. In addition, they should exclude failures and damages, first of all, of the seepage-
control element during operation and have a long service life corresponding to the canal class as a hydraulic 
structure in accordance with Russian Building Norms SP 58.13330.2012 [28]. 

Using the experience of designing, building and operating canals in Russia and abroad [11], the 
following criteria for the efficiency and longevity of seepage-control linings using geosynthetic and 
geocomposite materials are proposed: 

− considering the permeability of the seepage-control element from the geomembrana (GM) or 
bentonite mats (GCL): 

GM.PER.GM kk ′≤′ ; GCL.PER.GCL kk ′≤′ ; 
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− considering the strength when breaking geomembrane or bentomats: 

GM.PER.GM σσ ≥ ; GCL.PER.GCL σσ ≥ ; 
− considering the relative elongation of the geomembrane or bentomats at break: 

GM.PER.GM εε ≤ ; GCL.PER.бм εε ≤ ; 
− considering the longevity (service life) of the geomembrane or bentonite mats: 

NOR.GM.PERGM τττ =≥ ; 
NOR.GCL.PER.GCL τττ =≥  

For protective coatings (concrete, stone, gabion and ground), the criteria for efficiency and longevity are 
as follows: 

− considering the efficiency of the protection of the seepage-control filter element ( ef.k ) together with 
the geotextile gasket from through damage and punctures of the geomembrane or bentomat: 

01.0/ totaldam.ef. ≤= FFk  %; 
− considering the hydraulic protective covering: 

0225.00175.0per.prot. ÷=≤ nn ; 

− considering to the degree of destruction of the protective coating ( pr.П ): 

)21(/ pr.totalpr.cov.pr.per.pr. ÷≤=≤ FFПП  %; 
− considering the longevity (service life) of protective coatings: 

nor.pr.per.pr. ttt =≥  
The following designations are accepted here: 

− GMk ′ , GCLk′  are averaged (according to the study) coefficient of filtration of the lining made of 
geomembrane or bentomat, m/s; 

− GM.PER.k′ , GCL.PER.k′  are permissible coefficient of filtration of the lining made of geomembrane or 
bentomat, m/s; 

− GMσ , GCLσ  are tensile strength of the geomembrane or bentomat  according to tests, MPa, kN/m; 

− GM.PER.σ , GCL.PER.σ  are permissible values of the strength of the geomembrane or bentonite, 
MPa, kN/m; 

− GMε , GCLε  are elongation at break of the geomembrane or bentomat according to test results, %; 

− GM.PER.ε , GCL.PER.ε  are permissible values of elongation according to tests of geomembrane or 
bentomat, %; 

− GMτ , GCLτ  are longevity (service life) according to geomembrane or bentomat research, years; 

− GM.PER.τ , GCL.PER.τ , nor.τ  are permissible values of geomembrane or bentomat service life, as 
well as the rated value of the hydraulic structure according to SP 58.13330.2012 [28], years; 

− ef.k  is  efficiency factor of the protection of the seepage-control element together with the geotextile 
gasket; 

− prot.n , per.n  are coefficient of hydraulic roughness of the protective coating according to 
observations and allowed according to the reference data; 

− prot.П , prot.per.П  are the degree of destruction of the protective coating according to study or the 
permissible value according to the reference data, %; 

− prot.τ , prot.per.τ  are the longevity (service life) of the protective coating according to the study and 
the permissible value according to the standard. 

3.2. New constructions of seepage-control linings made of geosynthetics materials 
In order to ensure increased water impermeability, reliability, and longevity, it is recommended to use 

multilayer coating structures on the canals of irrigation and drainage systems and reservoirs, including 
waterproof, protective, and filtering elements made of geosynthetic materials (Figure 1) [6]. 

 

47



Magazine of Civil Engineering, 96(4), 2020 

Kosichenko, Yu.M., Baev, O.A. 

а)                       b) 

1 2 3 4 5 6 3 4 5 6 7 8

 
Figure 1. Multilayer constructions of seepage-control coatings with geosynthetics for canals and 

ponds: a, b – with a seepage-control element made of bentonite mats and a protective layer; 
1 – a protective coating of rockfill; 2 – non-woven geotextile; 3 – a protective layer of ground; 

4 – bentonite mat; 5 – the underlying layer of sand; 6 – compacted base; 7 – polymer geomembrane 
thermally bonded with a lower layer of bentonite mat; 8 – gabions filled with rocks. 

The construction made of the bentonite mat coating (Figure 1, a) consists of three protective layers 
(rockfill, geotextiles, and a protective ground layer) and a seepage-control layer of bentonite mats. Moreover, 
in case of damage to the bentonite mat during the construction or operation of the structure, the damage will 
be regenerated (healed) during the hydration period of the material. 

The coating structure (Figure 1, b) consists of two protective layers (gabions filled with rock material 
and a protective layer of ground), and the main working layer, including a bentonite mat, additionally thermally 
bonded with a polymer waterproof geomembrane. In case of damage to one of the seepage-control elements 
(bentonite mat or geomembrane), the structure will be watertight due to the second (duplicate) element. 

Based on the analysis of the functions of each structural element of multilayer seepage-control coatings 
(Figure 1), the authors concluded that, in general, the first structure acquires an increased level of protection 
(from erosion and damage) - a triple level of reliability, and to provide a seepage-control function – a single 
level. For the second structure, the protective and seepage-control function correspond to a double level of 
reliability. 

3.3. Study of the efficiency and longevity of canal linings made of geosynthetics 
materials 

The calculations of the efficiency (water permeability) of linings with a geomembrane and protective 
coatings of ground and concrete were previously considered in the works of the authors [11, 15, 29]. 

Considering the fact that there are no methods for calculating of efficiency of bentonite mats linings 
(water permeability) taking into account self-healing of their damages, let us consider these features and, 
accordingly, the calculation method. 

The main advantage of bentonite mats is the ability to regenerate (“heal”) damage due to swelling of 
the bentonite mat when it is moistened [20]. Bentonite mats withstand a large number of cycles of “freezing – 
defrosting” and “hydration – dehydration” with high waterproofing properties. 

When using Na-bentonite due to its hydration, a 12–16 times increase in volume occurs, and when 
hydrating Ca-bentonite – only 2–4 times. For a tight fit of the bentomat to the base, loading with a protective 
coating is necessary with a pressure on the bentomat of at least 250 kg/m2, for example, with a concrete 
thickness of at least 0.10 m and a rock material thickness of at least 0.20 m. 

Currently, bentonite mats in Russia are manufactured by “Techpolymer”, “Bentisol”, “Isobent” (Russian 
Federation) and some other manufacturers, that usually use activated calcium bentonite. This results in a high 
filtration rate at the first contact with water. Another disadvantage of domestic production of bentonite mats is 
the uneven distribution of bentonite clay granules between geotextile layers. The use of calcium bentonite clay 
significantly affects the deterioration of the properties of bentomats, the producibility of their use and the 
longevity of the seepage-control screen. 

The bentomats have been used abroad for several decades already. “NAUE” (Germany) developed and 
patented bentonite mats of the “Bentofix” brand back in 1937. “Bentofix” brand bentonite mats are made from 
natural sodium bentonite in the form of a powder, mainly with a fraction of 063.0≤  mm (85 %). Due to the 
use of bentonite powder, the best (uniform) seepage-control characteristics of bentomats (over the entire 
surface) are achieved, resulted in the instant hydration upon contact with water. Due to the absence of air 
cavities in the mats, a higher internal pressure is created inside, which provides higher seepage-control 
properties of the material [6]. 
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Bearing and covering geotextile materials in such bentomats are needle-punched together with 
subsequent heat treatment, resulting in the formation of a so-called “thermal lock”, which contributes to higher 
shear strength of the lower and covering geotextiles, and due to high internal pressure, the period of the 
bentomat hydration and self-healing of possible damage is reduced [6]. 

Starting from 2012 the Donskoy Principal Canal (DPC) (Rostov region, Russian Federation) has been 
under reconstruction that provides for the expansion of the canal from 45th to 112th km, an increase in its flow 
efficiency from 80 m3/s to 110 m3/s and a lining with a seepage-control screen made of “Bentofix” bentomats 
in the most dangerous areas with a length of more than 2500 m with a protective coating of rockfill (thick at 
the bottom – 0.7 m, on the slopes – 0.3 m [6]. 

On-site investigation and calculations of the efficiency of DPC sections with bentomat linings carried out 
at the end of 2018 by the authors of [6] showed high efficiency, reliability, and working capacity of the lining. 

Table 1 shows the results of comparing the efficiency of the canal lining made of bentomats with 
alternative options. 

Table 1. Estimated efficiency of seepage-control lining made of bentomats at DPC and 
alternative option in the 1st section (PK 108 + 62 – PK 112 + 94). 
Type of lining 

or screen 
Lining 

(screen) 
filtration 

coefficien
t, k , 

m/s 

Filtration 
resistance 

of the 
lining 

(screen),
F , m 

Specific 
filtration losses 
from the canal 
with the lining 

(screen) 

f.scr.Q or

f.alt.Q , 
m2/day 

The 
efficiency 
of lining 
(screen) 

use scr.Э  

or alt.Э  

Efficiency criterion 

f.scr.

f.land
1 Q

QN =  

or 

f.alt.

f.land
1 Q

QN =  

alt.

scr.
2 Э

ЭN =  
alt.

scr.
3 Ф

ФN =  

Bentofix lining 10-14 5.2∙108 1.3∙10-7 5∙106 5∙106 – – 
Alternative options 

Film screen 10-8 520 0.109 6.0 6.0 8.3∙105 1∙106 

Geomembrane 
screen 10-10 51800 0.0013 506.0 5∙102 1∙104 1∙104 

Clay 
compacted 

screen 
1.2∙10-9 4290 0.0015 427.0 4.3∙102 1.2∙104 1.2∙104 

Note: Specific losses for filtering from a canal in the ground channel f.landQ =  0.658 m2/day. 

The criteria given in Table 1 correspond to the following: 1N  is efficiency criterion for filtration costs of 

lining made of bentomats in comparison with the ground bed; 2N  is efficiency criterion according to the effect 
degree of the lining from bentomats in comparison with alternative options (film screen, screen made of 
geomembrane, clay compacted screen); 3N  is efficiency criterion for filtration resistance of a bentomat lining 
compared to alternative options. 

Analysis of the results of the calculated assessment of the criteria in Table 1 indicates that, according 
to the efficiency criterion, 1N  the lining made of bentomats far exceeds the ground channel by 5⋅106 times, 

and alternative options exceed the ground channel by 6 to 500 times. According to the criterion 2N , the lining 

made of bentomats exceeds all alternatives from 1⋅104 to 8.3⋅105 times, and by the criterion 3N  is respectively, 
from 1⋅104 to 1⋅106 times. Thus, according to all the criteria, a very high assessment of the efficiency of 
bentomat lining was obtained, and this characterizes its high seepage-control properties. 

Figures 2, 3 show the results of studies of the longevity (service life) of a lining with a polymeric 
geomembrane made of HDPE polyethylene with a thickness of 1.0 mm in a test basin where samples of 
materials were in different conditions. 
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Figure 2. Change in the coefficient of aging of polymer membranes by breaking elongation 

in various conditions: 1 – under water at t = –20+30 °C;  
2 – direct atmospheric exposure at t = –20+30 °C;  

3 – a protective coating of ground with a thickness of 0.5 m at t = –15+20 °C. 

22

23

24

25

26

27
blnσ

3.4

3.2

3.0

2.8

2.6

2.4
0 10 20 30 40 50 60 70

0 30 60 90 120 150 180 210

5.135.0 b =⋅σ kN/m

1

3

2

α

 kN/m

year

month

1 – Experimental curve
2 – Curve
3 – Curve extrapolation

0175.0== αtgKat

bσ

( )monthb τσ f=

( )yearbln τσ f=

( )yearbln τσ f=

τ
τ

 
Figure 3. Diagram of changes of geomembrane strength at break depending on the time of 

observation. 

Studies have shown the aging coefficient of the polymer geomembrane 0/εετε =K  (where 0ε  is the 

initial value of the relative elongation of the geomembrane at break )( bσ ; τε  is the relative elongation after 
exposure over time τ ). On the diagram, in the logarithmic coordinates (Figure 3.2) during the exposure of the 
samples (10 years) and their further extrapolation, the service life of the geomembrane under water was equal 
to 70 years, and under the protective coating from the ground – 83 years. Under direct atmospheric exposure 
(ultraviolet radiation), curve 3 is characterized by a significant drop in values εK  with the intersection of the 

limit line with Kε = 0.5 at τ =  25 years. 

Figure 3 shows the experimental curve 1 of the change in the geomembrane strength at break 
)( monthb tf=σ , which intersects the abscissa axis with t = 120 months or 10 years, curve 2

)(ln monthb tf=σ  is built on a different time scale for clarity, which is built on the upper section based on the 
results of testing the geomembrane under a protective coating of ground, and on the bottom one, it is 
extrapolated as a straight line on a semi-logarithmic scale. We will use these data to calculate the longevity 
(service life) according to the Arrhenius equation, which has the following form: 
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⋅⋅′′−= τδδ
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lnln , (4) 

where pδ  is minimum strength, kN/m; 

0δ  is initial strength, kN/m; 

Q  is activation energy; 

E  is reaction energy; 

K ′′  is the coefficient including the constants K  and K ′  is a function of the concentration of 
substances, as well as their nature. 

After transforming equation (4) we obtain an expression for determining the longevity (service life): 

 

E
Q

p

eK
−

⋅′′

−
=

σσ
τ

lnln 0 , (5) 

where K ′′  is the coefficient determined by the slope of line 3, as αtg : 

0175.0
40

6.23.3
=

−
==′′ αtgK . 

Substituting the found value in equation (5), we obtain the value of the service life of the geomembrane 
according to the Arrhenius equation: 

0.65
3.3 2.6 0.7 76.5

0.0175 (1/1.912)0.0175 e
τ −

−
= = =

⋅⋅
 years, 

where the ratio 
Q
E
= 0.65 is taken. 

The obtained value of τ = 76.5 years according to the Arrhenius equation closely matches the data in 
Figure 3.2 in the presence of water or a protective coating from the ground. 

3.4. Technique for calculating the efficiency and longevity of the bentomat lining taking 
into account their self-healing 

This technique for calculating efficiency (water permeability) is based on the assumption that during the 
operation of such lining the damage can happen, so they will be healed as a result of the regeneration of 
bentonite granules. 

To calculate the water permeability of a screen made of bentomats (Ca-bentonite) with a 
protective ground layer (ground-film lining), we will use the method of successive change of steady states 
proposed by. It lies in the fact that the entire process of non-steady filtration is divided into a number of steady 
states, when damage is partially healed, where we will consider the filtration costs through the damage over 
a time interval τ∆  to be constant, and the leakage volumes vary along a concave curve. 

Figure 4 shows a diagram of the water permeability of the bentomat screen under conditions of healing. 

a)  
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b)  
Figure 4. Scheme of water permeability of a bentomat screen with a protective  

layer of ground under conditions of damage self-healing: 
a) design diagram of screen permeability; b) a graph of changes in costs and volumes of leakage 

through the screen; 
1 – a protective layer of ground; 2 – seepage-control screen from bentomats;  

3 – contour of the initial damage; 4 – domed filtering area at the base of the screen;  
5 – contours of changes in the position of damage at time instants 1τ , 2,τ  ... 3τ ;  

6 – filtration area in the protective layer of ground. 
To calculate the water permeability in the conditions of healing of bentomat we will accept the following 

assumptions: 

1. damage to the screen is formed during prolonged use of the canal due to significant deformation of the 
ground base under the screen; 

2. the pressure on the screen will be assumed constant and appropriate to the normal operation of the 
canal; 

3. healing of screen damage occurs due to repeated regeneration; 

4. the boundaries of the damage healing contours are conditionally accepted around the circumference. 

For the following screen healing contours: 
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where ir  is the radius of damage during healing. 

The time interval ( t ) is determined by the formula: 

 
intn
ττ =∆ . (7) 

Taking the number of intervals int( 10)n = , ∆τ  will be as follows: 

75.3
10

5.37
==∆τ  hours. 

Then the radius of the hole in the screen during healing will be the following: 

 0int0 rnrri ⋅−= , (8) 

where intn  is the number of intervals when healing damage. 

The amount of water leakage during the time interval i∆τ  will be: 

 iii qV τ∆⋅=∆ .av , (9) 

where .av iq  is the average consumption for the healing time interval i∆τ , 
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The total volume of leakage during filtration for the entire healing period ( )τ  is found as: 
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With 2 1/ 10k k <  the calculated formula of the filtration flow will take into account the pressure in the 
hole (3) [12]. For the initial screen damage contour. 

For the following healing contours: 
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Let us consider an example of calculating the water permeability of a bentomat lining film based on self-
healing of bentonite granules. 

Initial data: 10сL =  km 10000=  m, 15сχ =  m, 1 1.0k =  m/day, 2 0.3k =  m/day, 0 0.5δ =  m, 

0 3.0h =  m, 0 50d =  mm 0.05=  m 5.0=  sm, 0 0 / 2 0.05 / 2 0.025r d= = =  m, 0.5сН =  m, 
37.5τ =  hour, 10n = . 

1. Let us determine the speed of healing of circle damage in the bentomat screen according to the 
formula: 

 
τ
0rv = , (13) 

at 0 0.025r =  m: 

00067.0
5.37

025.0
==v  m/hour 67.0=  mm/hour. 

2. Let us determine the time interval i∆τ  by the formula (7): 

75.3
10

5.37
int

===∆
ni
ττ  hours. 

3. The radius of change of the hole in the screen for the i-th interval is: 

rnrri ∆⋅−= int0 , 

where r∆  is the change in the radius of damage in one time interval  
( 0 int/ 0.025 /10 0.0025r r n∆ = = =  m =2.5 mm). 

4. Let us calculate the filtration leakage rate for the entire healing period, according to the formula (12): 

at 0 0.025r =  m: 

=
⋅⋅

−+⋅⋅⋅
=

−+
=

)025.014.3/5.08ln(
)21.25.00.3(025.00.114.32

)/8ln(
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10001
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162.0
93.3

636.0
==  m3/day, 

where: 
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33.33.0/0.1/ 21 === kkσ . 
The summary results of the calculation of the permeability of the bentomat through a single damage are 

presented in table 3.2 (at 0h = 3.0 m, 0δ = 0.5 m, 0d = 0.05 m, 1k = 1.0 m/day, 2k =0.3 m/day, 
τ =  37.5 hour). 

5. The amount of leakage through a single damage to the ground-film lining made of bentomats 
according to the formula (12): 

at 1τ =3.75 hour, 154.0
2

195.0162.0
av.1 =

+
=q  m3/day, 

0244.0156.0154.0av.11 =⋅=∆⋅=∆ τqV  m3. 

In accordance with the performed calculations and total leakage for the healing period τ = 37.5, 
presented in Table 2, the total leakage )(V  through possible single damage to the bentomat after its complete 

healing will be V =0.1223 m3. 

Then the total volume of filtration leaks through the total number of possible damages at n = 10 will be: 

223.1101223.010 total =⋅=⋅== nVV n  m3. 

Figure 5 shows diagrams of changes in filtration flow depending on the time of healing of a single 
damage, as well as the volume of water leakage through circular damage, which decreases due to the 
regeneration of bentonite and healing damage. 

 

Figure 5. Diagrams of dependencies )( ii fq τ= and )( ii fV τ= . 

According to this diagram, the filtration flow curve )( ii fq τ= varies from the healing time period along 

a certain curve close to a straight-line dependence, and the curve )( ii fV τ= of the volume of water leakage 
through possible single damage to the bentomat is of the type related to the parabolic curve. 
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Table 2. Summary results of the calculation of water permeability through a single damage to 
the ground-film lining from bentomats. 

Number 
of 

intervals

int .in  

Time 
interval 

i∆τ , 
hour 

The time 
period for 
healing 

damage, iτ , 
hour 

The radius of 
the hole when 

healing 
damage, ir , m 

Piezometric 
pressure in 

the hole, 

1ih , m 

Filtration 
flow rate for 

the time 
interval iq , 

m3/day 

The 
average 
filtration 
rate for 
the time 
interval 

.sr iq , 
m3/day 

Amount of 
leakage 
per time 
interval 

iV∆ , m3 

Total 
leakage 
over a 

period of 
time iV , 

m3 

0 0 0 0.0250 2.21 0.162 
0.154 
0.136 
0.118 
0.102 
0.085 
0.068 
0.052 
0.036 
0.022 
0.007 

0.0244 
0.0213 
0.0185 
0.0158 
0.0133 
0.0107 
0.0081 
0.0057 
0.0034 
0.0011 

0.0244 
0.0457 
0.0642 
0.0800 
0.0933 
0.1040 
0.1121 
0.1178 
0.1212 
0.1223 

1 3.75 3.75 0.0225 2.18 0.145 
2 3.75 7.50 0.020 2.16 0.127 
3 3.75 11.25 0.0175 2.13 0.110 
4 3.75 15.00 0.0150 2.10 0.093 
5 3.75 18.75 0.0125 2.06 0.077 
6 3.75 22.50 0.0100 2.02 0.060 
7 3.75 26.25 0.0075 1.96 0.044 
8 3.75 30.00 0.0050 1.89 0.029 
9 3.75 33.75 0.0025 1.77 0.014 

10 3.75 37.50 0.0 – 0.0 
 
6. The predicted service life (longevity) of the bentomat lining. The calculation is carried out according 

to the Rice equation [11]. The source data is taken according to analogues. 

Initial data: .perП = 5.1⋅10–12, 0Пτ = 2.2⋅10–11, .
0

10 0 83
12

kσ
σ
σ

= = = , v = 0.04, 

0

2 2 12 2 12 2
00.10 0.10(2.2 10 ) 0.484 (10 )Пm П

τ
τ − −= ⋅ = ⋅ = ⋅ . 

The service life of the bentomat lining is determined by the formula [11]: 
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Pτ  years. 

Thus, the predicted service life of the bentomats with the adopted initial data will be about 130 years. 
According to research [20], the service life of a bentomat screen is 200 years. 

3.5. Comparative analysis of the efficiency and longevity of various types of seepage-
control canal linings 

Using the data of calculations of the efficiency and reliability of seepage-control linings given above in 
paragraphs. 3.2 and 3.3, we will conduct a comparative analysis of various types of seepage-control linings. 
The summary results of the lining calculation are presented in Table 3. 

As a criterion for the lining efficiency during comparison, we will use the averaged filtration coefficient 
of the lining calculated according to the theoretical formulas obtained by the methods of filtration theories (by 
the method of conformal mappings and the motion hodograph). 

Comparing the value of the averaged filtration coefficient of concrete lining with the permissible value, 
we can see that the calculated value is more than the allowed value  
( .scrk′ = 2.13⋅10–5 m/s> . .scr nork′ =0.55⋅10–6 m/s), i. e. the necessary efficiency condition is not fulfilled here. 
This is due to the relatively high permeability of the concrete lining, which exceeds the permissible filtration 
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coefficient by 2.6 times. We can obtain similar data on other traditional lining such as: ground film and concrete 
film with a plastic film. 

Table 3. Results of the calculation of the efficiency and reliability of different types of seepage-
control canal linings. 

The name of the 
efficiency and 

reliability indicators 

Types of seepage-control linings 

Concrete 
Ground-
film (with 

a film) 

Concrete
-film (with 

a film) 

Concrete-film 
(with 

geomembrane) 

Ground-film 
(with 

geomembrane) 

From bentomats 
(according to the 
company “NAUE” 

[2]) 
1. The average 

coefficient of lining 
filtration, scr.k ′ , m/s 

 
2. Allowed filter 

coefficient, scr.per.k ′  

 
3. The probability of 

fail safe 
performance, )(tP  

 
4. The probability of 
lining failure, )(tQ  

5. Longevity 
(service life) of 

lining, scr.τ , years 

2.13⋅10–5 
 
 
 
 

0.55⋅10–6 
 
 
 

0.95 
 
 
 

0.05 
 
 
 

35.5 

0.5⋅10–9
  

 
 
 

1⋅10–8
  

 
 

0.90 
 
 
 

0.10 
 
 
 

25.0 

1.4⋅10–9 
 
 
 
 

2⋅10–8 

 
 
 

0.90 
 
 
 

0.10 
 
 
 

40.0 

0.215⋅10–10 
 
 
 
 

0.372⋅10–6 

 
 
 

0.99 
 
 
 

0.01 
 
 
 

61.3 

0.1⋅10–10 
 
 
 
 

1.65⋅10–6 

 
 
 

0.990 
 
 
 

0.010 
 
 
 

75.6 

0.5⋅10–11 
 
 
 
 

5⋅10–11 

 
 
 

0.999 
 
 
 

0.001 
 
 
 

130.0 

 
When comparing the data of the efficiency of concrete lining with concrete-film lining, including a 

geomembrane, we are convinced that the latter one has less permeability by 4101⋅  time, and, consequently, 
the efficiency of concrete-lining is 10,000 times higher than concrete. Such a high efficiency of concrete-film 
lining with a geomembrane is explained by an increase in its waterproofing properties due to the use of a 
geomembrane, which is characterized by high resistance to puncturing and other damages. 

Even greater efficiency was obtained for a ground-film lining with a geomembrane, and compared to 
concrete lining it is 4.26⋅106 times. 

The analysis of the calculation results in Table 3 shows that the greatest efficiency and reliability are for 
Bentofix linings from “NAUE” (Germany): by filtration coefficient – 0.5⋅10–11 m/s. According to the calculation, 
the predicted service life of such a lining is about 130 years, which is 3.6 times higher than for concrete lining, 
2.1 times higher than for concrete-film lining with a geomembrane and 1.7 times higher than for a ground-film 
lining with a geomembrane. 

Table 4. Comparison of the obtained results with other authors on the leakage rate during the 
filtration through the damage of the bentonite covering. 

Source data 

Leakage rate due to initial screen damage, 

0q = m3/day, according to the formulas 

Authors (2)/(1) V.N. Zhilenkova 
J.P. Giroud at n 

10 15 20 

0h  = 3.0 m, 

0δ  = 0.5 m, 

0d  = 0.05 m, 

1k  = 1.0 m/day, 

2k  = 3.0 m/day. 

at 2 1/k k < 10 

0.162 
0.150
7.4 %

 0.082
45.3 %

 0.122
24.7 %

 0.164
1.2 %−

 

at 2 1/k k ≥ 10 

0.439 
.
. %

0 427
2 7

 .
. %

0 0334
92 4

 .
. %

0 0501
88 6

 .
. %

0 0668
84 7

 

Note:  
1. The numerator is values 0q , m3/day, in the denominator there is a discrepancy with the authors' formulas, %. 

2. In the formula of J. P. Giroud takes into account the number of damages n and the screen area on which they 
are located A = 1 acre = 4000 m2. 
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Table 5. The comparison of the obtained results with other authors (companies) regarding the 
durability (service life) of the screen of bentonite coverings. 

Source 
data 

Screen life (lifetime), τ , years 
Calculation by Rice 

equation (14) 
According to BAM [20] using the 

Arrhenius equation 
According to 
“Bentizole” 

dopП = 5.1⋅10–12 

0Пτ = 2.2⋅10–11 

kσ = 0.83 

pv = 0.04 

129.5 
at t  = 15°C 

200.0 
> 400.0 Not limited 

 
Table 6. The comparison of the obtained results with other authors (companies) regarding the 

durability (service life) of the screen of the geomembrane. 

Source 
data 

Screen life (lifetime), τ ,years 

Calculation using 
the Arrhenius 
equation (5) 

According to 
Carpi 

According to the 
German Institute 
of Technology 

(DIBT) 

According to 
Polypine 

According to 
[18] 

0рσ = 26.5 kN/m 

рσ =  22.0 kN/m 

Kε = 0.5 

76.5 
200
50

 500 80 47–97 

Note: The numerator shows data for closed geomembranes, the denominator – for open geomembranes. 
 
The comparison of the obtained results with other authors on the consumption of leaks for filtration 

through the initial damage in the bentonite covering (Table 4) shows a satisfactory convergence with the 
formula of V.N. Zhilenkov, as well as the empirical formula of J.P. Giroud at 2 1/k k < 10. However,  

2 1/k k > 10 in the case of J.P. Giroud's formula the results are erroneously low. 

The results of the calculations of the screen durability (service life) of bentonite covering  (Table 5) show 
similar results according to the Rice equation and the data of the Institute of BAM (Germany) at t = 15°C. 
However, the second result of BAM – 400 years – is very much overestimated, and the last one according to 
“Bentizol” is not real. 

The comparison of the obtained results on the durability of the screen from the geomembrane (Table 6) 
shows that the calculations made by the authors according to the Arrhenius equation (5) give close values of 
service life with the data [18] and “Polypine”. At the same time, according to Carpi company, they are 
significantly overestimated, and the values τ  according to DIBT (the German Institute for Technical 
Construction) - overstated many times (more than 5 times). 

4. Conclusions 
1. According to the results of the conducted researches the authors received new scientific results, 

which consist for the first time in estimation of efficiency (water permeability) of seepage-control lining from 
bentonite coverings taking into account their autogenous healing, as well as in the calculation method of the 
determination of durability of geosynthetic materials: bentonite coverings, geomembranes, which are 
confirmed by other studies. 

2. The criteria for the efficiency and longevity of the seepage-control canals linings with anti-filter 
elements made of geomembranes and bentomats for water resistance, tensile strength, elongation and 
longevity (service life) have been formulated. The criteria for the efficiency of protection against end-to-end 
damage to the geomembrane and bentomats, hydraulic efficiency, the degree of destruction and the longevity 
have been proposed for protective coatings. 

3. A technique to evaluate the efficiency and longevity of bentonite mats has been developed taking 
into account self-healing of possible damage due to the regeneration of Ca-bentonite. For the calculation, the 
method of successive change of steady states is used, when the unsteady filtering process through a single 
damage is divided into a number of steady states for a time interval τ∆ . Application of the technique is 
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illustrated by an example of calculation and graphical dependencies of changes in filtration flow )( ii fq τ=
rate and leakage amount )( ii fV τ= . 

4. The Rice equation is used to calculate the predicted life of the bentomat lining which helped to obtain 
calculate dependence to determine the service life. The considered calculation example with given initial data 
allowed us to obtain a bentomat service life of about 130 years. 

5. Based on the surveys of the Donskoy Principal Canal with Bentofix Na-bentonite linings, we have 
obtained a calculated assessment of the efficiency of such a lining for three criteria, which confirms the high 
efficiency of the bentomat compared to the ground channel of the canal, which is equal by the criterion 

1N =  5⋅106 times, and also by efficiency with alternative options according to the criterion 2N = 1⋅104÷8.3⋅105, 
the lining of bentomats exceeds all alternatives from 1⋅104 to 8.3⋅105 times and according to the criterion 

3N =  1⋅104÷1⋅106 times compared to filtration resistances. 

6. The studies of changes in the coefficient of aging of the geomembrane made of HDPE polyethylene 
by relative elongation in the test basin for 8–10 years allowed to extrapolate them in a diagram in logarithmic 
coefficients and to obtain the service life of the geomembrane under a protective coating of ground of 0.5 m 
thick equal to t = 83 year; at the same time, the calculation by the Arrhenius equation gave a result close to 
extrapolation and is equal to τ = 76.5 years. 

7. A comparative analysis of the efficiency of various types of seepage-control linings showed that the 
bentomat linings with a filtration coefficient (that is respectively in 50–25 times less than the ground-film and 
concrete-film lining with a geomembrane and more than 4⋅106 time less than the most ineffective concrete 
lining) are the most effective. In addition, the bentomat lining has the highest service life of about 130 years, 
which is 3.66 times greater than for concrete lining. 
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Abstract. Abrasion erosion is one of the serious problems that encounters the concrete surfaces exposed to 
speedy water flow in hydraulic structures, affects their service life and poses the need to expensive 
maintenance works. Some parts of the hydraulic structure like chute blocks and baffle piers in spillways are 
designed to face direct impact of water and waterborne materials. For such type of loading, the water-jet test 
method can be used to simulate the abrasion erosion of concrete surfaces. In this study, an experimental work 
was conducted to evaluate the abrasion erosion of self-compacting concrete under the effect of water impact. 
Plate specimens from six mixtures with 30, 40 and 50 MPa design stengths and with 0, 0.5, 0.75 and 1.0 % 
steel fiber contents were tested using the water-jet method. The results showed that increasing the strength 
from 30 to 40 MPa can reduce the abrasion losses by approximately 17 %, while using steel fibers with 
volumetric contents of 0.75 and 1.0 % can improve the abrasion resistance by more than 23 %. It was also 
concluded that the best percentage abrasion resistance improvement was gained when the strength of the 
plain specimens was increased to 50 MPa, which was 30 % compared to the plain 30 MPa sample. 

1. Introduction 

The reduction in concrete quality in structural members can in several cases be attributed to the 
inadequate compaction, which affects the strength and durability of the produced structural member. This 
problem was distinguished in Japan before 1990. Between 1988 and 1999, leading research works [1, 2] were 
conducted in the University of Tokyo to surpass this problem and produce a durable self-consolidating 
concrete. This type of concrete was first named as high performance concrete, then after, the term Self-
Compacting Concrete (SCC) became more popular [3]. Several favorable characteristics can be named for 
SCC including self-consolidation under own weight, reduction in number of labor required, reduced noise in 
site, reduced construction period and avoidance of fresh-state concrete defects, which results in more durable 
surfaces [3, 4]. Any SCC mixture should have the characteristics of flowability, passing ability and segregation 
resistance. The limitations of the required SCC fresh properties and their tests are detailed in several 
standards, among the most important of which are the ACI 237-R [4] and the European Specifications 
EFNARC [5]. The first application of SCC was in Japan in 1990 where most of the reinforced concrete 
members of a building structure were cast using SCC. Then in 1991 it was used in the towers of the Shin-Kiba 
Ohashi prestressed concrete cable-styled bridge [3]. Since that it was extensively used around the world in 
buildings, bridge structures, tunnels, box-culverts and dam structures. In 2012, several important hydraulic 
structures in the Upper Gotvand dam in Khuzestan/Iran [6] were constructed using SCC. Among these 
structures is the pressure tunnel that includes four entrances with 11 m diameter each and total length of more 
than 5000 m.  

One of the serious problems that affect the durability of hydraulic structures is the abrasion erosion of 
concrete surfaces subjected to high-speed water flow. This flow is mostly accompanied by waterborne 
materials, which might be as small as sand and gravel and as big as rocks. Such flow with such erodent 
materials causes shearing or impact abrasion forces that may lead to serious defects in the exposed surfaces. 
Two tests are being used during the current and last decades to qualitatively evaluate the abrasion erosion of 
concrete surfaces in hydraulic structures. The first is the standard ASTM C1138 [7] under water abrasion test 
method, while the second is the non-standard water jet test method developed by liu et al. [8]. The first 
simulates the abrasion erosion due to the movement of water and waterborne materials, where the direction 
of this movement is parallel to the concrete surface. In this method, the main cause of abrasion action is the 
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shearing frictional forces of water and erodent materials. On the other hand, the water jet method simulates 
the impact action of water and waterborne materials on surfaces that are normal to the direction of flow. Some 
valuable experimental research works were found in the literature on the abrasion erosion of different concrete 
types using the ASTM C1138 method [9–14] and the water jet method [15–20]. However, few trials were found 
in the literature on the evaluation of SCC abrasion, yet, none of which was under the effect of water and 
waterborne materials. Turk and Karatas [21] used the ASTM C779 [22] dry abrasion procedure to investigate 
the effect of the quantity of silica fume and fly ash in the concrete mixture on the SCC resistance to dry abrasion 
action. Their results showed that SCC was superior to normal concrete in abrasion resistance. The results 
also revealed that increasing silica fume and decreasing fly ash in the mixture lead to better abrasion 
resistance. Ghafoori et al. [23] used the same dry abrasion method (ASTM C779) to test SCC specimens. The 
authors found that SCC exhibited 50–70 % lower abrasion losses than ordinary concrete. 

The inclusion of metallic or synthetic fibers to SCC may reduce its flowability, but can positively influence 
its strength and durability. Fibers are known to improve the physical properties of concrete when applied in 
sufficient quantities. Steel fiber can noticeably improve the resistance of concrete mixtures and reinforced 
concrete members to tensile, shear, flexural and torsional loads. It can reduce the crack width and improve 
the stiffness, ductility, surface hardness and resistance to impact loads [24–29]. Recent researches showed 
that steel fiber with volumetric contents of 0.3 to 1.0 % can reduce the surface abrasion losses. Liu et al. [15] 
showed that the inclusion of 1.0% of steel fiber led to lower abrasion losses by 39 %, while Horszczaruk [9] 
showed that the effect of fiber on abrasion resistance depends on many factors including its aspect ratio and 
distribution in the mixture, where 30 mm length steel fiber could retained lower abrasion losses by 
approximately 18% compared to plain mixture. Using the water-jet method, Ristic et al. [16] showed that 0.3 % 
of steel fiber could reduce the abrasion by approximately 9 to 15 %. 

The literature review conducted in this research shows that although several experimental researches 
were found on the abrasion resistance of concrete under water flow effect, the available experimental data 
about this problem still much less than required. The response of several new concrete types still not well 
defined and the influence of several mixture ingredients still not well investigated. There still a need for more 
research works to improve the knowledge about the problem of abrasion erosion of concrete surfaces in 
hydraulic structures. Moreover, although SCC was used to construct many hydraulic structures, the reviewed 
literature reveals that none of the previous experimental researches tried to evaluate the impact abrasion 
erosion of SCC under water movement effect, especially with the presence of steel fibers. Therefore, this 
research tries to fill some gap of knowledge in this field by conducting an experimental work on the abrasion 
erosion of steel fiber-reinforced SCC under direct impact of water and waterborne materials. 

2. Methods 

The water jet test method was used in this work in order to estimate the resistance of SCC to the 
abrasion erosion that occurs due to direct impact of water and waterborne materials in hydraulic structures. 
For this purpose, six SCC mixtures were prepared and checked first for their filling, passing and segregation 
resistance abilities at the fresh state. Then, plate samples were prepared from the mixtures and kept in 
temperature-controlled water tank until testing date at age of 28 days. 

2.1. Mixtures and materials 

Basically, a SCC mixture was adopted from literature [30], then several trials were made to correct the 
quantities so that all required mixtures passes all SCC fresh properties tests. Six mixtures were prepared to 
study both the concrete strength and fiber content effects. The basic mixture has 30 MPa design strength but 
without fiber. For the same concrete strength, three other fibrous SCC mixtures with fiber contents of 0.5, 0.75 
and 1.0 % were prepared, while two mixtures with higher design strengths of 40 and 50 MPa but without fiber 
were prepared to investigate the strength effect. To evaluate the strength of the prepared SCC mixtures, 
compressive strength and splitting tensile strength based on the ASTM standards were tested for all mixtures 
at the same day of abrasion test. 

Different dosages of type R42.5 ordinary Portland cement were used in this investigation so as to 
produce SCC mixtures of different grades. A powder of limestone which is produced locally was added too but 
with constant small quantity of 70 kg/m3 as filler in order to provide better homogeneity for all mixtures, while 
70 kg/m3 of silica fume was used with the 50 MPa strength mixture only. The course aggregate was crushed 
siliceous stone with maximum size of aggregate of 12.5 mm, while local siliceous sand was used as fine 
aggregate. To accommodate SCC mixtures with required workability and viscosity, Sika Viscocrete-5930 
superplasticizer was added with different dosages based on trial mixtures. Straight micro-steel fiber was used 
with length and diameter of 15 and 0.2 mm, while its tensile strength was 2600 MPa. Table 1 shows the details 
of the prepared SCC mixtures. 
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Table 1. Proportions of SCC mixtures. 

Mixture 
Cement 
(kg/m3) 

FA 
(kg/m3) 

CA 
(kg/m3) 

Water 
(kg/m3) 

W/B 
 

SP 
(kg/m3) 

Fiber 
(kg/m3) 

C30F0 400 1060 586 185.00 0.394 9.500 0.0 
C30F0.5 425 1096 519 196.56 0.397 13.550 38.0 

C30F0.75 425 1096 519 196.56 0.397 13.550 58.5 
C30F1 435 1110 494 217.00 0.430 15.000 78.0 
C40F0 500 990 586 200.00 0.351 10.250 0.0 
C50F0 550 950 543 200.00 0.290 17.857 0.0 
FA: Fine aggregate, CA: Coarse aggregate, W/B: Water to total binder ratio, SP: Superplasticizer 

2.2. Fresh SCC tests 

To ensure that the prepared mixtures fulfill the required fresh properties of SCC, six SCC fresh tests 
were adopted to validate the three main test categories which are the flowability, passing ability through steel 
bar reinforcement and resistance to segregation when cast from to deep sections. Three tests were adopted 
to check the flowability of the prepared mixtures, which are the slump flow [5, 31], T50 [5, 31] and V-funnel 
tests [5]. The former two tests were adopted for all mixtures, while the V-funnel test was carried out for the 
three plain SCC mixtures (C30F0, C40F0 and C50F0). On the other hand, the J-ring [5, 32] and L-box tests 
were used to check the passing ability through reinforcement obstacles. The L-shaped box was used in this 
study as per the standard dimensions of EFNARC [5]. This test was performed to evaluate the three plain 
mixtures only, while the J-ring test was used for the six SCC mixtures. Finally, the rapid penetration test was 
used according to the specifications of ASTM C 1712 [33] to evaluate the segregation resistance of the six 
SCC mixtures. Table 2 lists the acceptable records of the performed fresh properties tests according to both 
EFNARC and ASTM standards. 

Table 2. Fresh SCC mix limitations. 

Test 
Limitations 

EFNARC ASTM 

Slump flow (mm) 650-800 
480-680* 

or 
530-740** 

T50 (sec) 2-5 2-5 

ΔJ-ring (mm) 0-10 
0-25 + 

25-50 ++ 

Penetration (mm)  
0-10 † 

10-25†† 
L box 0.8-1  

V funnel (sec) 6-12   
* Single-operator precision    ** Double-operator precision    + No visible blocking  ++ Minimal to noticeable blocking  

† Resistance to segregation †† Moderately resistance to segregation 

2.3. The water-jet abrasion test 

In this work, the water jet test was considered to experimentally simulate the abrasion of vertical SCC 
surfaces in hydraulic structures. In order to simulate the abrasion erosion that occurs in hydraulic structures 
due to the impact effect of the carried sediments, plate samples of 200×200×50 mm were tested under the 
direct high-pressurized water. The test was conducted at nine time steps of one-hour each. Thus, the 
specimens were exposed to the abrasion test for nine hours. The weight of the sample was recorded after 
each time step. The test procedure includes the pumping of water from a tank that contains 1 m3 of water, that 
is mixed with erodent materials, through a 200×10 mm nozzle at high pressure. In this test, the same procedure 
was used but using circular nozzle with a diameter of 50 mm. The velocity of the water jet was 20 m/s and the 
erodent material was graded sand with a concentration of 30 kg/m3. Figure 1 shows the water jet abrasion 
testing tank used in this investigation. 
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Figure 1. The used water-jet abrasion testing apparatus. 

3. Results and Discussion 

3.1. Results of Fresh Concrete Tests and Control Tests 

Figures 2 and 3 display the results of fresh concrete tests. These figures show that the produced SCC 
mixtures fulfill the requirements of standard SCC with an appropriate flowability, average viscosity which is 
enough to prevent segregation and finally, acceptable passing ability according to the standards of ASTM and 
EFNARC. 

Figure 2 shows that the flowability was reduced as the design strength increased. For mixtures of 40 
and 50 MPa (without fiber), where the slump flow diameter was reduced by 2 and 18.54 %, the T50 flow time 
increased by 28.8 and 150 %, and the V-funnel time increased by 14.3 and 46.4 %, respectively, compared 
to the mixture of 30 MPa. The decrement of w/b ratio can be considered as the main cause of such behavior 
in spite of the increment of SP. This result is in agreement with the fact that in the range of acceptable slump 
deformability, the influence of minimizing the water content appears to be more controlling on flow time than 
superplasticizer (SP) influence [34]. The obstruction of J-ring increased by 60 and 80 % for grades of 40 and 
50 MPa mixtures, respectively, compared to grade 30 MPa mixture, while the height ratio of L-box (H2/H1) 
decreased by 1 and 14 %, respectively. This obviously reflects the significant decrement of passing ability and 
higher blocking occurred by the decrement of water content. On the other hand, the segregation resistance 
was clearly enhanced as concrete grade increased. For mixtures of 40 and 50 MPa design strengths, the 
penetration test results reduced by 10 and 40 %, respectively, compared to the 30 MPa mixture. This result 
can be attributed to the increment in fine materials content and the noticeable reduction in w/b ratio.  

(a)  
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(b)  

(c)  

Figure 2. Fresh SCC tests of the mixtures with different design strengths (a) flowability tests  
(b) passing ability (c) segregation resistance. 

Figure 3 shows that the inclusion of fibers negatively influences the fresh properties of SCC. As steel 
fiber content increased, slump flow test results clearly decreased in spite of the increase in w/b ratio and 
superplasticizer dosage. For example, for 1% fiber addition, the w/b ratio and SP increased by approximately 
7.8 and 58%, respectively, while the slump flow diameter reduced by about 7.3% as compared with the slump 
flow for plain mixture. Similarly, the flow time increased due to steel fiber inclusion, while the J- ring obstruction 
increased by approximately 160, 180 and 300% for mixtures with 39, 58.5 and 78 kg/m3 of steel fiber, 
respectively. On the other hand, mixtures segregation was slightly increased but remained in the acceptable 
range, which returns to the use of larger water and superplasticizer quantities in order to attain appropriate 
flow and passing abilities.  

 

Figure 3. Fresh test results of fiber-reinforced mixtures. 
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3.2. Results of the Water Jet Abrasion Test 

The decrease in the specimen weight due to abrasion was recorded in this investigation using the 
Percentage Abrasion Weight Loss (PAWL). It stands for the weight difference between the primary weight of 
each sample and its weight after a certain period of testing time, divided by its primary weight and multiplied 
by 100, as shown in the following equation, in which wp  and wt are the primary weight and the weight of the 
specimen after (t) hours of testing, respectively: 

(%) 100( ) /p t pPAWL w w w   (1) 

Figure 4 shows that the PAWL of all specimens significantly increased with testing time. The relation of 
PAWL with time seems to be linear for the 30 MPa specimen, while it is multi-linear for the higher grade 
specimens. Figure 5 shows that for the test specimens of grade 30 MPa, the PAWLs at testing times of 3, 6 
and 9 hours were 0.43, 0.81 and 1.18 %, respectively. On the other hand, the PAWLs of grades 40 and 50 MPa 
for the same time sequence were 0.45, 0.71 and 0.97 % and 0.39, 0.69 and 0.83 %, respectively. It can be 
noticed that at all test intervals, the PALWs of grade 30 MPa were the highest except at the first three hours 
of testing in which grade 40 MPa exhibited higher PAWL, while the PAWLs of grade 50 MPa were permanently 
the lowest. Comparing the results at the end of the test, it is clear that the abrasion resistances of SCC mixtures 
with design strengths of 40 and 50 MPa were higher than that of 30 MPa by 17.8 and 30 %, respectively. 
These results are also shown in the final abraded surfaces shown in Figure 6, which shows that the 30 MPa 
specimen suffered higher surface abrasion losses.   

 
Figure 4. PAWL-testing time for different design concrete grades. 

  
Figure 5. PAWL-concrete design grade after 3, 6 and 9 hours of abrasion testing. 
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30 MPa 40 MPa 

 
50 MPa 

Figure 6. Abraded surfaces of the specimens with design strengths of 30, 40 and 50 MPa after 9 
hours of abrasion testing. 

Figure 7 shows the relation between the PAWL and various testing times for steel fiber contents of 0, 
0.5, 0.75 and 1.0 % by volume. It is obvious that the effect of fiber content on the PAWL was not clear during 
the early hours of abrasion testing, while at the end of the test, the plain specimen with 0 % fiber exhibited the 
highest PAWL value of 1.18 %, while the specimen with 0.5 % fiber exhibited the second highest PAWL value 
of 0.95 %. On the other hand, specimens with 0.75 and 1.0 % fiber contents exhibited the smallest PAWL 
values of 0.906 and 0.903 %, respectively. Figure 8 shows the above discussed influence of steel fiber addition 
on the PAWL at various testing time intervals of 3, 6 and 9 hours. At the end of the test, the abrasion resistance 
of fibrous SCC specimens with 0.5, 0.75 and 1.0 % fiber contents was higher than the corresponding plain 
one by 19.7, 23.4 and 23.7 %. Pictures of the abraded surfaces of the four specimens after 9 hours of abrasion 
testing are shown in Figure 9. Another notice is that the fibrous specimens, especially those with fiber contents 
of 0.75 and 1.0 %, exhibited multilinear variation with time, where the slope of this relation changed after 4 
hours of abrasion testing, while that of the plain specimen kept having approximately the same slope along 
the full test period.  

From to Figures 4 to 9, an important note was observed, that is the final PAWL values for all fibrous 
specimens of grade 30 MPa were lower than that of plain sample of grade 50 MPa. Specimens of 0.5, 0.75 
and 1.0 % fibers have lower PAWL values by 2.4, 6.8 and 7.1 %, respectively. This leads to a conclusion that 
increasing the strength of SCC has higher impact on abrasion resistance than adding micro-steel fibers with 
volumetric content up to 1.0 %, which is also a less expensive alternative. This result is more clear in Fig. 10, 
which shows the Percentage Increase in Abrasion Resistance (PIAR) for the three 30 MPa fibrous specimens 
(C30F0.5, C30F0.75 and C30F1) and the 40 and 50 MPa plain specimens (C40F0 and C50F0). The PIAR is 
calculated by dividing the difference of the final abrasion loss of any specimen and that of the reference 
specimen (C30F0) by the abrasion loss of the reference specimen. The figure obviously shows that the PIAR 
due to increasing the compressive strength from 30 to 50 MPa was the highest among all specimens, which 
was 30 %, while the inclusion of 1.0 % of steel fiber improved the abrasion resistance by approximately 24 %. 
However, it should also be noted that all fiber contents led to better abrasion resistance than increasing the 
strength by only 10 MPa. As it is shown in Table 1, the C50F0 mixture includes more than 45 % higher cement 
content and approximately 20 % lower w/b ratio. Such increase in cementitious materials and decrease in 
water content is enough to significantly improve the surface hardness, which leads to better resistance to 
impact abrasion forces. However, part of the better behavior of the 50 MPa specimen can be attributed the 
inclusion of silica fume. Where previous researches [15, 17, 35] showed that silica fume has positive impact 
on abrasion resistance of concrete. 
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Figure7. PAWL-testing time of various steel fiber contents. 

 
Figure 8. PAWL-fiber content after 3, 6 and 9 hours of abrasion testing. 

  
0.0% 0.5% 

  
0.75% 1.0% 

Figure 9. Abraded surfaces of the specimens with fiber contents of 0, 0.5, 0.75 and 1.0 % after 
9 hours of abrasion testing. 
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Figure10. PIAR of all specimens over the reference specimen with 30 MPa design strength and 0% 
fiber. 

4. Conclusion 

The water-jet method was used in this experimental investigation to conduct abrasion erosion tests on 
plate samples aiming to evaluate the abrasion resistance of SCC. Plain and steel fiber-reinforced SCC 
mixtures were prepared and tested. Three design concrete grades of 30, 40 and 50 MPa and four volumetric 
fiber contents of 0, 0.5, 0.75 and 1.0 % of steel fiber were adopted. Based on the test results of this study, the 
followings were concluded. 

1. For all tested specimens, abrasion erosion weight loss increased as testing time increased. 
However, the behavior of the relationship between abrasion losses and time was different among the 
specimens. The reference plain specimen with design grade of 30 MPa exhibited continuous increase in 
abrasion losses with approximately the same slope, while the plain specimen with 50 MPa design grade and 
the fibrous specimens with 0.75 and 1.0 % of steel fiber (30 MPa) exhibited approximately a two-step linear 
behavior with time, where the slope of this relation decreased after 4 hours of abrasion testing indicating higher 
abrasion resistance. 

2. During the full test period, the specimen with 50 MPa design grade showed the lowest abrasion 
losses among the plain specimens, while that with 30 MPa exhibited the highest abrasion losses along the 
last two thirds of the test time. At the end of the nine-hour test, the plain specimens with 30, 40 and 50 MPa 
suffered percentage weight losses of 1.18, 0.97 and 0.83 %, respectively. The better abrasion resistance of 
the 50 MPa mixture can be attributed to the higher quantity of cementitious materials and lower w/b ratio, 
which developed the surface hardness. The inclusion of silica fume can also be considered as one of the 
factors that led to the higher abrasion resistance of this mixture. 

3. The effect of steel fiber on abrasion resistance was not clear during the early hours of the test, while 
it was obvious at the end of the test that the inclusion of 0.75 and 1.0 % of steel fiber can decrease the 
percentage abrasion losses by more than 23 %. The percentage abrasion losses of specimens with 0, 0.5, 
0.75 and 1.0 % of steel fiber at the end of the test were 1.18, 0.95, 0.906 and 0.903 %, respectively.  

4. The comparison among all tested specimens showed that increasing the strength by 10 MPa has a 
positive effect on the abrasion resistance of plain specimens with approximately 17 % decrease in abrasion 
losses. On the other hand, the inclusion of 0.75 and 1.0 % of steel led to better abrasion resistance by 
approximately 23 to 24 % compared to the plain specimen with the same grade (30 MPa). However, the best 
development in abrasion resistance was obtained when the design grade was increased from 30 to 50 MPa 
(no steel fiber), which was approximately 30 %. 
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Abstract. Pile foundation is one of the most common types of foundations in the presence of soft soils. The 
safety of the entire structure depends on the pile foundation safety. Stochastic (probabilistic) modeling of load-
bearing elements is a modern trend in the quantitative structural safety assessment. The article describes the 
probabilistic approach to estimate the bearing capacity (ultimate load) of end-bearing piles on settlement 
criterion. Design load and elastic modulus of a pile material are the main stochastic (random) parameters that 
determine the probability of end-bearing pile failure. The graphical model of failure and safety areas is 
proposed, on the basis of which conclusions can be drawn about the allowable load during the design and 
inspection of pile foundations. The numerical example shows that the method of pile reliability analysis based 
on FOSM (First Order Second Moment) gives similar results as the method on the basis on FORM (First Order 
Reliability Method). Therefore, for an accurate evaluation of the reliability index (according to the considered 
mathematical model), the first iteration of the FORM method is sufficient. Experimental modeling of pile 
behavior showed good convergence of the theoretical result with the experimental result based on the Monte 
Carlo method. For a comprehensive reliability analysis of end-bearing piles, it is necessary to consider a pile 
as a system (in terms of reliability theory). 

1. Introduction 
Pile foundations are one of the most common types of foundations in the presence of weak soils. There 

are two types of piles: friction piles and end-bearing piles. End-bearing piles transfer the load to the soil only 
by the pile’s toe (lateral friction is ignored). The safety of whole structure depends on end-bearing piles safety. 
There is an important task to evaluate the maximum allowable load on the pile. In addition, the value of the 
allowable load should provide the pile reliability. 

By Eurocode 0 “Basis of structural design”, the reliability is the ability of a structure or a structural 
member to fulfill the specified requirements, including the design working life, for which it has been designed. 
Reliability covers safety, serviceability and durability of a structure and is usually expressed in probabilistic 
terms. The measure of reliability is the failure probability or safety probability. Structural reliability is a 
fundamental part of buildings and structures; reliability combines design problems, work planning, production 
and operation of buildings and structures [1]. As noted in [2], “reliability analysis has been a hot research topic 
in recent years, as the influences of uncertainty arising on loads, material properties, dimensions, and 
geometries become more and more profound”. The research in [3] notes that reliability theory demonstrates 
the rapid growth and recognized importance for structural safety issues over the past decades. Reliability 
analysis allows to quantify the safety level of structure or structural element.  

Reliability analysis has found applications in pile foundation engineering. The paper [4] proposes a two-
dimensional axisymmetric numerical probabilistic modeling of an earth platform over clayey sand improved by 
stiff vertical piles using a finite-difference continuum approach; only the soil parameters are considered as 
random variables. The article [5] reviews the problems of piles probabilistic design in the North Sea. In [6] it is 
noted, that “reliability-based design (RBD), a hot issue in pile foundation engineering, has attracted more and 
more attention from engineers and researchers”. The paper [6] also proposed a methodology to calculate the 
optimal ultimate base and shaft resistance factors for reliability-based design of driven piles by considering 
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the setup effects that can significantly enhance the ultimate shaft resistance after initial installation. 
T.V. Ivanova, I.U. Albert, B.G. Kaufman et al. [7] presented the probabilistic analysis of the friction pile behavior 
on the pile material and soil strength criterion.  

There are several limit state criteria for axial loaded end-bearing pile: pile material strength, pile stability, 
strength of soil under a pile’s toe and pile settlement. The calculation of the end-bearing pile settlement was 
often allowed not carried out because of its small value: only the pile material deformation was considered. 
For this reason, there is a lack of information about the reliability analysis of end-bearing piles by the 
deformation criterion. With the development of high-rise construction, the load on the piles has increased 
significantly, and end-bearing piles settlement can affect the stress-strain state or functioning of the structure. 

Let us consider approaches to the estimation of end-bearing pile settlement. Generally, the settlement 
of end-bearing pile can be represented as the sum of two displacements: 

ps sss += ,                                                                    (1) 

where ss  is pile settlement from soil deformation under the pile toe; ps  is pile settlement from pile material 
deformation (shortening). 

Such an approach is implemented in mathematical models in various researches. A similar equation 
was proposed by X. Chen in [8]: 

EA
Nl

AC
Nsss ps +=+=

0
,                                                        (2) 

where 0C  is the vertical reaction coefficient of the pile toe when the single axial limit compression strength of 

the rock sample is 1000 kPa, 0C =300000 kPa/m; s  is pile tip settlement; N  is an axial load; l  is a pile 
length; E is an elastic module of pile body; A  is the pile cross-section area; 

In [9], the empirical equation was proposed for determining pile settlement: 

EA
Nlds +=

100
,                                                                (3) 

where d  is pile diameter. 

In [10], the following approach was proposed to assess the settlement of a large diameter long pile: 

EA
Nls

5
2

= .                                                                   (4) 

Taking into account the notes in [11], the settlement of end-bearing pile also can be calculated by the 
equation: 

EA
Nl

Gd
vsss ps +

−
=+=

1
,                                                     (5) 

where v  is soil Poisson's ratio under the pile toe and G  is soil shear modulus under the pile toe. 

In [12], G. Mylonakis proposed the extended dependence for determining the settlement of end-bearing 
pile: 
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where 0K , 1K  are modified Bessel functions of zero and first order; 
v−

=
1

22η   is the later displacement 

factor; ( )12
2

+= m
lm
πα , nm ...,,1,0= ; 

From an analysis of the above equations (2) - (6), it can be concluded about the generality of the 
proposed approaches. 
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Equation (6) has a similar dependence of variables as equation (5), if we transform model (5) to the 

form 
l

EA
dG
vsN u 







⋅
−

−≤
1

. However, using complex mathematical dependencies in the analysis of 

structural reliability can lead to a complex nonlinear problem that complicates its use in the engineering 
practice. Also, the complex nonlinear relationship between random (stochastic) parameters in (6) can lead to 
an underestimation of the actual reliability level due to big uncertainty (compared to semi-probabilistic 
approaches). In this regard, the equation (5) will be used in the further analysis. The algorithm considered 
below can be easily projected, for example, onto model (2) or similar mathematical models of limit state. 

An important problem in end-bearing piles design is the presence of cracks in the rock base. The paper 
[13] analyzed a compilation of previously published and new data on the uniaxial compressive strength (UCS) 
of various rock types using the pore-emanated crack and the wing crack models. The presence of cracks in 
the rock base affects the pile deformability under axial load. The paper [14] described and analyzed an 
international experience in piles designing in a rock base with cracks. 

New numerical methods for piles behavior modeling are also noteworthy. The research [15] proposed 
to determine pile settlement based on various three-dimensional finite element models. The paper [16] 
presents modeling of pile settlement using neural networks. For some geotechnical sites, it needs to consider 
the stability of pile as Timoshenko beam [17, 18]. In this paper, we consider only one criterion of the limit state 
– the settlement. Fundamental experimental studies of pile settlements are also considered in the A.A. 
Bartholomew research [19]. 

In this paper, the expansion and development of the provisions in [7] is proposed to consider a 
probabilistic approach to estimate end-bearing piles ultimate load on settlement criterion with design reliability 
level. The aim of the paper is a probabilistic analysis of ultimate load on axial loaded end-bearing pile on 
settlement criterion. It is required to solve such problems as: to determine which parameters are random 
(stochastic); to choose the method of reliability analysis; to analyze the influence of the variability of individual 
parameters on the overall pile reliability level and to compare the analytical solution with experimental data by 
Monte-Carlo simulation. 

2. Methods 
The values of stochastic (random) parameters in (5) are determined by tests and represent some 

statistical subset of the data. Stochastic parameters are indicated by a wavy line above the symbol. The 
mathematical model of the limit state (5) can be written as: 

l
AE

dG
vsN u

⋅
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−

−≤
~
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1~

,                                                         (7) 

where us  is ultimate value of pile settlement. 

The elasticity modulus of the pile material and the shear modulus of soil under the pile toe are 
determined by the repeated tests, which allows to describe them by the normal distribution. The axial load on 
the pile is described by a combination of different probability distributions, which can also be generically 
reduced to normal. There are different approaches to assign the maximum allowable pile settlement [20–22]. 

Denote XN =~
 and Y

l
AE

dG
vsu =







⋅
−

−
~

~
1

. The parameters of the normal distribution function for 

random variable X  are taken as a mathematical expectation ][XE  and standard deviation xσ  of axial load 

XN =~
. 

The expected value ][YE  and standard deviation yσ  for Y  on the first stage can be found by 
decomposing the function into a Taylor series: 
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The probability of pile non-failure by model (7) can be calculated as: 
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where ( )βФ  is determined by the table values of the integral Laplace function (z-table); β  is the reliability 
index. 

Such an approach is called FOSM (First Order Second Moment). As xx CVXE ⋅= ][σ , where xCV  is 

axial load coefficient of variation, then safety condition by reliability index β  of the end-bearing pile can be 
written as: 

( )22 ][

][][

xy CVXE

XEYE

⋅+

−
≥

σ
β .                                                       (9) 

Reliability index β  can be specified in a design assignment. 

If condition (9) is not met, the design parameters are adjusted by reducing the allowable axial load or 
its variability; or by increasing the class of pile material, by changing pile geometric parameters or by 
conduction more stringent quality control of the piles material with rejection of piles which variation coefficient 
of elastic modulus is higher than required values. 

After assigning the final design parameters of the pile and fulfilling the condition (9), it is necessary to 
clarify the value of the reliability index β . Since the limit state model is nonlinear, it is necessary to use FORM 
(First Order Reliability Method) algorithm to more accurately estimate the reliability index β   of the pile. The 
FOSM method also fails to be invariant with different mathematically equivalent formulations of the same 
problem. As noted in [23], the first-order reliability method (FORM) is considered to be one of the most reliable 
computational methods and has become a basic method for structural reliability analysis. 

The mathematical model of the limit state (7) can be written as: 
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Then reliability index is: 
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where the mathematical expectation of limit state function g  is: 
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For generality, denote: 12
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“Sensitivity factors” are calculated by equation: 
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New x  - and u  - coordinates are calculated for the limit state function (10) as: 
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New function values are calculated in the new coordinates: ( )*
ixg  and 
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After that, a new reliability index *β  is determined by the equation: 
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Then iterations are repeated until the reliability index β  converges. 

3. Results and Discussion 

Let us consider the proposed approach in example. Design parameters (and its statistical parameters) 
are given in Table 1. 

Table 1. Parameters for pile stochastic analysis. 
Parameter Expected value Standard deviation 

Soil Poisson's ratio 0.35 - 

Soil shear modulus, MPa 50 1.5 

Pile diameter, m 0.35 - 

Pile length, m 6 - 

Elastic modulus, MPa 30000 800 

Pile cross-section area, m2 0.096 - 

Allowable settlement, m 0.010 - 

 

The Y  expected value and standard deviation calculated by above equations as: 
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As can be seen from the calculations, the variability of the soil shear modulus under the pile toe does 
not practically affect the overall variability of the pile bearing capacity according to the settlement criterion. 

Let us take design reliability index β =3. There are different approaches to assign a design reliability 
index [2, 24, 25, etc.]. The Table 2 shows the values of allowable mathematical expectations of load ][XE  

depending on the load coefficient of variation xCV  at a given reliability index β . 
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Table 2. Expected values of ultimate loads ][XE  at the different levels of load variation 

coefficients xCV . 

xCV  
0.01 0.03 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

][XE , 
MN 

4.404 4.267 4.087 3.650 3.284 2.981 2.728 2.515 2.332 

 

Fig. 1 presents a diagram which reflects safety and failure areas in the appointment of the load statistical 
parameters: ][XE  and xCV . Such diagrams can be used to estimate the allowable value of the load in the 
inspection or design of pile foundations. 

 
Figure 1. Diagram for ultimate load estimation. 

Assume that the load is given by the following statistical parameters: ][XE = 3.900 MN; xCV = 0.07; 

xσ = 0.273 MN. As seen in Fig. 1, the pile is in the safety area by the settlement criterion. The reliability index 
in this case is: 
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xy CVXE
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The variability of the elastic modulus of the pile material contributes greatly to the solution uncertainty. 
The effect of the modulus change is analyzed in the table 3 at different coefficients of variation. 

Table 3. Reliability index β  at the different levels of pile elastic modulus expected value ][EE  
and variation coefficient ECV . 

Coefficient 
of variation 

ECV  

Expected vale of elastic modulus ][EE , MPa·103 

25 26 27 28 29 30 31 32 33 

0.03 0.365 0.896 1.421 1.938 2.447 2.949 3.443 3.929 4.407 
0.05 0.321 0.784 1.233 1.669 2.092 2.503 2.901 3.287 3.660 
0.07 0.278 0.673 1.053 1.417 1.766 2,100 2.421 2.729 3.024 
0.10 0.224 0.540 0.839 1.123 1.391 1.646 1.888 2.118 2.337 
0.15 0.165 0.394 0.610 0.812 1.002 1.180 1.349 1.508 1.658 
0.20 0.128 0.307 0.473 0.628 0.774 0.910 1.039 1.159 1.273 

 

The Table 3 reflects the important role of quality control of physical and mechanical properties of pile 
materials (for example, concrete). Graphically, the table 3 data are shown in Fig. 2.  
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Figure 2. β - ][EE  diagrams at the different levels of variation coefficients for pile material elastic 

modulus E . 
Fig. 2 shows that in order to provide a higher level of reliability, it is necessary to assign a greater 

expectation of the elasticity with an increase in its coefficient of variation. Diagram of the Fig. 2 type allows us 
to set the next parameters: 1) reliability index β  (based on the results of nondestructive testing of existing 
piles); 2) the required minimum parameters of the designed piles at a given reliability index β . 

Let us specify the value of β  by the FORM approach. 

Expected value and standard deviation of limit state function are: 
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Specify the parameters values for the next iteration by (12), (13) and (14) in table 4. 

Table 4. Parameters for reliability index *β  evaluation. 

 G  E  N  
α  

. 61 777 10−⋅  .0 425  .0 905−  

*x  . 75 000 10⋅  Pa . 103 14210⋅  Pa . 62 68710⋅  N 

*u  . 67 43210−⋅  .1 779  .3 785−   
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New reliability index *β  by (15) is: 
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Based on the results of the FORM approach, we obtain the same reliability index as in the FOSM 
approach: 019.3* == ββ . Consequently, the accuracy of the FOSM approach is enough to estimate the 
reliability index β  even under different mathematical models of limit states - (7) or (10). 

Statistical tests were carried out in MathCAD by the Monte Carlo method. Random values were given 
through the function ( )xXErnorm σ],[,1000 . According to the results of 1000 statistical tests, exceeding 

the limit state was recorded in 2 cases. The theoretical probability of pile non-failure in frequency is (1000-
2)/1000=0.9980. This probability value is extremely close to the theoretical probability value of the reliability 
index ( ) 9987.0019.3* ≈=== ββФP . 

Table 5. Comparison of reliability levels by FOSM, FORM and Monte-Carlo methods. 
Method FOSM FORM Monte-Carlo 

Reliability level 0.9987 0.9987 0.9980 
 

For a comprehensive assessment of reliability, it is necessary to identify the pile reliability according to 
other criteria of limit states (pile material, soil base strength, pile stability, etc.) and consider the pile foundation 
as a structural system [26, 27, etc.]. 

Target values for the reliability index β  for various design situations, and for reference periods of 1 
year and 50 years, are indicated in Appendix C, Eurocode 0 “Basis of structural design”. For example, reliability 
index for serviceability limit state (for reference periods of 1 year) is 9.2=β . Joint Committee on Structural 
Safety (JCSS) Probabilistic Model Code sets target values for the reliability index β  in dependence with a 
comparative cost of safety measures and failure consequences. However, the reliability index should be 
calculated individually for each structure (or structural element) based on the value of the acceptable risk [28]. 

4. Conclusions 
1. The article describes the methods for end-bearing pile bearing capacity estimation and reliability 

analysis of settlement criterion; 

2. The diagram of safety and failure areas is proposed for assigning and checking design of axial load 
statistic parameters on end-bearing piles; 

3. It is shown by numerical example, that design load and elastic modulus of the pile materials are the 
main stochastic (random) parameters that determine the probability of end-bearing pile failure 

4. Different mathematical models of limit states were analyzed by FOSM and FORM approaches. 
Results show that there is no “invariant” problem for FORM approach in that case; 

5. Experimental modeling of random (stochastic) parameters of the end-bearing pile was carried out to 
verify the proposed approaches. A good convergence of theoretical results with experimental simulation data 
is established. 
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Abstract. The scientific problem considered in the study is indeed one of the problems in the modern theory 
of reinforced concrete. Despite a significant number of studies on the problem of bending with torsion, to date. 
There are no sufficiently reliable solutions to this problem that most fully reflect the physical nature of the 
problem. In the last two decades, using of Carbon Fiber Reinforced Polymers (CFRP) in strengthening of 
deficient reinforced concrete structural elements has been increased due to their ease of installation, low 
invasiveness, high corrosion resistance, and high strength to weight ratio. Strengthening damage structures 
is a relatively new technique. Therefore, the intent was to appear at the essential CFRP external strengthening 
technique that provides an efficient increase in the shear and flexural strengths as maintaining ductile failure 
mode. However, anchoring and debonding problems remains a challenge for the accomplishment of this 
technique. In this study, a novel application was implemented in which the CFRP sheet was integrated as 
external shear strengthening for RC beams. Therefore, this study investigated the behavior of simply 
supported RC beams strengthened externally with anchored CFRP composite using and subjected to 
combined bending and torsion using Nonlinear Finite Element Analysis (NLFEA). Seventeen models have 
been constructed and divided into four groups to scrutinize the effect of CFRP anchored depth and CFRP strip 
spacing. The performance of each beam was evaluated in terms of failure mode, CFRP strain, load-deflection 
and torsion-twist behavior, ultimate deflection, ultimate load capacity, ultimate angle of twist, ultimate torsion 
capacity, elastic stiffness, and energy absorption. The enhancement percentage increased with the increase 
of anchored depth and decreased with the increase of CFRP strip spacing. Finally, the external strengthening 
with anchored had a superior effect on the ultimate load, ultimate deflection, angle of twist, torsion elastic 
stiffness, energy absorption. 

1. Introduction 
In recent decades, repair and strengthening of reinforced concrete (RC) buildings and bridges have 

become increasingly common. Deficiencies in RC members may exist for several reasons, including changes 
in use of the structure, design and constructions errors, and degradation due to environmental conditions  
[1–4]. RC members are commonly strengthened in flexure, shear, and/or confinement depending on the 
member loading conditions and type of enhancement needed [5–7]. In some cases, RC members are 
subjected to significant torsional moments, and the torsional strength needs to be enhanced. Accordingly, 
methods and design provisions for strengthening RC members in torsion are needed.  

The Reinforced Concrete (RC) structural elements such as the peripheral beams in each floor of multi-
storied buildings, ring beams at the bottom of circular tanks, edge beams of shell roofs, the beams supporting 
canopy slabs and the helical staircases are subjected to significant torsional loading in addition to flexure and 
shear. In reinforced concrete design, depending on the load transfer mechanism the torsion is classified as 
'equilibrium torsion’ and 'compatibility torsion'. Equilibrium torsion is induced in beams supporting lateral 
overhanging projections, and is caused by the eccentricity in the loading. In compatibility torsion, torsion is 
induced in a structural member by rotations (twists) applied at one or more points along the length of the 
member. The twisting moments induced are generally statically indeterminate and their analysis necessarily 
involves compatibility conditions. Hence it is named 'compatibility torsion'. The structural elements subjected 
to torsion show cracking if they are not designed and detailed properly. Further, change in loading or 
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deterioration of structural element cause the deficiency in torsional resistance. Also, in recent past 
earthquakes, it has been seen that structures showed failure and some have been severely damaged. Such 
disasters have demonstrated the need for retrofitting of seismically deficient structures. Retrofitting allows 
strengthening of elements to resist the strength demands predicted by the analysis, without significantly 
affecting the overall response of the structure.  

The fiber reinforced polymer (FRP) has been proved to be a widely used strengthening material for 
deficient RC members. It has various well-known advantages such as high strength to weight ratio, high 
corrosive resistance, and easy-to-apply character. Many significant experimental and theoretical studies in the 
past have been carried out to understand the flexural [1, 2] and shear [3, 4] behaviors of RC members 
externally strengthened with FRP materials since the bending moments and shear forces are regarded as 
primary effects, whereas the torsional strengthening has not been studied in much depth, which was just 
initiated in 2001 [8–10]. Torsion can be considered as primary effect, however, in some special situations such 
as spandrel or curved beams, eccentrically loaded bridge girders, and bridge columns under seismic load. In 
this case, it is important to conduct deep researches on the torsional behavior of RC members strengthened 
with FRP materials, including experimental, numerical and analytical investigations. 

Most of the test specimens in previous experimental investigations were solid rectangular RC beams 
externally strengthened with carbon or glass FRP (CFRP or GFRP) materials under monotonic torsion  
[11–13]. Few tests of RC box beams strengthened with CFRP sheets have been conducted under monotonic 
torsion [14] and under cyclic torque [15]. To understand the influence of strengthening schemes of FRP system 
on the effectiveness of upgrading in torsional resistance of RC members [16–23], the various FRP wrapping 
configurations have been investigated by considering the fiber orientation, the number of beam faces 
strengthened, the effect of number of FRP plies used, and the influence of anchors in U-wrapped test beams 
[16, 17]. The results have showed that the 45 spiral wrap is a much more efficient torsional strengthening 
scheme than vertical strips. Few researches on non-rectangular beams have been carried out in recent years. 
RC T-beams strengthened with different strengthening techniques under pure torsion [16] and combined shear 
and torsion [17] have been investigated. Spandrel RC beams strengthened with CFRP laminates also have 
been tested under torsion [18]. In addition, the torsional repair of damaged rectangular [19] and circular [20] 
RC columns with FRP materials, which helps to enhance the ultimate rotational strength, has been carried out 
in recent years. 

Owing to the fact that experimental investigation costs much time and money, the finite element analysis 
(FEA) using commercial software is a beneficial supplement to the study of torsional behavior. Numerical 
studies on the cracking and crushing patterns [12], the damage simulation [24], the effect of CFRP and 
reinforcing steel bars on the contribution to the torsional behavior [10], and the torque–twist curves [23] of RC 
beams were performed through FEA softwares, such as ANSYS, ABAQUS, DIANA, Algor SAP and so on [25-
29]. Therefore, essential issues to produce effective, economical, and successful CFRP strengthening were 
discussed. Also, the impact of anchored CFRP external strengthening on the behavior of reinforced concrete 
beams subjected to bending and torsion received miniature consideration. The scientific problem considered 
in the study is indeed one of the problems in the modern theory of reinforced concrete. Despite a significant 
number of studies on the problem of bending with torsion, to date. There are no sufficiently reliable solutions 
to this problem that most fully reflect the physical nature of the problem. In this study, a novel application was 
implemented in which the CFRP sheet was integrated as external shear strengthening for RC beams. A lack 
of literature regarding the behavior of simply supported RC beams strengthened externally with CFRP 
composite and subjected to combined bending and torsion are necessitated conducting the present 
investigation. The main objectives of this study are to predict the bending and torsion of RC beams 
strengthened externally with anchored CFRP composite using Nonlinear Finite Element Analysis (NLFEA) 
taking into account the effects of four major strengthening configuration including: 1) One layer of 50 mm U 
strip wrapping at 225 mm c/c with an additional layer of CFRP wrapping on both sides of the web; 2) One layer 
of 50 mm U strip wrapping at 175 mm c/c with an additional layer of CFRP wrapping on both sides of the web; 
3)One layer of 50 mm U strip wrapping at 125 mm c/c with an additional layer of CFRP wrapping on both sides 
of the web; and 4)One layer of 50 mm U strip wrapping at 75 mm c/c with an additional layer of CFRP wrapping 
on both sides of the web. As a result, seventeen models have been constructed and subjected to combined 
bending and torsion. For this purpose, validation against the previous experimental study reported by Gesund 
et al. [30] is firstly simulated using ANSYS software. After that, a parametric study is extended for strengthened 
RC beams using different configurations of CFRP.  

2. Methods 
ANSYS software is a numerical method used to simplify the analysis of a variety of engineering 

problems. To reduce the complexity of load setup, effort, time and cost during the experimental testing, ANSYS 
software had been used by many researchers. It was recommended about this software to be used since their 
results achieved good agreement with experimental results. ANSYS is general-purpose software used in this 
study. Twenty-six full-scale models strengthened using CFRP are developed to carry out different investigated 
parameters. 
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2.1. Experimental Work Review 
The validation process of the finite element model is based on the experimental work performed by 

Gesund et al. [30]. A total of twelve simply supported RC beams tested until failure under combined bending 
and torsion (Figure 1). The cross-section of the beam is 200 mm×200 mm with a 1600 mm clear span length. 
All beams were reinforced using three bars of tension reinforcement and two bars of compression 
reinforcement with a 13 mm nominal diameter. Besides, a 10 mm nominal diameter for closed stirrups was 
applied at 50 mm spacing c-c (Figure 1). The beams were loaded by two-point loads at the end of two-moment 
arms providing out of plane eccentricity. Hence the beams were subjected to the combined effect of bending 
and torsion (Figure 1). 

 
Figure 1. View of the model under load [30]. 
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Figure 2. Stress-Strain Curve for (a) Concrete, (b) Steel, and (c) CFRP composite [25]. 
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2.2. Description of Non-linear Finite Element Analysis (NLFEA) 
Concrete is a brittle material having high compressive strength compared to tensile strength. The 

cylindrical compressive strength of concrete is 36.54 MPa. The elastic modulus of elasticity (Ec) and modulus 
of rupture (fr) of concrete are 28410 MPa and 3.75 MPa, respectively, as shown in Figure 2(a). Concrete 
poison's ratio is assumed 0.17 for all models. Shear transfer coefficient for open and closed cracks, βt and βc 
respectively, are important inputs needed for concrete, which indicate the condition of crack surface. In this 
study, a value of 0.2 and 0.9 is set for the βt and βc, respectively. Steel reinforcement is modeled as a bilinear 
isotropic material with 200 GPa for the elastic modulus of elasticity and 0.3 of poison's ratio. Its behavior is 
assumed to be elastic-perfectly plastic, and the same assumption is set for tension and compression 
reinforcement with yielding stress of 350 MPa, as shown in Figure 2(b). Steel plates are added to the finite 
element model to avoid stress concentrations at the support and loading locations. These plates are steel type 
and defined as linear elastic isotropic material with 200 GPa for the elastic modulus of elasticity and 0.3 of 
poison’s ratio. Sika Wrap Hex 300C 0/90 is the CFRP type used in this study. It is a bi-directional material 
property with 0.166 mm thickness and having fibers in longitudinal and transverse directions. The linear elastic 
tensile stress-strain curve for CFRP composites is shown in Figure 2(c) and the detailed mechanical properties 
and poison’s ratio in all directions are shown in Table 1. 

Table 1. CFRP composites properties. 

Modulus of 
elasticity (GPa) Poison’s ratio Shear modulus of 

elasticity (GPa) 

Ultimate tensile 
strength 
(MPa) 

Ultimate 
strain 

Ex 260 Ѵxy 0.22 Gxy 106.6 

3900 0.015 Ey 260 Ѵyz 0.22 Gyz 106.6 

Ez 4.5 Ѵzx 0.30 Gzx 1.73 
 

SOLID 45 is used to model the loading and supporting steel plates. This element is suitable to model 
the dimensional solid structures defined by eight nodes. There is a presence of translations in the three nodal 
directions; x, y, and z for each node. SOLID 65 is used to model the concrete which is suitable for tension 
cracking, crushing in compression and plastic deformations. It is a three-dimensional element defined by eight 
nodes. Each node has three degrees of freedom with a presence of translations in the three nodal directions; 
x, y, and z for each node. Steel reinforcement is modeled using link 180, which is a uniaxial tension-
compression element. It includes two nodes, and each node has three degrees of freedom. This element can 
predict large deflection, large strain, rotation, creep, and plasticity. This element can predict large deflection, 
large strain, stress stiffening, creep, and plasticity. For CFRP, the SHELL 181 element type, having four nodes 
is used in modeling. It is chosen because it is appropriate to analyze thin layered applications. Three 
translations and three rotations are considered to include the six degrees of freedom at each node. 

The concrete beam and steel plates were modeled as solid elements while steel reinforcement was 
modeled as link elements. In the case of strengthened RC beams, the CFRP sheets were modeled as shell 
element with a mesh size of 25 mm. To ensure the perfect bond between concrete and reinforcement, the link 
element of steel is connected between each adjacent Solid 65 elements, hence the same nodes are shared 
between the two materials. The same approach is used for the CFRP sheets to provide the perfect bonding 
as well as for the Steel plates. The geometry of the control and strengthened model, along with the 
reinforcement specimens are shown in Figure 3(a), Figure 3(b) and Figure 3(c), respectively. The meshing of 
the CFRP sheet for both fully U wraps and strips wrapping is also shown in Figure 3(d) and Figure 3(e), 
respectively. 

The loads are applied on the two steel plates at the end of the moment arms as line loads distributed 
over nine nodes. The purpose of these moment arms is to provide the twisting of the main beam. To constrain 
the model, displacement boundary conditions are required. At the left end of the beam the Ux, Uy, and Uz 
displacements are set to zero to ensure hinge support. While roller support is added at the right end of the 
beam by setting zero value to the Uy displacement. Figure 4 shows the loads and boundary conditions of the 
model. The total applied load is divided into multiple load steps or load increments. Newton–Raphson 
equilibrium iterations give convergence at the end of each load increment within tolerance limit equal to (0.001) 
and a load increment of 0.22 kN. When large numbers of cracks appear throughout the concrete, the loads 
are applied gradually with smaller load increments. 
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Figure 3. Geometry and meshing. 

Table 2. Investigated parameters. 

CFRP Anchored Depth (mm) CFRP strengthening configuration Beam 
number 

Group 
number 

0 Control beam without strengthening BC Control 
50 One layer of 50 mm U strip wrapping at 

225 mm c/c with an additional layer of 
CFRP wrapping on both sides of the 

web 

B1 

Group 1 
100 B2 
150 B3 
200 B4 
50 

One layer of 50 mm U strip wrapping at 
175 mm c/c with an additional layer of 
CFRP wrapping on both sides of the 

web 

B5 

Group 2 
100 B6 
150 B7 

200 B8 

50 One layer of 50 mm U strip wrapping at 
125 mm c/c with an additional layer of 
CFRP wrapping on both sides of the 

web 

B9 

Group 3 
100 B10 
150 B11 
200 B12 
50 One layer of 50 mm U strip wrapping at 

75 mm c/c with an additional layer of 
CFRP wrapping on both sides of the 

web 

B13 

Group 4 
100 B14 
150 B15 
200 B16 

 

 
(a)                                                                      (b) 

Figure 4. Loads and boundary conditions: (a) 3-D view and (b) Zoomed view. 

2.3. Investigated Parameters 
Twenty full-scale models strengthened using CFRP are developed to carry out different investigated 

parameters (Figure 5). A parametric study conducted in this research consists of four groups. The first group 
contains four models with one layer of 50 mm U strip wrapping at 225 mm c/c with an additional layer of CFRP 
wrapping on both sides of the web. Group 2 includes four models with one layer of 50 mm U strip wrapping at 
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175 mm c/c with an additional layer of CFRP wrapping on both sides of the web. The second group includes 
four models with one layer of 50 mm U strip wrapping at 175 mm c/c with an additional layer of CFRP wrapping 
on both sides of the web. The third group includes four models with one layer of 50 mm U strip wrapping at 
125 mm c/c with an additional layer of CFRP wrapping on both sides of the web. The fourth group includes 
four models with one layer of 50 mm U strip wrapping at 75 mm c/c with an additional layer of CFRP wrapping 
on both sides of the web. A full description of the finite element modeling groups is shown in Table 2. 

 
Figure 5. Schematic representation of simulated beams. 

2.4. Validation Process 
The validation process of the finite element model is based on the experimental work performed by 

Gesund et al. [30]. Bending and twisting moments at failure as well as the strain in the center bar of longitudinal 
reinforcement are compared with the NLFEA results. Figure 6 and Table 3 show good agreements between 
the finite element method and experimental results. 

  
   (a) Beam 2              (b) Beam 4 

Figure 6. Validation of the NLFEA results. 
Table 3. Validation summary. 

Absolute 
Error % 

The torsional moment at 
failure 
(kN.m) 

Bending moment at failure 
(kN.m) 

Torsion to 
Bending 
moment 

ratio 

Beam 
number 

FEM Experiment FEM Experiment 
5.3 10.9 11.52 10.9 11.52 1 2 
-6.9 8.1 7.6 16.2 15.14 0.5 4 

3. Results and Discussion 
3.1. Failure Mode 

Figure 7 shows the crack pattern for the typically simulated beams. The first crack at an integration point 
is shown with a red circle outline, the second crack with a green outline, and the third crack with a blue outline. 
The first crack initiated from the support and then propagated towered the top of the beam in a diagonal shape. 
Due to the lack of CFRP wrapping along the control beam, this propagation spreads at a faster rate with 
individual cracks along the beam compared to the strengthened beams. The FRP helps in distribution the 
stresses on the whole body of the beam. Also, the cracks were smaller and closer to each other, giving higher 
strength and capacity for those beams. All strengthened beams show almost similar diagonal cracks initiation. 
This due to the reality of similar loading and boundary conditions and the reinforcement details. However, the 
fully FRP U- wrap inhibits the propagation of crakes more than FRP strips. The beam strengthened with Fully 
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FRP U wrap could sustain higher loads and deflections. The failure occurred due to the substantial wide 
diagonal cracks and concrete crushing followed by FRP failure. 

(a)  

(b)  
Figure 7. Crack pattern at failure: (a) control beam and (b) strengthened beams using FRP strips. 

3.2. CFRP strain 
Figure 8 shows the typical distribution of CFRP strain through the depth for all simulated beams. It is 

noticed that all simulated beams had CFRP strain below the maximum value of 15000 as shown in Table 4 
and Table 5 as percentage of CFRP ultimate strain. Inspection of Table 5 reveals that the proposed anchorage 
system enhanced the efficiency of CFRP strips for Group#1 (S = 225 mm) from 15 % for un-anchored beams 
to 38 % for beam with anchored depth of 50 mm (hf = 0.25h) and 65% for beam with anchored depth of 
200 mm (hf = h). This enhancement percentage increased with the decrease of CFRP strip spacing. The 
enhancement percentage of anchored system for Group#2 (S =175 mm) is 43% for beam with anchored depth 
of 50 mm (hf = 0.25h) and 69% for beam with anchored depth of 200 mm (hf = h). Also, the enhancement 
percentage of anchored system for Group#3 (S =125 mm) is 49% for beam with anchored depth of 50 mm 
(hf = 0.25h) and 76% for beam with anchored depth of 200 mm (hf = h). Finally, the strip spacing of 75 mm 
with anchorage enhanced the CFRP strain with a percentage of 54% for beam with anchored depth of 50 mm 
(hf = 0.25h) and 85% for beam with anchored depth of 200 mm (hf = h).  
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Figure 8. Typical CFRP strain versus beam depth. 
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3.3. Load-Deflection and Torsion-Twist Behavior 
The load-deflection and torsion-twist curves are shown in Figure 9 and 10 respectively. The overall 

behaviour shown in Figure 9 and 10 indicates that the Anchored CFRP composite provided an increase in the 
torsional strength and twist at the peak load as well as the ultimate load capacity and corresponding deflection. 
In general, a linear behaviour before cracking with high torsional stiffness was observed for each strengthened 
anchored beam, and then the beam suffered an increase in the twist angle with small increasing of torque due 
to redistribution of forces from the concrete to the steel reinforcement. After this stage and before achieving 
the peak load, the behaviour became non-linear with a reduction in torsional stiffness.  

The strengthened anchored beams exhibited larger twist and deflection at the peak load behaviour in 
the post-cracking stage due to yielding of the steel reinforcement and possibly slippage of the fibers in the 
composite. Table 4 illustrates the obtained results for all simulated models. The slope of each region of the 
load-deflection curves gives the elastic stiffness of the corresponding beam. All strengthened beams represent 
higher stiffness compared to the control beam in the three regions. Table 4 also shows the calculated energy 
absorption or area under the load deflection curves for all simulated models. 

Table 4. Results for all simulated models. 
CFRP 
strain 
(μɛ) 

Energy 
absorption 
(kN.mm2) 

Elastic 
stiffness 
(kN/mm) 

Ultimate angle 
of twist 
(rad) 

Ultimate 
torsion 
(kN.m) 

Ultimate 
deflection 

(mm) 
Ultimate 
load (kN) 

Beam 
number 

Group 
number 

--- 15.3 3.91 8.47 0.0132 3.05 27.8 BC Control 
5775 22.8 4.12 10.62 0.0153 3.63 34.8 B1 

Group 1 
7324 31.8 4.14 12.57 0.0181 4.27 41.2 B2 
8510 40.6 4.26 14.40 0.0210 4.76 47.2 B3 
9696 51.1 4.41 16.45 0.0244 5.25 54.0 B4 
6406 22.0 3.56 9.70 0.0164 3.83 31.8 B5 

Group 2 
7834 31.4 3.82 12.01 0.0191 4.42 39.4 B6 
8972 40.6 4.03 14.02 0.0217 4.89 46.0 B7 

10328 52.6 4.21 16.32 0.0254 5.45 53.5 B8 
7371 26.7 3.83 11.09 0.0177 4.08 36.4 B9 

Group 3 8656 36.9 4.14 13.55 0.0205 4.61 44.5 B10 
10055 49.0 4.33 15.96 0.0234 5.19 52.4 B11 
11353 63.1 4.59 18.65 0.0276 5.72 61.2 B12 
8077 29.7 3.97 11.90 0.0179 4.22 39.0 B13 

Group 4 9960 46.3 4.42 15.68 0.0223 4.99 51.4 B14 
11250 60.5 4.71 18.49 0.0259 5.53 60.7 B15 
12792 79.7 4.99 21.85 0.0302 6.16 71.7 B16 

 

Table 5. Enhancement percentage with respect to control beam. 
ɛCFRP Energy 

absorption 
(%) 

Elastic 
stiffness 

(%) 

Ultimate angle 
of twist 

(%) 

Ultimate 
torsion 

(%) 

Ultimate 
deflection 

(%) 
Ultimate 
load (%) 

Beam 
number 

Group 
number 

--- 0 0 0 0 0 0 BC Control 
0.38ɛfu 49 5 16 25 19 25 B1 

Group 1 
0.49ɛfu 108 6 37 48 40 48 B2 
0.57ɛfu 165 9 59 70 56 70 B3 
0.65ɛfu 234 13 85 94 72 94 B4 
0.43ɛfu 80 14 24 44 26 44 B5 

Group 2 
0.52ɛfu 158 23 44 78 45 78 B6 
0.60ɛfu 232 29 64 107 60 107 B7 
0.69ɛfu 331 35 93 141 79 141 B8 
0.49ɛfu 119 23 34 64 34 64 B9 

Group 3 
0.58ɛfu 203 33 55 100 51 100 B10 
0.67ɛfu 301 39 77 136 70 136 B11 
0.76ɛfu 417 47 109 176 88 176 B12 
0.54ɛfu 143 27 35 76 38 76 B13 

Group 4 
0.66ɛfu 280 42 69 132 64 132 B14 
0.75ɛfu 396 51 96 174 81 174 B15 
0.85ɛfu 553 60 129 223 102 223 B16 

Note: ɛCFRP is the strain in CFRP strips and ɛfu is the ultimate strain in CFRP strips of 15000 μɛ. 
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Figure 9. Typical load-deflection curve. 

3.4. Ductility and strength ratios 
The evaluation of beams for deformability (deflection) and strength (load capacity) shows the superlative 

performance of RC members. For strengthened RC members, deformability and strength can be related to 
the serviceability and ultimate load limit states, respectively, of the structural member and can be measured 
by calculating the strength and ductility ratios, respectively, as shown in Table 5. The strength and ductility 
ratios are defined as the ultimate load capacity and deflection, respectively, of CFRP strengthened beam 
divided by the ultimate deflection and load capacity of the un-strengthened beam (control). The ductility 
indicates how much the strengthened RC beams can sustain deformations without failure. The ductility ratio 
is defined as the ratio of the ultimate deflection of the strengthened beam to the ultimate deflection of the 
control beam (Table 5). Strength ratio also predicts the increase of load that the model can sustain.  
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Figure 10. Typical Torsion-angle of twist curve. 

Figure 11 and 12 show the strength and ductility ratios, respectively, for all simulated models. Inspection 
of Figure 11 reveals that the strength ratio enhancement percentage increased largely with the increase of 
anchored depth (hf) and decreased with the increase of CFRP strip spacing (S). The strength ratio 
enhancement percentage (Figure 11) for beams strengthened (Group #1) with one layer of 50 mm U strip 
wrapping at 225 mm c/c with an additional layer of CFRP wrapping on both sides of the web is 25 %, 48 %, 
70 %, and 94 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), 
and 200 mm (hf = 1.00h), respectively, with a significant average enhancement of 59 %. Also, the strength 
ratio enhancement percentage (Figure 11) for beams strengthened (Group #2) with one layer of 50 mm U strip 
wrapping at 175 mm (equivalent to 78 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping 
on both sides of the web is 44 %, 78 %, 107 %, and 141 % for CFRP anchored depth of 50 mm (hf = 0.25h), 
100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with an significant average 
enhancement of 93 % and this percentage is 1.56 times the percentage for Group#1 (S = 225 mm). In addition, 
the strength ratio enhancement percentage (Figure 11) for beams strengthened (Group #3) with one layer of 
50 mm U strip wrapping at 125 mm (equivalent to 56 % of Group #1 spacing) c/c with an additional layer of 
CFRP wrapping on both sides of the web is 64 %, 100 %, 136 %, and 176 % for CFRP anchored depth of 
50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with 
an significant average enhancement of 119% and this percentage is 2 times the percentage for Group#1 
(S = 225 mm). While, the Group #4 beams (beams strengthened with one layer of 50 mm U strip wrapping at 
75 mm (equivalent to 33 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping on both sides 
of the web) had the largest average strength ratio enhancement percentage of 151 % and this percentage is 
2.55 times the percentage for Group#1 (S = 225 mm). The strength ratio enhancement percentage for beams 
strengthened (Group #4) is 76%, 132%, 174%, and 223% (Figure 11) for CFRP anchored depth of 50 mm 
(hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively.  
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Figure 11. Enhancement percentage in ultimate load capacity (Strength ratio). 
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Figure 12 shows that the ductility ratio enhancement percentage slightly increased with the increase of 
hf and decreased with the increase of S. The ductility ratio enhancement percentage (Figure 12) for beams 
strengthened (Group #1) with one layer of 50 mm U strip wrapping at 225 mm c/c with an additional layer of 
CFRP wrapping on both sides of the web is 19 %, 40 %, 56 %, and 72 % for CFRP anchored depth of 50 mm 
(hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with an 
significant average enhancement of 47 % (equivalent to 79 % of strength ratio enhancement). Also, the 
ductility ratio enhancement percentage (Figure 12) for beams strengthened (Group #2) with one layer of 50 
mm U strip wrapping at 175 mm (equivalent to 78 % of Group #1 spacing) c/c with an additional layer of CFRP 
wrapping on both sides of the web is 26 %, 45 %, 60 %, and 79 % for CFRP anchored depth of 50 mm 
(hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with an 
significant average enhancement of 53 % (equivalent to 56 % of strength ratio enhancement) and this 
percentage is 1.25 times the percentage for Group#1 (S = 225 mm). In addition, the ductility ratio enhancement 
percentage (Figure 12) for beams strengthened (Group #3) with one layer of 50 mm U strip wrapping at 125 
mm (equivalent to 56 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping on both sides of 
the web is 34 %, 51 %, 70 %, and 88 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) 
mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with an significant average enhancement of 
61 % (equivalent to 51 % of strength ratio enhancement) and this percentage is 1.5 times the percentage for 
Group#1 (S = 225 mm). While, the Group #4 beams (beams strengthened with one layer of 50 mm U strip 
wrapping at 75 mm (equivalent to 33 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping 
on both sides of the web) had the largest average ductility ratio enhancement percentage of 71 % (equivalent 
to 47 % of strength ratio enhancement) and this percentage is 1.75 times the percentage for Group#1 (S = 225 
mm). The ductility ratio enhancement percentage for beams strengthened (Group #4) is 38 %, 64 %, 81 %, 
and 102 % (Figure 12) for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm 
(hf = 0.75h), and 200 mm (hf = 1.00h), respectively. 
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Figure 12. Enhancement percentage in ultimate deflection (ductility ratio). 

3.5. Angle of twist ratio 
The purpose of a torsion test is to determine the behavior reinforced concrete beam exhibits when 

twisted or under torsional forces as a result of applied moments that cause shear stress about the axis and 
angle of twist. The angle of twist can be defined as the angle through which the rotating machine element 
rotates or twists with respect to its free end as shown in Table 4. Torsional rigidity is the resistance against the 
torsional deformation or the minimum force required deforming the object by twisting or torsional rigidity is the 
amount of resistance a cross section has against torsional deformation in terms of twisting angle. Therefore, 
more angle of twist ratio (Table 5) caused higher torsional rigidity. Figure 13 shows the angle of twist ratio for 
all simulated models. Inspection of Figure 13 reveals the angle of twist ratio enhancement percentage slightly 
increased with the increase of hf and decreased with the increase of S.  
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Figure 13. Enhancement percentage in ultimate angle of twist (angle of twist ratio). 

 The angle of twist ratio enhancement percentage (Figure 13) for beams strengthened (Group #1) with 
one layer of 50 mm U strip wrapping at 225 mm c/c with an additional layer of CFRP wrapping on both sides 
of the web is 16 %, 37 %, 59 %, and 85 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) 
mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with an significant average enhancement of 
49 % (equivalent to 105 % of ductility ratio enhancement). Also, the angle of twist ratio enhancement 
percentage (Figure 13) for beams strengthened (Group #2) with one layer of 50 mm U strip wrapping at 175 
mm (equivalent to 78 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping on both sides of 
the web is 24 %, 44 %, 64 %, and 93 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) 
mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with an significant average enhancement of 
56 % (equivalent to 108 % of ductility ratio enhancement) and this percentage is 1.15 times the percentage 
for Group#1 (S = 225 mm). In addition, the angle of twist ratio enhancement percentage (Figure 13) for beams 
strengthened (Group #3) with one layer of 50 mm U strip wrapping at 125 mm (equivalent to 56 % of Group 
#1 spacing) c/c with an additional layer of CFRP wrapping on both sides of the web is 34 %, 55 %, 77 %, and 
109 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 
mm (hf = 1.00h), respectively, with an significant average enhancement of 69 % (equivalent to 114 % of 
ductility ratio enhancement) and this percentage is 1.4 times the percentage for Group#1 (S = 225 mm). While, 
the Group #4 beams (beams strengthened with one layer of 50 mm U strip wrapping at 75 mm (equivalent to 
33 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping on both sides of the web) had the 
largest average angle of twist ratio enhancement percentage of 72 % (equivalent to 115 % of ductility ratio 
enhancement) and this percentage is 1.67 times the percentage for Group#1 (S = 225 mm). The angle of twist 
ratio enhancement percentage for beams strengthened (Group #4) is 35 %, 69 %, 96 %, and 129 % (Figure 
13) for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm 
(hf = 1.00h), respectively. 

3.6.  Elastic stiffness ratio 
The elastic stiffness determines the response of the crystal to an externally applied strain (or stress) 

and provides information about the bonding characteristics, mechanical and structural stability. The slope of 
the first stage of the load-deflection curve before initiation of the first main flexural crack is represented the 
elastic stiffness. For comparison, the elastic stiffness of each strengthened beam with CFRP sheets was 
normalized with respect to the control beams without CFRP sheets as shown in Table 5.  

Figure 14 shows the elastic stiffness ratio for all simulated models. Inspection of Figure 14 reveals the 
elastic stiffness ratio enhancement percentage is classified as the least percentage in the investigated 
parameters in this study in which slightly increased with the increase of hf and decreased with the increase of 
S. The elastic stiffness ratio enhancement percentage (Figure 14) for beams strengthened (Group #1) with 
one layer of 50 mm U strip wrapping at 225 mm c/c with an additional layer of CFRP wrapping on both sides 
of the web is 5 %, 6 %, 9 %, and 13 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 
150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with a small average enhancement of 8 % 
(equivalent to 18 % of ductility ratio enhancement). Also, the elastic stiffness ratio enhancement percentage 
(Figure 14) for beams strengthened (Group #2) with one layer of 50 mm U strip wrapping at 175 mm 
(equivalent to 78 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping on both sides of the 
web is 14 %, 23 %, 29 %, and 35 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 
150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with a small average enhancement of 25 % 
(equivalent to 48 % of ductility ratio enhancement) and this percentage is 3.1 times the percentage for Group#1 
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(S = 225 mm). In addition, the elastic stiffness ratio enhancement percentage (Figure 14) for beams 
strengthened (Group #3) with one layer of 50 mm U strip wrapping at 125 mm (equivalent to 56 % of Group 
#1 spacing) c/c with an additional layer of CFRP wrapping on both sides of the web is 23 %, 33 %, 39 %, and 
47 % for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 
mm (hf = 1.00h), respectively, with a small average enhancement of 35 % (equivalent to 58 % of ductility ratio 
enhancement) and this percentage is 4.3 times the percentage for Group#1 (S = 225 mm). While, the Group 
#4 beams (beams strengthened with one layer of 50 mm U strip wrapping at 75 mm (equivalent to 33 % of 
Group #1 spacing) c/c with an additional layer of CFRP wrapping on both sides of the web) had the largest 
average elastic stiffness ratio enhancement percentage of 45 % (equivalent to 63 % of ductility ratio 
enhancement) and this percentage is 5.5 times the percentage for Group#1 (S = 225 mm). The elastic stiffness 
ratio enhancement percentage for beams strengthened (Group #4) is 27 %, 42 %, 51 %, and 60 % (Figure 
14) for CFRP anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm 
(hf = 1.00h), respectively. 
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Figure 14. Enhancement percentage in elastic stiffness (elastic stiffness ratio). 

3.7. Energy absorption ratio 
In materials science and metallurgy, energy absorption or toughness is the ability of a material to absorb 

energy and plastically deform without fracturing. One definition of material toughness is the amount of energy 
per unit volume that a material can absorb before rupturing. Energy absorption is calculated as the entire area 
under the load-deflection curve. In addition, the energy absorption of each strengthened beam with CFRP 
sheets was normalized with respect to the control beams without CFRP sheets as shown in Table 5.  
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Figure 15. Enhancement percentage in energy absorption (energy absorption ratio). 
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Figure 15 shows the energy absorption ratio for all simulated models. Inspection of Figure 15 reveals 
the energy absorption ratio enhancement percentage is classified as the highest percentage in the investigated 
parameters in this study in which largely increased with the increase of hf and decreased with the increase of 
S. The energy absorption ratio enhancement percentage (Figure 15) for beams strengthened (Group #1) with 
one layer of 50 mm U strip wrapping at 225 mm c/c with an additional layer of CFRP wrapping on both sides 
of the web is 49 %, 108 %, 165 %, and 234 % for CFRP anchored depth of 50 mm (hf = 0.25h), 
100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with enormous average 
enhancement of 139 % (equivalent to 1692 % of elastic stiffness ratio enhancement). Also, the energy 
absorption ratio enhancement percentage (Figure 15) for beams strengthened (Group #2) with one layer of 
50 mm U strip wrapping at 175 mm (equivalent to 78 % of Group #1 spacing) c/c with an additional layer of 
CFRP wrapping on both sides of the web is 80 %, 158 %, 232 %, and 331 % for CFRP anchored depth of 
50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with 
enormous average enhancement of 200 % (equivalent to 2438 % of elastic stiffness ratio enhancement) and 
this percentage is 1.44 times the percentage for Group#1 (S = 225 mm). In addition, the energy absorption 
ratio enhancement percentage (Figure 15) for beams strengthened (Group #3) with one layer of 50 mm U strip 
wrapping at 125 mm (equivalent to 56 % of Group #1 spacing) c/c with an additional layer of CFRP wrapping 
on both sides of the web is 119 %, 203 %, 301 %, and 417 % for CFRP anchored depth of 50 mm (hf = 0.25h), 
100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), respectively, with enormous average 
enhancement of 260 % (equivalent to 3166 % of elastic stiffness ratio enhancement) and this percentage is 
1.87 times the percentage for Group#1 (S = 225 mm). While, the Group #4 beams (beams strengthened with 
one layer of 50 mm U strip wrapping at 75 mm (equivalent to 33 % of Group #1 spacing) c/c with an additional 
layer of CFRP wrapping on both sides of the web) had the largest average energy absorption ratio 
enhancement percentage of 343 % (equivalent to 4172 % of elastic stiffness ratio enhancement) and this 
percentage is 2.4 times the percentage for Group#1 (S = 225 mm). The energy absorption ratio enhancement 
percentage for beams strengthened (Group #4) is 143 %, 280 %, 393 %, and 553 % (Figure 14) for CFRP 
anchored depth of 50 mm (hf = 0.25h), 100 (hf = 0.50h) mm, 150 mm (hf = 0.75h), and 200 mm (hf = 1.00h), 
respectively. 

3.8. Comparison of NLFEA with other results 
Comparison of NLFEA with Vishnu et al. [31], the bending moment and torque for all specimens at first 

crack are closed to NLFEA. Due to FRP torsional resistance of beam is increased in all types of wrapping 
configuration. Maximum bending moment and torsional moment are resisted by FRP strengthening. Also, all 
specimens wrapped with GFRP show better torsional resistance compared to the control specimen. Results 
show an increase in structural behavior of the strengthened beam is almost the same performance as the 
NLFEA. Besides, Vishnu et al. [31] reached the same conclusion as NLFEA that the fully U wrap strengthening 
technique of RC beam with FRP is more efficient in resisting torsional moment compared to the vertical strip. 

4. Conclusions 
1. Integration of CFRP strips as anchored external shear CFRP strips in RC beams can be conducted 

with alleviate, which eliminates the need for decreasing the center to center spacing between CFRP strips. 

2. The control beam shows a faster rate of diagonal crack propagation than the strengthened beams. 
This is due to the lack of CFRP wrapping along the beam. The failure occurred after substantial wide diagonal 
cracks and concrete crushing followed by CFRP rupture. 

3. The using of anchored CFRP sheets along the top face of the beam as external strengthening in the 
enhancing of the beam shear integrity pre and post cracking, arresting the shear cracks and improving the 
structural performance and serviceability of simulated beam. 

4. The efficiency of using CFRP strips increases as decreasing the center to center spacing between 
CFRP strips. For the same spacing, this efficiency increases as increasing the depth of anchored CFRP. 

5. The external strengthening with anchored had a superior effect on the CFRP strain (15%–85%), 
ultimate load (25%–223%), ultimate deflection (19%–102%), angle of twist (16%–129%), torsion elastic 
stiffness (5%–60%), energy absorption (49%–553%). 

6. The enhancement percentage increased with the increase of anchored depth and decreased with 
the increase of CFRP strip spacing. 
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Abstract. The work (in connection with the small study of the effects of gamma ray on concretes and their 
components) contains the results of calculation and analysis of radiation changes of concrete aggregates 
under the influence of gamma ray on the basis of analytical methods developed previously during the neutron 
irradiation process. The possibility of using these analytical methods in the case of exposure to gamma ray 
was substantiated. The relationship of the absorbed doses of gamma ray of different energies with the number 
of atoms displaced during irradiation was established. There is an assessment of radiation changes in the 
volume and strength of the main types of rocks - aggregates of concrete (igneous, sedimentary rocks and 
ores) under the influence of gamma ray with an average energy of 2 MeV and 5 MeV after irradiation to 
absorbed doses of 105 to 1011 Gy at 30 °C, 100 °C and 300 °C. For this, from the beginning, the radiation 
changes of the main rock-forming minerals were calculated, and on the ground of them, the radiation changes 
of rocks of concrete aggregates were calculated. It has been established that noticeable radiation changes of 
considered minerals and rock aggregates will occur only at absorbed doses of gamma ray of more than  
1·109–1·1010 Gy of gamma rays with an energy of 5 MeV and of 3·109–3·1010 Gy for gamma rays with an 
energy of 2 MeV. The number of radiation changes grows with a rise in the absorbed dose and significantly 
decrease with an increase in the irradiation temperature for silicate class minerals and silicate rocks. The 
greatest radiation changes under the influence of gamma ray at 30 °C are observed in silicate minerals and 
rocks, especially olivine pyroxenes, hornblende, dunite, peridotite, pyroxenite, and gabbro. Moreover, even 
with an absorbed dose of gamma ray of 1011 Gy, the radiation changes are not large (increase in volume is 
not more than 0.36 %, decrease in strength is not more than 8.7 %). As the temperature increases, the ratio 
in the magnitude of radiation changes of different materials changes. 

1. Introduction 
Significant radiation changes in concrete could occur under the influence of ionizing radiation. In this 

regard, the radiation resistance of concrete used in buildings with various nuclear facilities determines the 
safety of operation of these buildings for both the operating staff and the environment as a whole. 

The most significant radiation changes in concrete occur under the influence of neutrons of nuclear 
reactors. In this connection the influence of neutron radiation in concrete and their components (aggregates, 
minerals, cement stone) was investigated and adequately described in literature, for example in [1-22]. There 
are methods for the analytical determination of radiation changes in the following materials described in [8, 9, 
10, 11, 12, 14, 22]: 

− minerals of concrete aggregate [8, 14, 22] and cement stone [11,14] under the influence of neutrons 
according to the data on the fluence and neutron spectrum, irradiation temperature; 

− materials of concrete aggregate according to data on radiation changes in crystals of the composing 
minerals them [9, 14]; 

− concretes according to data on radiation changes in their components (aggregates and cement 
stone) [10, 12, 14]. 
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At the same time, significant volumes of concrete in buildings with nuclear facilities are exposed to 
gamma radiation. However, the effect of gamma ray on concrete is less studied. There are only a few data on 
the effect of gamma radiation on concrete obtained in [1, 2, 21, 23–27], discussed in the reviews [6, 7, 13, 15, 
21] and on the effect of gamma radiationon the cement stone [25, 26, 28–31], indicating that they have small 
radiation changes under the influence of gamma radiation. 

The effect of gamma ray on concrete aggregates and the contribution of radiation-induced changes in 
aggregates to radiation-induced changes in concrete under the influence of gamma ray have hardly been 
studied. This is due to the opinion based on the results of the study of ceramic materials [32, 34] that gamma 
ray does not cause noticeable changes in the properties of inorganic materials.  This view was confirmed in 
the works of [33, 35], which show that the ability to displace atoms under the influence of gamma ray is 100 
to 10,000 times lower than under the influence of neutrons. 

However, the studies described in the papers [1, 2, 6, 7, 13, 15, 21, 23–31] were performed after 
exposure to the absorbed dose of gamma radiation no more than 1.5⋅109 Gy. The result of a study of the effects 
of higher absorbed doses has not been found in literature. At higher absorbed doses, the number of displaced 
atoms and changes in material properties may be more significant. In addition, studies of the aggregate 
materials, which are more radiation-sensitive than ceramics, are not available in the literature. In this regard, 
studies of radiation changes in concrete aggregate materials under the influence of gamma ray are of 
considerable practical interest.  

The purpose of this work is to assess radiation changes in the main varieties of concrete aggregates 
under the influence of gamma ray in a wide range of absorbed doses and radiation temperatures. 

Due to the lack of data in the literature on significant radiation changes of the aggregates and their 
minerals under the influence of gamma ray, radiation changes of these materials were evaluated by 
calculation. 

In achieving the goal, the following known provisions in accordance with [8, 9, 14], were taken into 
account: 

• Changes in the basic properties of concrete aggregate materials are caused by the displacement of 
atoms in their minerals, leading to the accumulation of radiation defects in them. 

• Changes in volume and strength are of greatest interest.  
• Radiation changes in the volume and strength of concrete aggregate materials can be calculated by 

radiation changes in the size and volume of the minerals that compose them on the basis of the analytical 
method tested during neutron irradiation, described in the works [9, 14]. 

• Radiation changes in the volume and size of mineral crystals can be calculated on the base of the 
number of displaced atoms and the radiation temperature. This analytical method based on neutron radiation, 
is described in the works [8, 14]. 

In order to achieve this goal, the following objectives of the study were set and solved: 

• To justify the possibility of using the existing analytical methods listed above, which have been tested 
under the influence of neutrons, to determine the results of gamma radiation exposure. 

• To establish the dependence of the number of displaced atoms in minerals of concrete aggregates 
under the action of gamma radiation on the absorbed dose and the energy of gamma quanta. 

• To calculate, using the well-known analytical method presented in [8, 14] for neutron irradiation, 
radiation changes in the volume and size of crystals of the main minerals of concrete aggregates after 
irradiation with gamma radiation to various absorbed doses. 

• To calculate, using the available analytical method presented in [9, 14] for neutron irradiation, the 
radiation changes of the volume and strength of the main materials of concrete aggregates after irradiation 
with gamma radiation to various absorbed doses. 

• To analyze the results obtained and establish the absorbed doses and conditions under which it is 
necessary to take into account the radiation changes in the materials of concrete aggregates under the 
influence of gamma radiation. 

2. Methods  
When substantiating the possibility of using the above existing analytical methods tested under the 

influence of neutrons, the following circumstances were taken into account for the results of exposure to 
gamma ray: 

• In accordance with the existing method for the analytical determination of radiation changes in 
minerals under the influence of neutrons, radiation changes in the volume and size of minerals, although they 
are not the same for different minerals, are determined by the calculated number of displaced atoms and the 
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irradiation temperature. In this regard, the most important for substantiating the possibility of using this 
analytical method when exposed to gamma ray is the condition that the same number of displaced atoms 
when irradiated with neutrons and gamma ray cause approximately equal radiation changes. 

• Although atom displace efficiency in gamma radiation is 100 to 10,000 times lower than that of 
neutrons, the number of basic radiation defects (vacancies, interstitial atoms), their distribution in the crystal 
lattice and the effect on the properties for equal values of number of displaced atoms and irradiation 
temperature should be approximately the same. For neutrons of different energies, the efficiency of atomic 
displacement also differs significantly from each other. However, differences in the results of irradiation of 
minerals with neutron fluxes with different proportions of neutrons of different energies are quite well excluded 
when the radiation changes are linked to the calculated number of displaced atoms in [14]. 

• However, there is an opinion [37], that the number and distribution of radiation defects in the space 
may depend on the speed of displacement of atoms, which is less under the influence of gamma ray than 
under the influence of neutrons. However, this was not found in existing studies when irradiating minerals with 
neutrons at different neutron flux densities. 

• In accordance with the existing method for the analytical determination of radiation changes in 
concrete aggregates, radiation changes in the volume and mechanical properties are determined by changes 
in the size and volume of minerals, their moduli of elasticity, grain size of minerals, and the modulus of elasticity 
of the material. The reasons for the change in the size and volume of minerals do not play a significant 
role. This is shown by the results of a positive-used of this method when heating the rocks presented in [36]. In 
this regard, this analytical method can be used when exposed to gamma ray. 

To calculate the number of displaced atoms under the influence of gamma ray, we used the cross 
sections for the formation of displaced atoms )E( gdσ , calculated in [33] for atoms of building 

materials (mainly with the atomic number 4 ÷14): 

- )E( gdσ  = 0.1⋅10-24 cm 2 for gamma rays with an energy of 2 MeV; 

- )E( gdσ  = (0.2 − 0.5)⋅ 10-24 cm2 for gamma rays with an energy of 5 MeV  

By analogy with neutron radiation, considered in [8, 14], the number of displaced atoms смn  when 
irradiated by gamma ray in the minerals should be determined by the formulas: 

                          
1

( ) ( )d d gi g gi
m

i
n E F Eσ

−
 =  ∑                                                        (1) 

− when exposed to gamma rays with different energies giE  (for i = 1 – m);  

           )E(F)E(n gggdd σ=                                                        (2) 

− when exposed to gamma rays with one energy gE or average energy gE ,  

− where ( )d giEσ  and ( )d gEσ  are the cross sections for the formation of displaced atoms upon 

exposure to gamma rays with energy giE  and gE , cm2; 

− ( )g giF E  and ( )g gF E  are fluence of γ-quantum with energy giE  and gE , γ-quantum/cm2. 

In accordance with [39] the following coefficients )E(k gF/D gg
as the ratios of the dose-to-the-level 

gamma-quanta-dependent gamma-quanta energy gE : 

/ ( )
g gD F gk E  = (4.4 − 5.6)⋅10-12 Gy/(γ-quantum/cm2)  ≈5⋅10-12Gy/(γ-quantum/cm2) for gamma-rays with 

energy gE = 1 MeV; 

/ ( )
g gD F gk E  = (7.5 − 9.2)⋅10-12 Gy/(γ-quantum/cm2) ≈8⋅10-12 Gy/(γ-quantum/cm2) for gamma rays with 

energy gE = 2 MeV; 
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/ ( )
g gD F gk E  = (1.39 – 1.6)⋅10-11 Gy/(γ-quantum/cm2) ≈1.5⋅10-11Gy/(γ-quantum/cm2)  for gamma rays 

with energy gE = 5 MeV. 

In accordance with [8, 14] the change in the volume of minerals under the influence of gamma ray was 
calculated by the formulas: 

( )

.

( )

.

( )

.

( ) ( 1)
( ) ( ) 0

( )

(1 ) ( ) ( ) 0

at and

at and

d

d

d

b T n

M M

b T n

M M

b T n

M M

Va T e
V

a T T
VV a T e

VV
V e a T T

V

∆

β
∆∆

∆ β−

   −    − ≠ ∞ ≠
  + ⋅=    

   − − = ∞ =  
 

 

 

                     (3a) 

 

           (3b) 

where 
V

V
∆

 is the relative increase in the volume of crystals or unit cells of the mineral, %. 

.M M

V
V
∆ 

 
 

 increase in the volume of the crystal of the mineral in a state of saturation, % 

( )a T  and ( )b T  are the parameters depending on the irradiation temperature, determined by the 
formulas: 

( ) ( ) / ( )a T T Tα β=                                                                       (4) 

.
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Vb T T T
V
∆β α = + 

 
,                                                          (5) 

where ( )Tα  and ( )Tβ  are the parameters depending on the irradiation temperature. 

Taking into account the work [8, 14], the change in the size of the crystals of minerals along various 
axes under the action of gamma ray was calculated by the formula: 

       
5

1 2 3 4

aV Va a a a
V V

∆ ∆ ∆ = + + + 
 





,                                                     (6) 

where 1a − 5a  are the parameters. 

In this work, we used the parameters of equations (3a)–(6) obtained and presented in [8, 14]. 

In accordance with [9, 14], the change in the volume of rocks of concrete aggregates under the action 
of gamma ray was calculated by the formulas: 
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.1 . .

13AG M RED
M

AG M REDM M M M GR

V E VV a
V V VE d
∆ ∆ ∆ −   = = − ⋅   

   




 - at 
1 2

 V V
V V
∆ ∆   ≥   

   
       (7a) 

 

   
2 .

3
1 2.2 / ( 3 )

AG AVE

AG AD M M GR AVE

V V V
V V V a d
∆ ∆ε∆ ∆

∆ε
   = = +   
    +

-at 
1 2

 V V
V V
∆ ∆   <   

   
,            (7b) 

where 
.M M

∆ 
 
 




 is the maximum of the values of the radiation values of radiation-induced dimensional 

changes in the most expanding direction of the crystals composing the material of minerals, %; 

Ma  = 3.4 10-2 % cm0.5 is the complex parameter of the model; 

0E  is modulus of elasticity of the material at zero porosity, MPa; 
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GRd  is average size of crystals composing the material of minerals, cm; 

.M ME  is the modulus of elasticity of crystals having an expansion 
.M M

∆ 
 
 




 along the axis where 

the expansion 
.M M

∆ 
 
 




takes place, MPa; 

AVE∆ε  is the average difference between the deformations of the crystals along various axes 
composing the material of minerals, %; 

.M REDV  is the relative volumetric content of mineral crystals with expansion, 
.M M

∆ 
 
 




, reduced to 

the isotropic case, but taking into account the anisotropy of radiation deformations and the presence of crystals 

with expansion 
.M i

∆ 
 
 




, (differing by a value of no more /р M AVEa dξ = ),  rel. units;  

.AD M

V
V
∆ 

 
 

 is an increase in the volume of material (in %) associated with a free change in the volume 

of mineral crystals composing it, determined by the formula: 
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where 
i

V
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and iV  is the radiation change in volume (in %) and the relative volume content of the minerals 

composing the material (in rel. units). 

Values AVE∆ε  and .M REDV  by [9, 14] were determined by the formulas:  
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where 
ij

∆ 
 
 




 is the increase in the size of the crystals of the i-th mineral along the j-th axis (j = 1 ... 3 along 

the axes a, b and c) of the crystal, %; 

.M Mn  and .M in  are the number of axes in the crystals along which the expansion occurs 
.M M

∆ 
 
 




and 
.M i

∆ 
 
 




; 

.M MV ; .M iV ; .M ME ; .M iE  are the relative volume content (in rel. units) and the moduli of normal 

elasticity (in MPa) of mineral crystals having an expansion of 
.M M

∆ 
 
 




and 
.M i

∆ 
 
 




. 

The elastic moduli of mineral crystals along various axes were taken according to [39]. 
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The radiation changes in the indicators of the mechanical properties of the aggregates were calculated 
by the formula [9, 14]: 

0
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AGAG CR

AG AG
AG AG

AG CR
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∆
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  = −  
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 ,                                          (11) 

where 
0

AG

AG

R
R

 is the residual value of the mechanical property AGR  after radiation exposure relative to the 

strength before irradiation 0AGR , rel. units; 

AGA  and AGB  are the complex parameters of the model, the values  are given in the works [9, 14]. 
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AG CR

V
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 is an increase in the volume of material due to the formation of cracks is determined by 

the formula: 
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where iu  is the fraction of the increase in mineral crystals due to the formation of microcracks in the crystal, 
taken according to the data of  [9, 14]. 

 Relative changes in strength are calculated by the formula: 

0 0
( 1) 100%AG AG

AG AG

R R
R R
∆

= − ⋅  ,                                                     (13) 

where 
0

AG

AG

R
R
∆

 are the relative changes in strength, as the ratio of the absolute change in strength 

AGR∆  to strength before irradiation 0AGR , %.  

The calculations of radiation changes were carried out for the following main rock-forming minerals: 

• silicate class minerals - quartz, potassium feldspar-microcline, plagioclases (oligoclase and 
labrador), pyroxenes (enstatite, diopside), hornblende, olivine, serpentine; 

• carbonate class minerals - calcite, dolomite; 
• oxide-ore class minerals (hematite, magnetite). 
• quartz glass. 
The radiation changes in minerals were used to calculate the radiation changes in aggregate rocks: 

granite, diorite, gabbro, basalt, pyroxenite, peridotite, dunite, sandstone, limestone, and enriched hematite and 
magnetite ore. 

When choosing the rocks, the following circumstances were taken into account: 

− granites, diorites, gabbros, basalts, sandstones, limestones are the most common rocks; 
− pyroxenites, peridotites, dunites, hematite and magnetite ore are examples of the most radiation-

resistant rocks when irradiated with neutrons; 
− sandstones and limestones were used as aggregates of concrete investigated after exposure to 

gamma ray in [1, 2, 24]; 
− hematite and magnetite ores are used for the preparation of particularly heavy concrete, effective for 

protection against radiation. 
The characteristics of the mineral composition, the average size of the crystals of minerals and the 

elastic modulus of the rocks considered in the work are shown in table 1. 
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Although the mineral composition, structure, and properties of these rocks can vary in a rather wide 
range, the use of the accepted average characteristics can be considered to estimate the values of their 
radiation changes under the influence of gamma ray. 

Table 1. The characteristics of the mineral composition, the average size of the crystals of 
minerals, and the modulus of elasticity of the rocks considered in this paper. 

No. Name of the rock Mineral composition in the form of mineral 
content in % 

Average crystal 
size of minerals, 

cm 

Modulus of 
elasticity, MPa 

 
1 Granite Quartz – 25 %, Microcline – 40 %, Oligoclase 

–  20 %,  Hornblende – 15 % 
0.3 6⋅104 

2 Diorite Oligoclase – 70 %, Microcline – 5 %, 
Hornblende - 25% 

0.3 8⋅104 

3 Gabbro Enstatite, Diopside – 50 %, Labrador – 50 %   0.3 10⋅104 
4 Basalt Enstatite, Diopside – 50 %, Labrador – 40 %, 

Glass – 10 % 
0.01 10⋅104 

5 Pyroxenite Enstatite, Diopside – 90 %, Olivine  – 10 % 0.1 12⋅104 
6 Peridotite Enstatite, Diopside – 40 %, Olivine – 40 %, 

Serpentine – 20 % 
0.1 12⋅104 

7 Dunite Enstatite, Diopside – 10 %, Olivine – 90 % 0.1 12⋅104 
8 Sandstone Quartz – 50 %, Microcline – 25 %, Oligoclase 

– 25 %  
0.03 6⋅104 

9 Limestone Calcite – 75 %, Dolomite – 25 % 0.03 8⋅104 
10 Hematite ore 

(enriched) 
Hematite – 100 % 0.01 25⋅104 

11 Magnetite ore 
(enriched) 

Magnetite – 100 % 0.01 27⋅104 

 

First, using the formulas (1)–(6), the radiative changes in the volume and size of the crystals of the 
minerals that make up these rocks were calculated: quartz, microcline, oligoclase, hornblende, calcite and 
dolomite. Then, according to formulas (7)–(13), radiation changes in the volume and strength of granite, 
sandstone, and limestone with the accepted characteristics of the mineral composition, structure, and 
properties were calculated. 

Considering the data of [14], the radiation changes of the considered minerals and rocks were calculated 
after the following exposure to gamma ray: 

- gamma ray with an average energy of 2 MeV at absorbed doses from 1⋅105 to 1⋅1011 Gy for materials 
of radiation protection of technological equipment of nuclear power plants; 

- gamma ray with an average energy of 5MeV at absorbed doses from 1⋅105 to 1⋅1011 Gy for radiation 
protection materials of nuclear reactors. 

The radiation changes were calculated for cases of irradiation at temperatures of 30 °C, 100 °C, and 
300 °C. In this case, changes in materials under the action of heating associated with irradiation (thermal 
changes) were not considered, since they are independent of radiation changes, they are determined and can 
be taken into account by other methods, for example, according to [36]. 

3. Results and Discussion 
The dependences necessary for calculating the number of displaced atoms in concrete aggregate 

minerals were found based on the values of the atomic displacement cross sections ( )d gEσ , calculated in 

[33] for atoms of building materials and the known relations / ( )
g gD F gk E  between the absorbed dose and 

gamma-ray fluence, which depend on the energy of gamma-rays gE .  

Based on the values of ( )d gEσ  and / ( )
g gD F gk E  and of formula (2) shown in the research 

methodology, the following dependence of the number of displaced atoms (in fractions of a unit) in aggregate 
minerals when irradiated with gamma ray on the absorbed dose in Gy of gamma ray of different energy was 
established and accepted for calculations: 

141.1 10d gn D−= ⋅ ⋅ - at gamma ray energy gE = 2 MeV;                          (14) 
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gd D.n ⋅⋅= −141033 - at gamma ray energy gE = 5 MeV.                          (15) 

It can be seen that the absorbed dose of gamma ray with an energy of 5 MeV corresponds to a 3 times 
larger number of displaced atoms than gamma ray with an energy of 2 MeV. In this connection, the absorbed 
dose of gamma quanta with an average energy of 2 MeV is equivalent to 1/3 of the absorbed dose of gamma 
quanta with an energy of 5 MeV in the efficiency of atomic displacement. This circumstance was taken into 
account when graphically presenting the calculation results. All calculation results are presented depending 
on the absorbed dose equal to the absorbed dose of gamma rays with an energy of 5 MeV or equal to 1/3 of 
the absorbed dose of gamma rays with an energy of 2 MeV. 

The calculation results according to formulas (1) - (5) taking into account formulas (14) and (15) of 
radiation changes in the volume of the examined minerals from the absorbed dose of gamma ray in the range 
of 105–1011 Gy and the irradiation temperature from 30 to 300 °C are given on Figures 1 to 5. 

 
Figure 1. Dependence of the calculated 

radiation increase in the volume of various 
minerals on the absorbed dose of gamma ray 
with an average energy of 5 MeV and 2 MeV at 

an irradiation temperature of 30 °C. 

 
Figure 2. Dependence of the calculated 

radiation increase in the volume of various 
minerals on the absorbed dose of gamma ray 
with an average energy of 5 MeV and 2 MeV at 

an irradiation temperature of 100 °C.  

 
Figure 3. Dependence of the calculated 

radiation increase in the volume of various 
minerals on the absorbed dose of gamma ray 
with an average energy of 5 MeV and 2 MeV at 

an irradiation temperature of 300 °C. 

 
Figure 4. The dependence of the calculated 
radiation decrease in the volume of quartz 

glass on the absorbed dose of gamma ray with 
an average energy of 5 MeV and 2 MeV at 

irradiation temperatures from 30 to 300 °C. 
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a) 

 

b) 

 

Figure 5. Dependence of the calculated radiation increase in the volume of various minerals 
on the irradiation temperature at an absorbed dose of gamma ray with an average energy of 5 MeV 

1⋅1010 Gy (a) and 1⋅1011 Gy (b) 
The calculation results indicate that noticeable radiation changes in the considered minerals will occur 

only at absorbed doses of gamma ray greater than 0gD = 1⋅109  − 1⋅1010 Gy for gamma rays with an energy 

of 5 MeV and 0gD = 3⋅109 − 3⋅1010 Gy for gamma rays with an energy of 2 MeV. The radiation changes in 

volume rise with an increase in the absorbed dose and decrease in silicate class minerals with an increase in 
the irradiation temperature. 

At 30 °C, according to the calculation results, the largest radiation increase in volume in the studied 
range of absorbed doses will occur in minerals of silicate class minerals. 

The maximum increase in volume during irradiation at 30 °C will be observed in olivine (up to 0.3 %). A 
2–2.5 times smaller increase in volume will occur in pyroxenes of diopside and enstatite (up to 0.15 %) and 
hornblende (up to 0.12 %). 4.6–5.5 times a smaller increase in volume will be observed in quartz (up to 
0.065 %), serpentine, calcite, dolomite (up to 0.055 %). A 10-16 times smaller increase in volume will occur in 
the microcline minerals (up to 0.03 %) and oligoclase, labrador, hematite (up to 0.018–0.020 %). A minimal 
increase in volume will be observed in magnetite (up to 0.007 %). In quartz glass, regardless of the irradiation 
temperature, a decrease in volume will occur (up to -0.3 %). 

With an increase in the irradiation temperature from 30 °C to 100 °C and 300 °C, the radiation changes 
in the silicates class minerals decrease, while the radiation changes of carbonate class minerals (calcite, 
dolomite) and iron oxides (hematite, magnetite) do not change. Moreover, the effect of temperature increases 
with the rise of irradiation temperature. At 100 °C the increase in the volume of silicates decreases by  
11–18 times, and at 300 °C it decreases by 400−1800 times in comparison with a change in volume at 30 °C. 
In this regard, the ratio between radiation changes in the volume of various minerals changes, the upper and 
lower boundaries of the changes in volume decrease, and the increase in the volume of silicate class minerals 
becomes smaller than that of carbonates and iron oxides. 

In the case of irradiation at 100 °C in the studied range of absorbed doses, the maximum volume 
increase will be observed in minerals of the carbonate class-calcite and dolomite (up to 0.055 %). An 
approximately twofold smaller increase in volume will occur in olivine (up to 0.027 %). A 3.7-fold smaller 
increase in volume will be observed in hematite (0.018 %). A 4.5−5.6 times smaller volume increase will occur 
in pyroxenes of enstatite, diopside (up to 0.012 %) and hornblende (up to 0.096 %). An 8-fold smaller increase 
in volume will be observed in magnetite (up to 0.0067 %). 10.8−13.5 times a smaller increase in volume will 
occur in quartz (up to 0.005 %) and serpentine (up to 0.004 %). A slight, 36−45 times smaller increase in 
volume will be observed in microcline, oligoclase and labrador (up to 0.0012−0.0015 %). 

In the case of irradiation at 300 °C in the studied range of absorbed doses, a maximum increase in 
volume will also be observed in calcite and dolomite of carbonate class minerals (up to 0.055 %). A 3.7-fold 
smaller increase in volume will occur in hematite (0.018 %). An 8-fold smaller increase in volume will be 
observed in magnetite (up to 0.0067 %). For the remaining studied minerals, the increase in volume will not 
be significant (at 100–3000 times less) and will be 0.000018–0.00053 %. 
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The results of calculations by formulas (7)−(13) of radiation changes in the volume and compressive 
strength of the considered rocks - aggregates of the absorbed dose of gamma ray are shown in Figures 6−12. 

The calculation results indicate that, as with minerals, noticeable radiation changes in the considered 
minerals will occur only at absorbed doses of gamma ray greater than 0gD = 1⋅109  − 1⋅1010 Gy for gamma 

rays with an energy of 5 MeV and 0gD = 3⋅109 − 3⋅109 Gy for gamma rays with an energy of 2 MeV. The 

radiation changes in volume rise with an increase in the absorbed dose and decrease in rocks, consisting of 
silicates, with an increase in the irradiation temperature. 

 
Figure 6. Dependence of the calculated 

radiation increase in the volume of various 
concrete aggregate rocks on the absorbed 

dose of gamma ray with an average energy of 
5 MeV and 2 MeV at an irradiation temperature 

of 30 °C. 

 
Figure 7. Dependence of the estimated residual 

strength of various concrete aggregate rocks on 
the absorbed dose of gamma ray with an 
average energy of 5 MeV and 2 MeV at an 

irradiation temperature of 30 °C. 

 
Figure 8. Dependence of the calculated 

radiation increase in the volume of various 
concrete aggregate rocks on the absorbed 

dose of gamma ray with an average energy of 5 
MeV and 2 MeV at an irradiation temperature of 

100 °C.  

Figure 9. Dependence of the estimated residual 
strength of various concrete aggregate rocks 
on the absorbed dose of gamma ray with an 

average energy of 5 MeV and 2 MeV at an 
irradiation temperature of 100 °C. 
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Figure 10. Dependence of the calculated 

radiation increase in the volume of various 
concrete aggregate rocks on the absorbed dose 
of gamma ray with an average energy of 5 MeV 

and 2MeV at an irradiation temperature of 
300 °C. 

 
Figure 11. Dependence of the estimated 

residual strength of various concrete aggregate 
rocks on the absorbed dose of gamma ray with 

an average energy of 5 MeV and 2MeV at an 
irradiation temperature of 300 °C. 

a) b) 

 
Figbre 12. Dependence of the calculated radiation increase in the volume of 

various concrete aggregate rocks on the irradiation temperature for an absorbed dose of gamma 
radiation with an average energy of 5 MeV  1⋅1010 Gy (a) and 1⋅1011 Gy (b) 

At 30 °C, according to the results of calculations, the greatest increase in volume and decrease in 
strength under the influence of gamma radiation in the studied range of absorbed doses will occur in rocks 
consisting of silicate class minerals. 

The largest volume increase during irradiation at 30 °C will be observed in dunite (up to 0.36 %), 
peridotite (up to 0.31 %) and pyroxenite (up to 0.28 %). 1.4−1.7 times a smaller increase in volume will occur 
in granite, diorite (up to 0.22 %) and gabbro (up to 0.21 %). 4.7−7 times less a smaller increase in volume will 
be observed in basalt (up to 0.059 %), sandstone (up to 0.050 %), limestone and dolomite (up to 0.051 %). 
The smallest increase in volume will occur in hematite ore (up to 0.018 %) and magnetite ore (up to 0.0066 %). 

The greatest decrease in strength during irradiation at 30 °C will be observed for granite (up to -8.7 %). 
Almost two times lesser decrease in strength will occur in dunite (up to -5.8 %), peridotite (up to -5.4 %), 
pyroxenite (up to -4.2 %) and gabbro (-4.3 %). In other rocks, the decrease in strength is not significant and 
amounts to -1.3 % or less, but decreases in the direction: limestone (up to -1.3 %) → basalt (up to -0.6 %) → 
hematite and magnetite ore (up to - 0.1 %). 
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With an increase in the irradiation temperature from 30 °C to 100 °C and 300 °C, the radiation changes 
of silicate aggregate rocks decrease, but the radiation changes of carbonate and ore aggregate rocks do not 
change. Moreover, the effect of temperature increases with increasing irradiation temperature. At 100 °C, an 
increase in the volume of silicate rocks except for basalt decreases by 13–31 times, and at 300 °C it decreases 
by 300-970 times compared with a change in volume at 30 °C. In basalt, the decrease is ≈2 times at 100 °C 
and ≈80 times at 300 °C. In this regard, the ratio between radiation changes in the volume of various silicate 
and carbonate, ore rocks varies, the upper and lower boundaries of volume changes decrease, and the 
increase in the volume of silicate rocks becomes less than that of carbonate and ore rocks. 

In the case of irradiation at 100 °C in the studied range of absorbed doses, the maximum increase in 
volume will be observed in limestone (up to 0.051 %). An approximately twofold smaller increase in volume 
will occur in basalt (up to 0.028 %) and dunite (up to 0.026 %). 2.8–3.7 times a smaller increase in volume will 
be observed in hematite ore (0.018 %). peridotite (up to 0.017 %) and pyroxenitis (up to 0.014 %). In 6.2−7.3, 
a smaller increase in volume will occur in granite and diorite (up to 0.008 %), gabbro (up to 0.007 %) and 
magnetite ore (up to 0.007 %). A minimal and insignificant increase in volume will be observed in sandstone 
(up to 0.0032 %). 

The decrease in strength during irradiation at 100 °C will be insignificant in all rocks, since it does not 
exceed -1.8 %. However, it decreases in the direction: basalt (up to -1.8 %) → limestone (up to -1.3 %) → 
dunite (up to 0.3 %) → other rocks (up to -0.2 %). 

In the case of irradiation at 300 °C in the studied range of absorbed doses, the maximum increase in 
volume will be observed in limestone (up to 0.051 %). A 2.8 times smaller increase in volume will occur in 
hematite ore (up to 0.018 %). A 7.3-fold smaller increase in volume will be observed in magnetite ore. In other 
rocks, the increase in volume is not significant and does not exceed 0.0007 %. 

The decrease in strength during irradiation at 300 °C will be even less significant than during irradiation 
at 100 °C. The greatest decrease in strength will be -1.3 % for limestone and -1.2 % for basalt. In other rocks, 
the decrease in strength will not be significant (no more than -0.1 %). 

Thus, the radiation changes of aggregates of concrete and their minerals under the influence of gamma 
ray at the considered absorbed doses can be significant only at absorbed doses of more than 109 Gy. Radiation 
changes increase with the absorbed dose. However, even with an absorbed dose of 1011 Gy, the radiation 
changes are not large (an increase in volume of not more than 0.36 %, a decrease in strength of not more 
than 8.7 %). Since, in accordance with the existing analytical methods [10, 12, 14] the changes in concrete 
are close to changes in aggregates, the radiation changes in concrete under the influence of gamma ray at 
the considered absorbed doses will not be large either. 

Since the available experimental data on concretes were obtained in [1, 2, 6, 7, 13, 15, 21, 23−27] at 
absorbed doses of less than 1.5⋅109 Gy, the radiation-induced changes in concrete found in these works are 
mainly caused by changes in their cement stone. 

It is important that the calculated radiation changes of minerals and aggregate rocks under the influence 
of gamma ray are much less than the maximum changes established by neutron radiation (increase in volume 
to 18−23 %, decrease in strength to 100 % in silicate materials, increase in volume to 3 % in carbonate and 
oxide materials). In this regard, it is of interest to evaluate what absorbed doses of gamma ray are necessary 
to achieve the same effects as under the influence of neutrons. 

According to [14], the indicated maximum radiation changes in the aggregate rocks are observed at the 
following approximate values of the damaging neutron fluences (with an energy of more than 10 KeV): 

− 1⋅1020 neutron/cm 2 for silicate materials at 30 oC; 
− 3⋅1020 neutron/cm 2 for silicate materials at 100 oC; 
− 10⋅1020 neutron/cm 2 for silicate materials at 300 oC; 
− (1-10)⋅1020 neutron/cm2 for carbonate materials and materials based on iron oxides.  
For the neutron spectra of the main reactors used in these studies, the fluences of 1⋅1020 − 

10⋅1020neutron/cm2 correspond to the fraction of displaced atoms смn = 0.14–1.4, since the average cross 

section for atomic displacement is ( )см nEσ  = 1400⋅10-24 cm2. Then, to obtain under the action of gamma ray 
the same maximum effects as under the action of neutrons in accordance with formulas (14) and (15), the 
following absorbed to gamma ray are necessary: 

14/1.1 10g смD n −= ⋅ = (0.14 – 1.4)/1.1⋅10-14 = 1.3⋅1013 - 1.3⋅1014 Gy – at gamma ray energy gE = 2 MeV; 

14/ 3.3 10g смD n −= ⋅ = (0.14 – 1.4)/3.3⋅10-14 = 4.2⋅1012 -4.2⋅1013 Gy – at gamma ray energy gE = 5 MeV. 
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Such high absorbed doses of gamma ray to radiation protection concrete in modern nuclear facilities 
are not achievable. Therefore, radiation changes under the influence of gamma ray, commensurate with the 
maximum radiation changes under the influence of neutrons, are practically impossible at currently operating 
nuclear facilities. 

It is also of interest to evaluate the contribution of radiation changes due to gamma ray to radiation 
changes in the radiation protection materials of nuclear reactors, which are simultaneously affected by 
neutrons and gamma ray. 

It can be made in the following way: 

According to [40], the ratio /n gϕ ϕ  of the density of the damaging neutron flux (with an energy of more 

than 10 KeV) nϕ (neutron/(cm2⋅s)) to the energy flux density of gamma ray gϕ  (MeV/(cm2⋅s)) behind the 

nuclear reactor vessel is: 

- /n gϕ ϕ  ≈ 0.05 MeV -1  – for uranium-graphite and water-cooled thermal neutron reactors; 

- /n gϕ ϕ ≈3 MeV -1 – for fast neutron reactors. 

Then the ratio . ./d g d nn n  of the number of displaced atoms under the action of gamma ray .d gn  with 

gamma ray energy gE = 5 MeV (average energy behind the reactor vessel) to the number of displaced atoms 

under the action of neutrons n.dn  with the cross sections for the formation of displaced atoms 

( )d gEσ  = 0.5⋅10-24 cm2 and ( )d nEσ  = 1400⋅10-24 cm2 will be: 
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Since n.dg.d n/n  is much less than 1, the effect of gamma ray on the radiation changes of minerals 
and rock-aggregates of concrete, and hence concrete, radiation protection of nuclear reactors under the 
simultaneous exposure to neutrons and gamma ray can be neglected. In this regard, the radiation changes 
under the influence of gamma ray must be taken into account when gamma ray only is exposed to materials 
with absorbed doses of more than 109 Gy. 

It is characteristic that the results of evaluating the gamma ray effect on minerals and rocks do not 
correspond to the opinion that silicate minerals and rocks receive the largest and smallest radiation changes 
upon exposure based on the results of irradiation of minerals and rocks with high neutron fluences. When 
irradiated with neutrons with the formation of a large number of displaced atoms, the largest radiation changes 
are obtained by quartz, feldspars and including them granites, diorites (with coarser grains especially), 
sandstones, and much smaller changes – by serpentine, pyroxenes, hornblende, olivine and including them 
gabbro, basalts , diabases, pyroxenites, peridotites and dunits. Under the gamma ray influence of the 
considered absorbed dose values, the maximum changes from silicate materials will occur in olivine, 
pyroxenes and including them dunite, peridotite, pyroxenite, and the minimum changes will occur in quartz, 
serpentine, feldspars (microcline, oligoclase, labrador) and including them sandstone and basalt. The 
intermediate radiation changes will be observed in granites, diorites and gabbro, to the compositional features 
of which the influence of their coarse-grained structure is added. 

Further computational research should be devoted to: 

− assessment of radiation changes in cement stone based on existing experimental data on concrete 
irradiation; 

− assessment of radiation changes in concrete with various aggregates under the influence of gamma 
ray in a wide range of absorbed doses and radiation temperatures based on the results of the 
assessment of radiation changes in aggregates and cement stone. 

Such an assessment can also be performed on the basis of the above considered methods for the 
analytical determination of radiation changes in concrete and its components. 

106



Magazine of Civil Engineering, 96(4), 2020 

Denisov, A.V. 

4. Conclusion 
1. The paper assesses the radiation changes of concrete aggregates under the influence of gamma 

ray based on analytical methods developed previously during the study of neutron radiation influence. The 
possibility of using these analytical methods in the case of exposure to gamma ray is discussed and justified 
in this paper. 

2. For practical use of these analytical methods, the relationship between the absorbed dose of gamma 
radiation of different energies and the number of atoms displaced during irradiation has been established. It 
was found that the absorbed dose of gamma radiation with an energy of 5 MeV corresponds to 3 times more 
displaced atoms than the absorbed dose of gamma radiation with an energy of 2 MeV. 

3. As a result of the calculations, the radiation changes of the main types of rocks - concrete aggregates 
(igneous, sedimentary rocks and ores) under the influence of gamma radiation with an average energy of 
2 MeV and 5 MeV after irradiation to absorbed doses from 105 to 1011 Gy at 30 °C, 100 °C and 300 °C were 
estimated. For this purpose, the radiation changes of the main rock-forming minerals were calculated, and the 
radiation changes of rocks of concrete aggregates were calculated from them. 

4. It has been established that the noticeable radiation changes in the examined minerals and 
aggregate rocks will occur only at absorbed doses of gamma ray greater than 0gD = 1⋅109  - 1⋅1010 Gy for 

gamma rays with an energy of 5 MeV and 0gD = 3⋅109 - 3⋅1010 Gy for 2 MeV gamma rays. The radiation 

changes in the volume of minerals increase with a rise in the absorbed dose and decrease in silicate class 
minerals and silicate rocks with an increase in the irradiation temperature. 

5. At 30 °C, the largest increase in volume under the influence of gamma radiation in the studied range 
of absorbed doses will occur in minerals of the silicate class. The maximum increase in volume during 
irradiation at 30 °C will occur in olivine (up to 0.3 %). A minimal and insignificant increase in volume will be 
observed in magnetite (up to 0.007 %). The radiation change in the volume of minerals decreases in the 
direction: olivine-pyroxenes (diopside, enstatite) →hornblende→quartz, serpentine, calcite, 
dolomite→microcline, oligoclase, labrador, hematite→magnetite. 

6. With an increase in the irradiation temperature from 30 °C to 100 °C and 300 °C, the radiation 
changes of silicate class minerals decrease, while the radiation changes of carbonate class minerals (calcite, 
dolomite) and iron oxides (hematite, magnetite) do not change. Moreover, the effect of temperature increases 
with the rise of irradiation temperature. At 100 °C, the radiation increase in the volume of silicates decreases 
by 11–18 times and becomes insignificant and at 300 °C it decreases by 400–1800 times compared with the 
change in volume at 30 °C and becomes insignificant. In this regard, the ratio between radiation changes in 
the volume of various minerals changes, the upper and lower boundaries of the changes in volume decrease, 
and the increase in the volume of silicate class minerals becomes smaller than that of carbonates and iron 
oxides. 

7. In quartz glass, regardless of the irradiation temperature, there will be a decrease in volume  
(up to -0.3%). 

8. Radiation changes in the volume of rocks of concrete aggregates increase with an increase in the 
absorbed dose and decrease in rocks consisting of minerals of the silicate class with an increase in the 
irradiation temperature. 

9. At 30 °C, according to the results of calculations, the greatest increase in volume and decrease in 
strength under the influence of gamma radiation in the studied range of absorbed doses will occur in rocks 
consisting of silicate class minerals. 

10.  The largest increase in volume under the influence of gamma radiation during irradiation at 30 °C 
will be observed in dunite (up to 0.36 %), peridotite (up to 0.31 %) and pyroxenite (up to 0.28 %). The smallest, 
insignificant increase in volume will occur in magnetite ore (up to 0.0066 %). The radiation change in the 
volume of rocks decreases in the direction of: dunite, peridotite and pyroxenite→granite, diorite and gabbro 
(up to 0.22 %)→basalt, sandstone, limestone and dolomite (up to 0.059%)→magnetite ore (up to 
0.018 %)→hematite ore. 

11.  The greatest decrease in strength during irradiation at 30 oC will be observed in granite  
(up to -8.7 %). Almost half less reduction of strength will occur in dunite (up to -5.8 %), peridotite (up to -5.4 %), 
pyroxenite (up to -4.2 %) and gabbro (-4.3 %). In other rocks, the reduction of strength is not significant and is 
-1.3 % or less, but it decreases in the direction of: limestone (to -1.3 %)→basalt (to -0.6 %)→hematite and 
magnetite ore (to -0.1 %). 

12. With an increase in the irradiation temperature from 30 °C to 100 °C and 300 °C, the radiation 
changes of silicate aggregate rocks decrease, while the radiation changes of carbonate and ore aggregate 
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rocks do not change. At 100 °C, the increase in the volume of silicate rocks in addition to basalt decreases by 
13-31 times, and at 300 °C decreases by 300–970 times compared to the change in volume at 30 °C. In basalt, 
the decrease is about 2 times at 100 °C and about 80 times at 300 °C. In this regard, the ratio between the 
radiation changes in the volume of various silicate and carbonate, ore rocks changes, the upper and lower 
limits of volume changes are reduced, and the increase in the volume of silicate rocks become less than of 
carbonate and ore rocks. Radiation changes in strength with increasing irradiation temperature change 
similarly to changes in volume.  

13. In general, it can be noted that even with the absorbed dose of 1011 Gy gamma ray the changes of 
rocks-concrete aggregates are not great (an increase in volume is no more than 0.36 %, a decrease in strength 
is no more than 8.7 %). In this regard, the changes in concrete under the influence of gamma ray at the 
considered absorbed doses will not be significant. 

14. The calculated radiation changes of minerals and rock aggregates of concrete under the action of 
gamma radiation are much smaller than the maximum changes established during neutron irradiation (an 
increase in volume is to 18–23 %, a decrease in strength is to 100 % in silicate materials, an increase in 
volume is to 3 % in carbonate and oxide materials). According to the results of calculations, the radiation 
changes under the action of gamma ray, commensurate with the maximum radiation changes under the action 
of neutrons in nuclear facilities operating at the present time are practically impossible. 

15. The calculations have shown that the influence of gamma ray on the radiation changes of minerals 
and rock aggregates of concrete, and therefore concrete, the radiation protection of nuclear reactors with the 
simultaneous exposure to neutrons and gamma ray can be neglected. In this regard, the radiation changes 
under the influence of gamma radiation must be taken into account when only gamma ray is applied to 
materials and when absorbed doses are greater than 109 Gy. 
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Abstract. A statically definable girder truss consists of two flat side trusses with parallel belts and descending 
braces, connected along the upper and lower belt by horizontal ties. The truss at the corners has four supports, 
the vertical reaction of one of which is selected from the equilibrium condition of the structure as a whole. 
Several types of external load are considered: the load in the middle of the span, vertical, evenly distributed 
over the nodes of the upper or lower belt, and uniform horizontal (wind), applied to the nodes of the upper belt. 
The forces in the rods and supports are determined by the method of cutting out the nodes. The deflection is 
found by the Maxwell-Mohr formula under the assumption of linear elasticity of the rods. The dependence of 
the deflection on the number of panels is obtained from solving problems for trusses with a consistently 
increasing number of panels. Generalization of these solutions to an arbitrary number of panels is found using 
special operators of the Maple computer mathematics system. Using the Maple operators, we derive and solve 
homogeneous linear recurrent equations that satisfy the coefficients of the desired formula. The found 
dependence has the form of a polynomial in the number of panels. Curves of the deflection dependence on 
the number of panels, the load and the size of the structure are constructed.  Some asymptotic properties of 
the obtained solution are found. Formulas for the dependence of forces in the most stretched and compressed 
rods on the size of the structure, the load, and the number of panels that can be used to analyze the strength 
and stability of the structure are derived. 

1. Introduction 
 In most analytical and numerical calculations of spatial trusses, the structure is replaced by separate 

flat trusses that carry the main load. The work of links is not taken into account. Modern computer mathematics 
systems allow for analytical calculations of spatial structures taking into account the forces in all rods.  

 The task is to determine the analytical dependence of the deflection of the spatial truss (Fig. 1) on the 
number of panels under different loading of the truss. The construction of a mathematical model of the 
structure, the calculation of forces in the rods, and the inductive derivation of the desired formulas are 
performed in the system of analytical transformations Maple [1]. Previously, a similar problem for flat trusses 
in analytical form was solved by the induction method in works [2–9], spatial — in works [10, 11]. The original 
algorithm for analytical calculation of lattice systems (planar, spatial, statically definable and statically 
indeterminate) was developed in [12]. The only drawback of the method is that it is not possible to obtain 
compact calculation formulas for the dependence, for example, of the deflection on the number of panels or 
any periodicity elements. In [13], non-linearity is taken into account in the calculation of frames. 

 The used calculation algorithm can be transferred almost without changes to other computer 
mathematics systems, which have a block for determining the General terms of sequences and solving a 
system of linear algebraic equations in symbolic form. In addition to Maple, the Mathematica system meets 
these requirements most of all, and to a lesser extent, the Reduce, Derivative, and Maxima systems.  
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2. Methods 
2.1. Truss scheme. The calculation of the forces in the bars 

The construction under consideration consists of two inclined flat trusses with parallel belts and 

descending struts of length 2 2 2c a d h= + +  (Fig. 1, 2), connected on the lower and upper panel by tie 
rods on the long sides. 

 
Figure 1. Vertical load in the middle of the span, n=2k=8. 

 The design is statically definable with n panels and contains 12( 1)sn n= +  rods. Supports located at 
three corners of the truss are modeled with six rods. Three rods simulate a spherical support A, two rods-a 
cylindrical D, one vertical — a movable in the plane hinge B. All connections of the rods in the design are 
hinged. The upper face of the spatial truss is a rectangular truss with length na and width b – 2d with struts of 

length 2 2( 2 )d a b d= + −  (Fig. 2). Instead of the fourth support, a vertical force / 4C sumZ P=  is applied 

to node C in the case of a symmetrical load sumP  (centered in the middle or evenly distributed across all 
nodes). 

 
Figure 2. The size of the truss, n=6. 

 If the corner C were fixed to a real hinge support, the structure would become statically indeterminate 
once, but the result of solving the static indeterminability problem would give the same result, provided that all 
vertical supports have the same stiffness and length. The number of panels we choose is even n = 2k, so that 
the deflection of the truss can be judged by the vertical displacement of the nodes of its middle section. 

 To determine the forces in the rods, we use the program [1], which is based on drawing up and solving 
a system of equilibrium equations for nodes in symbolic form. The geometry of the truss is based on the 
coordinates of nodes at specified lengths of bars and the number of panels. The origin of coordinates is placed 
in the corner A, the axis x directed from A to B, y — longitudinal, z — vertical (Fig. 3): 

1 2 2 3 3

1 2 2 3 3

1 2 2 3 3

, 0, , ,
( 1),

0, , 1,.., 1.

i i n i n i n

i i n i n i n
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Figure 3. Numbering of nodes and rods. Uniform vertical load on the upper belt, n=2k=4. 

 The spatial structure of the truss that determines the order of connecting rods is defined by conditional 
vectors that have rod numbers directed along the rods and contain the numbers of the ends of the rods (the 
numbers of the corresponding nodes). The longitudinal bars of the lower truss belt, for example, are defined 
by the following vectors 

[ , 1], [ 1, 2], 1,..., .i i nN i i N i n i n i n+= + = + + + + =  

 Other bars of the structure are set in the same way.  

 The square matrix of the equilibrium equations of nodes size s sn n×  is formed from the guiding cosines 

of forces, which are calculated from the coordinates of their ends. For a statically defined truss 3sn m= , 

where 4( 1)m n= +  is the number of nodes. The matrix G  is divided into three lines for each node.  These 
lines record the guide cosines of the rods attached to the node. Information about the rods in the node is 
contained in the vectors , 1,..., .i sN i n=  Rows of the matrix with numbers 3 2, 1,..., si i n− =  correspond 

to the projection of forces on the x axis, rows 3 1i −  — projections on the y axis, rows of the type 3i — 
projections on the vertical z axis: 

,1 ,23 3 , , 3 3 , ,/ , / , 1, 2,3, 1,.., ,
i iN j i j i i N j i j i i sG l L G l L j i n− + − += = − = =  

where 
,2 ,1 ,2 ,1 ,2 ,11, 2, 3,, ,

i i i i i ii N N i N N i N Nl x x l y y l z z= − = − = −  are conditional projections of rods on the 

coordinate axis — , 1,...,i sL i n=  the length of the rods. Projections of the external load are recorded in the 
right part of the system of equilibrium equations. Solving a system of equations gives forces in all rods 
(including support rods).  

 To analyze the stability of compressed truss rods, you can use the calculation data to get the 
dependencies of the forces in them on the number of panels. Consider the six rods in the middle of the truss 
span that are potentially the most dangerous in terms of loss of stability or tensile strength (Fig. 3).  Inductive 
analysis provides the following solutions for uniform load across the upper belt: 

2 2
1 2 1 2/ (2 ), / , ( 1) / (2 ), 0, / , / (2 ).O Pak h O Pd h U Pa k h U V Pg h D Pc h= = − = − = = − =  

 In the case of forces in the middle of the span (Fig. 1): 

1 2 1 2/ (2 ), 0, ( 1) / (2 ), / , 0, / (2 ).O Pak h O U Pa k h U Pd h V D Pc h= − = = − = − = =  

 To determine the force dependence on the number of panels, first calculate a series of trusses with a 
consistently increasing number of panels. The rgf_findrecur operator of the Maple system finds recurrent 
equations for the sequence of obtained analytical expressions of effort, and the rsolve operator, solving these 
equations, gives the already sought dependencies. The most complex equation was found when determining 
the force in the longitudinal rod of the lower belt 1U  the action of a uniform load: 

1, 1, 1 1, 2 1, 33 3k k k kU U U U− − −= − + . 
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 In all other cases, the forces are constant or the dependencies of the forces on k are fairly obvious, and 
you do not need to use a computer math system to derive the formulas. Numerical analysis of the obtained 
solution shows that under the condition of constant span and total load 2 ( 1)sumP P n= +  for a changing 

number of panels n=2k, all relative forces 1 1' / ,sumU U P= 1 1' / ,sumO O P= 2 2' / ,sumO O P=

' / ,sumD D P=  ' / sumV V P=  in the rods asymptotically tend to their limit: 1lim ' / (16 )
k

U L h S
→∞

= =   , 

1lim '
k

O S
→∞

= − . The curves in Figure 4 are constructed at L = 100 m, h = 5 m, and d = 1 m. Note that the 

forces in this section of the truss do not depend on the width b of the truss along the lower belt. 

 
Figure 4. Dimensionless critical stress in the rods, depending on the number of panels. 

 In addition, the Maple graphical tools allow you to get a picture of the distribution of forces on the rods 
for a fixed number of panels. In figure 5, the calculation results for k = 4, a=b=4m, h=2m, d=1m show 
compressed and unloaded rods in blue, and stretched rods in red. The thickness of the lines is proportional to 
the force modulus. The number indicates the value of the force in the rod related to the load P. The calculation 
shows that, as expected, the forces in the rods of the belts increase towards the middle of the span. The 
longitudinal bars of the upper belt are compressed, the lower — stretched. In the side panels (inclined), the 
reverse pattern is found somewhat unexpectedly. All rods in these panels are most loaded at the ends of the 
structure near the supports. The connections of the upper belt have very small compressive forces, while in 
the lower belt all the rods (except the extreme ones) are not strained at all. 

  
Figure 5. The forces in the rods, k=4. 
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2.2. Deflection from the action of a vertical load 
 A more difficult problem arises in the derivation of the formulas for deflection. Consider three types of 

vertical load on the truss. To calculate the deflection, use the Maxwell-Mohr formula  

                                                   
6

1
,

sn
j j j

j

S s l
EF

∆
−

=
= ∑                                                                    (2) 

where E  and F  is the elastic modulus of the rods and their cross-sectional area, jl  and jS  is the length 

and force in the j-th rod from the action of a given load, js  is the force from the unit load applied to the upper 

belt nodes in the middle of the span. Calculations of deflection of trusses with a consistently increasing number 
of panels using the formula (2) show that the type of expression for any values of k does not change. This is 
typical for regular systems [14] and is manifested not only in static problems [2–10], but also in dynamics [15]. 
For the case of a load applied to the upper belt nodes (Fig. 3), we have: 

                3 3 3 2 2
1, 2, 3, 4,( ) / (2 )I k k k kP C a C c C g C bd h EF∆ = + + + .                                     (3) 

 The coefficients in this relationship form sequences whose common members can be determined using 

the already mentioned rgf_findrecur and rsolve operators of the Maple system. For the coefficient at 3a , the 
rgf_findrecur operator returns a fifth-order equation 

                                 1, 1, 1 1, 2 1, 3 1, 4 1, 55 10 10 5k k k k k kC C C C C C− − − − −= − + − +  . 

 The rsolve operator gives a solution to this equation 

2
1,

2(5 1) / 6kC k k += . 

 Other coefficients have a simple form and are obtained in the same way: 

2
2, 3, 4,, ( 2), 1/ 2 :k k kC k C k k C k= = + = +  

 The calculation shows that in the case of a load applied uniformly to the nodes of the lower belt, the 
type of expression (2) for the deflection does not change much: 

3 3 3 2 2
1, 2, 3,( ( ) ) / (2 ).II k k kP C a C c g C bd h EF∆ = + + +

                                        
(4) 

 The coefficients here have the form 2
1, 2 3,

2
,

2(5 1) , 1/ 6, / 2.k k kk kC C k C k= = =+ +  

 Similarly, for a concentrated load in the middle of the span, we have 

3 3 3 2 2
1, 2, 3,( ( ) ) / (2 ),III k k kP C a C c g C bd h EF∆ = + + +

                                       
(5) 

where 1, 2,
2

3,(2 1 , 3 / 2) / 3, .k k kC C k Ck k = =+=  

 A linear combination of three solutions, I∆ , II∆  and III∆  gives a formula for calculating a truss with a 
fairly wide set of loads, including the weight of the structure itself. 

2.3.  Deformations from the action of a lateral load 
 One of the advantages of the applied algorithm for solving the problem of truss deformation, in addition 

to its analytical form, is the ease with which it can be reconfigured to another load. The main costs for 
generating formulas are spent on modeling the truss grid and debugging the solution. Replacing the load is 
reduced only to replacing the vector of the right part of the system of equilibrium equations. Consider the wind 
effect on structures [16]. It is obvious that due to the low windage of the structure, this load has a very small 
effect on the deformation of the truss [17]. Let us model this effect with a lateral horizontal load evenly 
distributed over the nodes of the upper belt (Fig. 8). As in the previous cases of loading, we will apply a load 
modeling the support to the free corner C of the lower belt truss. We find the load value from the equation of 
moments relative to the y axis: ( 1) / (2 )CZ P n h b= − + . With this action, we actually replaced the procedure 
for revealing static uncertainty if there was a vertical support rod in this corner. As a result of induction we 
have the following simple solution for the vertical displacement of the point M: 
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3 22 1)( ) / (2 )( .IV P Ek Fg bd hb∆ + +=
                                                      

(6) 

 
Figure 6. Lateral (wind) load, k=3. 

3. Results and Discussion 
 It is best to evaluate the obtained solutions based on numerical calculations performed using the found 

formulas for specific tasks.  

 The curves of the dependence of the dimensionless deflection ' / ( )I sumEF P L∆ ∆=  on the number of 
panels constructed using the formula (3) for the case of a uniform vertical load along the upper belt, provided 
that the span of the structure 100L na m= =  is constant, and the total load 2( 1)sumP n P= +  on the truss 
show the presence of a pronounced extreme (Fig. 7). Calculations were made for h=3 m, b= 4m. the oblique 
asymptote is also Observed. Using the Maple methods, you can calculate the slope of the asymptote. We get: 

3 2lim '/ / (4 )
k

k f h L∆
→∞

= , where 2 2f h d= + . The expression for the extreme point itself cannot be 

obtained in analytical form, but the figure shows that the position of this point on the axis k is almost 
independent of the size d. 

 
Figure 7. Dependence of dimensionless deflection on the number of panels. 

 If we trace the dependence of the deflection of the truss under the action of a uniform load on the height 
of the truss h (Fig. 8), then you can also notice the extremum (h = 8 m), although very weakly expressed. 
These curves are constructed at 60L na m= = , b =8 m, k = 40. If the cross-section of the truss is rectangular 
(the width at the top is equal to the width at the bottom, or d = 0), the deflection is expected to be smaller. The 
other extreme is the degenerate case b = 2d, or the triangular section. The deflection here is greater, but from 
the point of view of saving material, this case is also interesting for the designer. 
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Figure 8. Dependence of the deflection on the height of the truss. 

Formulas (4) and (5) for other vertical loads give similar curves, differing only in scale. For the horizontal 
load, as expected, the deflection is several orders of magnitude less than that of the vertical one. The minimum 
deflection is also detected, however, at unrealistically low truss heights (9). With a span length of L = 100 m, 
d = 1 m, this minimum corresponds to 1.5 m. In this setting, the width of the truss b plays a significant role. As 
the width increases, the truss becomes more rigid. 

 
Figure 9. Dependence of the deflection of the truss on the action of the wind load on the height. 

The main advantage of analytical solutions that include not only the size of the structure and load, but 
also the number of panels, is the ability to apply calculation formulas to structures with a large or very large 
number of rods. If numerical methods inevitably begin to accumulate counting errors when the number of rods 
in an object increases [18–26], then the accuracy of the calculation formula obtained by induction does not 
change and is determined only by the adequacy of the design model used. Another advantage of the obtained 
solution is the ability to perform optimization [27–35] of the truss by mathematically analyzing the formula, 
quickly compare options for building parameters and find optimal combinations of sizes and number of panels. 
Extreme points are found on the graphs based on the found formulas, which suggest the appropriate optimal 
design parameters to the designer. Analysis of forces in the truss also revealed an unexpected and unusual 
distribution of forces in the bars of the side panels of the truss.  

4. Conclusions 
A mathematical model of a spatial beam truss is constructed. An algorithm for displaying accurate 

analytical solutions for the forces in the rods and deflections of the structure under the action of various types 
of loads has been developed. The obtained solutions proved to be quite compact, suitable both for evaluating 
the performance of real structures of this type, and for testing numerical solutions performed in standard 
packages based on the finite element method. The applied modeling and analysis algorithm can be applied to 
other regular systems, both planar and spatial. 
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Abstract. A mathematical model, methods and algorithm to assess the spatial natural vibrations of 
axisymmetric structures are given in the paper taking into account the variability of the slope and structure 
thickness in the framework of the viscoelastic theory of shells. Dissipative properties of the material are taken 
into account by the Boltzmann-Volterra hereditary theory of viscoelasticity. The spatial natural vibrations of 
high-rise ventilation pipes of the Armenian nuclear power plant (NPP) and smokestacks of the Novo-Angren, 
Syrdarya, Azerbaijan and Ekibastuz thermal power plants (TPP) were studied taking into account the elastic 
and viscoelastic properties of their material. The reliability of results was verified by comparing the results 
obtained with the exact solution of a number of test problems, as well as by comparing the results with the 
results of field experiments. It was found that when the viscoelastic properties of structure material are taken 
into account, the decrement of their vibrations weakly depends on the values of eigenfrequency. Along with 
this, the dangerous range of earthquake frequencies includes not only the bending frequencies of the structure, 
but the spatial ones as well. 

1. Introduction  
As a rule, high-rise smoke and ventilation pipes, cooling towers of thermal and nuclear power plants 

(TPP and NPP) and protective shells of NPP are considered as axisymmetric structures. They are unique 
structures in their design features and geometric dimensions. Today, a great number of different axisymmetric 
high-rise structures are being operated and erected all over the world; one of such structures is a high-rise 
smoke stack, the height of which reaches up to 150 m–600 m [1, 2]. 

If for pipes of a height of about 50 m, the ratio of the wall thickness δ to the radius R of its middle surface 
at the base is δ/R=1/5÷1/7, then for the pipes of a height of 250–300 m – δ/R=1/12÷1/15, and for the pipes of 
a height of 420 m, the ratio δ/R is - δ/R≈1/23. With increasing height H and radius R, the wall thickness δ of 
the pipe grows slowly [1, 2]. Besides, along the height of the pipe, its radius, cone thickness and slope change, 
gradually moving from a conical section to a cylindrical one. 

In the existing building norms of many countries, an elastic cone-shaped console with a constant slope 
is used as a calculation model for such structures; it does not take into account such features as real geometry, 
structural features and dissipative properties of their material, which have a direct impact on the value of 
dynamic characteristics of structure. 

The reliability of such structures is largely determined by the accuracy of dynamic calculations, which 
in turn depends on the correct choice of structure design model and exact determination of its dynamic 
characteristics. 

In the dynamics of structures, the study of dynamic characteristics (i.e., eigenfrequencies, modes and 
decrements of vibration) of structures occupies a special place, since the dynamic characteristics are a 
passport of the structure and make it possible to judge the dynamic properties of the structure as a whole, 
without even examining its behavior under various effects. 
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Determination of eigenfrequencies and vibration modes even for elastic structures is a self-contained 
and rather difficult task. When accounting for dissipative properties of the material, the determination of 
structure dynamic characteristics is complicated by an order of magnitude. 

The first attempts at a theoretical description of dissipative properties of materials are associated with 
the names of Voigt, Maxwell, and Kelvin. Further, new models were proposed, and known models were 
improved to describe dissipative processes occurring in various systems during dynamic processes. However, 
the results obtained did not always agree well with experimental data. 

To eliminate this, other, more adequate models were used that take into account dissipative processes 
in the material, such as the model with hysteresis absorption or hereditary viscoelastic models of the 
Boltzmann-Volterra type, although their implementation is rather difficult and experimental materials are 
scarce [3–10]. 

Recently, when determining the natural frequencies and vibration modes of various high-rise structures, 
much attention has been paid to accounting for elastic properties of structure material only. 

For instance: 

− an experimental determination of dynamic characteristics of high-rise monolithic reinforced concrete 
buildings was considered in [11] and the results obtained were recommended for certification of buildings; 

− the energy method for estimating the cylindrical shells vibration was given in [12], where the effect 
of uniform external pressure and symmetrical boundary conditions on eigenfrequency of homogeneous and 
multilayer isotropic cylindrical shells was studied; 

− the oscillatory process of rigid composite cylindrical shells taking into account the bending behavior 
of stiffness ribs and their effect on eigenfrequencies of a shell, a change in its thickness and boundary 
conditions were studied in [13]; 

− in [14] the eigenfrequencies of a cylindrical shell were studied at different boundary conditions; 
− change in dynamic characteristics of the structure in order to detect damage to reinforced concrete 

building structures was considered in [15]; 
− to effectively evaluate the eigenfrequency and attenuation coefficient, a reliable mathematical model 

was proposed in [16] based on the use of the probability distribution function of eigenfrequency. 
− along with this, the stress-strain state, dynamic behavior, and wave phenomenon in various systems 

were studied in [17–26], taking into account the design features. 
These are just some of the studies devoted to the determination of dynamic characteristics of various 

designs and systems. 

The above review of well-known studies shows that the dynamic characteristics of spatial axisymmetric 
structures, such as ventilation and smokestacks of nuclear and heat power plants, are evaluated differently in 
different works, and each theory or method used has its advantages and disadvantages. 

Therefore, the development of an adequate model, effective methods and algorithm for assessing the 
dynamic characteristics of high-rise axisymmetric structures, taking into account their design features and 
dissipative properties of their material, is an urgent task of the mechanics of a deformable rigid body. 

The aim of this study is to develop an adequate mathematical model, methods and algorithm for solving 
the problem of spatial natural vibrations of viscoelastic axisymmetric structures using the theory of shells and 
studying the dynamic characteristics (i.e., frequency and decrement of vibrations) of real structures, as well 
as comparing the results with the results of field experiments. 

2. Methods  
Consider a high axisymmetric structure (Fig. 1), modeled as an axisymmetric viscoelastic shell with a 

rectilinear axis, with a variable slope and a variable wall thickness, the lower part of the structure (z=0) is on a 
rigid base, and the upper (z=H) is free. The spatial natural vibrations of the structure under consideration are 
investigated (Fig. 1). 

To determine the dynamic characteristics of the structures (Fig. 1), it is necessary to study spatial natural 
vibrations, i.e. the structure motion in which all of its points oscillate according to the same harmonic law - real 
or complex one - with different amplitudes in the absence of external influences, i.e. 

( ) ( ) tiexutxu ω−∗=
 ,  (1) 

Here ( ) ( ) ( ) ( ){ }xuxuxuxu rz
 ,, θ=∗ is the displacement vector of the structure point (Fig. 1) in the 

directions of the coordinate axes { }rzx ,,θ=


, respectively. 
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In the case of conservative systemsω , ( )xu ∗  are the frequency and natural vibration of the structures. 

In the case of non-conservative systems ω , ( )xu ∗  are the complex quantities, i.e. IR iωωω −= , the real 

part Rω  of the complex parameter ω  in its physical essence is the frequency of free damped vibrations of 
the structure, and the imaginary part Iω  accurate to the sign is equal to the damping coefficient of vibrations 
and determines the dissipative properties of the structure as a whole. 

 
Figure 1. Model of axisymmetric structure. 

To simulate the process of structure strain (Fig. 1) under its natural vibrations, the principle of virtual 
displacements is used according to which the sum of all active forces acting on the structure, including the 
inertia forces on virtual displacements, is zero, i.e.: 

( ) ( )∫∫ =++−+++++−
FF

ssssssss dFwwvvuudFNNNMMM 0~~~~~~ δδδρδεδεδεδγδγδγ θθθθθθθθ 
 (2) 

In this case, kinematic boundary conditions are used 

0=z : 0=u ; 0=
z
w
∂
∂

 (3) 

Here: 

( ) ( ) ( ) ( ){ }txwtxvtxutxu ,,,,,, 

= ; { }rzx ,,θ=


 are the coordinates of the point in cylindrical 
coordinates;  

wu ,,ν  are displacements in the directions of axes ( )rz ,,θ of cylindrical coordinates, respectively; 

θθθθ ssss NNNMMM ~,~,~,~,~,~
 are bending, torsional and membrane forces; θθθθ δεδεδεδγδγδγ ssss ,,,,,  

are isochronous variations in the curvature and components of the strain tensor; δ δ δu v w, , - variations of 
displacements in longitudinal, circumferential and tangent directions; ρ  is the density of the shell material. 

The relationship between the components of the forces and strains at an arbitrary point of the structure 
(Fig. 1) is taken in the form: 

( )θνεελ += ssN ~~
; ( )θνγγµ += ssM ~~

 

( )sN νεελ θθ +=
~~

; ( )sM νγγµ θθ += ~~
 ; 

θθ ε ss KN ~~ = ; θθ γ ss GM ~~ =  

(4) 
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To describe the viscoelastic properties of the material, the Boltzmann-Volterra hereditary theory [5–8] 
is used according to which the long-term elastic modulus is expressed by the integral operator 

[ ] ( ) ( ) ( ) 







−Γ−= ∫

t
dttEE

0

~ ττϕτϕϕ  (5) 

E  is the instant modulus of elasticity of the material;  
)( τ−Γ t  is the kernel of relaxation. 

If the function ( )tϕ  has the form 

( ) ( ) tiett Rωψϕ −=  (6) 

where ψ  is a slowly changing function of time, i is an imaginary unit, Rω  is a real constant. 

Assuming that the integral terms in (5) are small compared to ( )tϕ , and using the freezing method [5, 
6, 8], the integral relation (5) can be reduced to the complex one, i.e.: 

( ) ( )[ ] }ψωωϕ R
s

R
с ГiГEE −−≈ 1][~

, (7) 

where 
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CS ГГ ,  are the sines and cosines of the image of Fourier kernel ( )τГ . 

The relationship between the components of the strain tensor and the displacement vector is described 
by Cauchy relations  
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 (9) 

Here s  is the coordinate measured along the neutral line of the shell; ϕ  is the angle between the 
tangent to the generatrix and the axis z of the shell; r  is the variable radius of the middle surface of the shell. 

Substituting (1) into (2), (3), (4), (9), taking into account (7), reduces the problem under consideration 
to a complex variational eigenvalue problem of the form 
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( )

( ) 02 =+++

++++++−

∫

∫

∗∗∗∗∗∗ dFwwvvuu

dFNNNMMM

F
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δδδρω
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0=z : 0=∗u ; 0=








 ∗

ds
dwδ  

(10) 

Now, the problem under consideration of finding the eigenfrequencies and natural modes of viscoelastic 

shell vibrations (Fig. 1) has been reduced to finding the constant 2ω - ( IR iωωω −= ) and vector function 

( )xu ∗ - ( ( ) ( ) ( )xuixuxu IR
 ∗∗∗ −= ), satisfying equation (10) for any kinematic virtual displacement ∗uδ . 

When solving the variational problem (10) on the spatial natural vibrations of a viscoelastic axisymmetric 
shell (Fig. 1), the solution along one coordinate is taken in the form of an exact trigonometric (in the 
circumferential direction at the angleθ ) dependence 

θθ nsusu cos)(),( =∗  

θθ nsvsv sin)(),( =∗  

θθ nswsw cos)(),( =∗  

(11) 

n = 012, , ,... is number of harmonics, the finite element discretization is used along coordinate s  with finite 
elements in the form of a truncated cone with 8 degrees of freedom. 

The finite element method (FEM) procedure described in [27] allows us to reduce the variational 
problem (10) to a complex algebraic eigenvalue problem for a structure (Fig. 1): 

[ ] [ ]( ){ } 02 =− zMK ω , (12) 

where [ ]K  is the complex stiffness matrix, the value of which depends on the sought for parameter Rω ; [ ]M  

is the matrix of the structure mass; IR iωωω −=  is the complex eigenfrequency; { } { } { }IR zizz −=  is the 
complex eigenvector corresponding to the eigenfrequency ω  of the structure. 

Usually, the order of the equations to be solved (12) exceeds 1500. Therefore, the eigenvalues 2ωλ =
of algebraic equation (12) are found using the Muller method [28], because there is no other, more efficient 
method for calculating complex eigenvalues, and the eigenvector { }z  is determined by the Gauss method 
using specially developed algorithms and a calculation program for IBM. The entire calculation process 
outlined in this section is automated and runs on an IBM PC. An author’s certificate of the Intellectual Property 
Agency under the Ministry of Justice of the Republic of Uzbekistan was obtained for the developed software. 

3. Results and Discussion 
3.1. Study of the method and algorithm convergence when solving model problems 
In this section, consider the convergence and the solutions accuracy obtained on model problems of 

natural vibrations for cylindrical shells, taking into account the elastic and viscoelastic properties of the 
material. The obtained solutions are compared with the known exact solutions. 

Task 1. 
The axisymmetric own vibrations of an elastic cylindrical shell are considered here. The boundary 

conditions are: both ends of the shell are hinged, i.e.: 

0;0;0 000 =′′==
=
=

=
=

=
=

Lz
z

Lz
z

Lz
z wwu  

(13) 

In the calculation, the following initial data were used: 

r1/r2=0.98;  L/r2=6.0. 
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The shell material is hypothetical, its elastic modulus is E, the density is ρ , and the Poisson's ratio is 
ν: E/ρ=1.0; ν=0.3. 

where r1,r2 are the inner and outer radii of the cylinder; L is the shell length. 

When solving the problem under consideration (at n=0 in expression (11)) we obtain axisymmetric 
eigenfrequencies of the shell. The task is to determine the axisymmetric frequencies of elastic cylindrical 
shells. 

Table 1 shows a comparison of axisymmetric eigenfrequencies of an elastic cylindrical shell obtained 
by exact solution and using the finite element method. 

An analysis of the comparison shows a satisfactory agreement between the numerical results and the 
exact solution. 

Task 2. 
The axisymmetric natural vibrations of a viscoelastic cylindrical shell with a hinged support at the ends 

are considered, i.e. the conditions are similar to (13). Geometrical and mechanical parameters of a shell, are 
similar to the ones in Task 1. 

The Boltzmann–Volterra hereditary theory with the Rzhanitsyn–Koltunov relaxation kernel in the form 
of [6–8] was used to describe the viscoelastic properties of the shell material: 

1)( −−= αβ tAetГ t  (14) 

with parameters A=0.008; β=0.05; α=0.1.  

The results obtained are presented in Table 1, which shows the complex eigenfrequencies of a 
viscoelastic cylindrical shell obtained by exact solution and using the finite element method. 

Table 1. Natural frequencies of an elastic and viscoelastic cylindrical shell. 
No. 

of eigen 
frequency 

Eigenfrequencies 
Elastic shell Viscoelastic shell 

Exact solution Solutions obtained 
using the developed 

algorithm 

Exact solution Solutions obtained using 
the developed algorithm 

1ω  0.5152 0.5153 0.5132-i3.090*10-4 0.5144-i3.096*10-4 

2ω  0.8959 0.8962 0.8925-i5.223*10-4 0.8944-i5.344*10-4 

3ω  
0.9732 0.9734 0.9695-i5.643*10-4 0.9716-i5.653*10-4 

4ω  0.9877 0.9880 0.9840-i5.724*10-4 0.9859-i5.731*10-4 

5ω  0.9930 0.9937 0.9896-i5.754*10-4 0.9899-i5.769*10-4 

 

Analysis of the solutions of test problems (tasks 1, 2) allows us to draw the following conclusions: 

The obtained eigenfrequencies and their comparison with the exact ones show satisfactory accuracy of 
the numerical results for elastic and viscoelastic shells. 

Summarizing the results obtained, it can be stated that the studies of the convergence of numerical 
solutions, and their comparison with the exact ones, show the reliability and validity of the developed methods 
and compiled software for PC-IBM when solving problems of natural vibrations of elastic and viscoelastic shell-
like structures. 

3.2. Study of spatial natural vibrations of high stacks taking into account elastic 
properties of the material 

In this section, consider the spatial natural vibrations (frequencies and modes) of high-rise smoke stacks 
of the Novo-Angren, Syrdarya, Azerbaijan and Ekibastuz TPPs and the ventilation pipe of the Armenian NPP 
according to the theory of shells in elastic statement using the developed methods and PC-IBM calculation 
programs. 
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In calculations, a high-rise smokestack is modeled by an elastic axisymmetric shell of variable thickness 
with separate variable slopes of both internal and external surfaces that describe the real geometry of the 
structures. 

All geometric dimensions of the considered structures are taken from design documentation. Some of 
geometric dimensions of these structures are as follows (H is height, R is outer diameter and h is pipe wall 
thickness, z is pipe mark from the base of the structure): 

Smokestack of the Novo-Angren TPP, H = 325.0 m; at the mark: z = 0.0 m: R = 19.0 m, h = 1.10 m; at 
the mark: z = 325.0 m: R = 8.35 m, h = 0.40 m. 

Smokestack of Syrdarya TPP, H = 325.0 m; at the mark: z = 0.0 m: R = 21.0 m, h = 0.85 m; at 
the mark: z = 325.0 m: R = 6.00 m, h = 0.22 m. 

Smokestack of the Azerbaijan TPP, H = 330.0 m; at the mark: z = 0.0 m: R = 19.0 m, h = 1.00 m; at 
the mark: z = 330.0 m: R = 7.52 m, h = 0.60 m. 

Smokestack of Ekibastuz TPP, H = 420.0 m; at the mark: z = 0.0 m: R = 22.0 m, h = 1.20 m; at 
the mark: z =  420.0 m, R = 7.10 m, h = 0.30 m. 

Ventilation pipe of the Armenian NPP, H = 150.0 m; at the mark: z = 0.0 m: R = 8.45 m, h = 0.90 m; at 
the mark: z = 150.0 m, R = 2.35 m, h = 0.16 m. 

The parameters of the physico-mechanical characteristics of the material under consideration are taken 
as: 

E = 2.9×104 MPa; ν = 0.17; ρ = 2.5 t/m3; 0.0)( =tГ . 

For all the aforementioned high-rise smokestacks, non-axisymmetric natural vibrations corresponding 
to different numbers (n) of harmonics were studied. At harmonic number n = 0, the spatial form splits into 
axisymmetric and torsional vibration modes. 

For axisymmetric vibrations of a shell in one-dimensional problem, there is a one-dimensional equivalent 
– longitudinal vibrations of a beam, and for torsional vibrations of the shell a one-dimensional equivalent is 
torsional vibration of a beam. At n = 1, for non-axisymmetric vibrations of the shell, there also exists a one-
dimensional equivalent – bending vibrations of a beam. At (n = 2,3, ...) non-axisymmetric vibrations of one-
dimensional equivalents do not exist. 

For all stacks listed above, at each harmonic (n = 0,1,2,3, ...), at least 5 eigenfrequencies were obtained 
and the corresponding vibration modes were constructed. 

Table 2 shows the spatial (at n = 0,1,2,3, ...) eigenfrequencies for some high-rise stacks obtained using 
the developed methods and software. 

Table 2. Frequency of spatial natural modes of vibration (rad/sec) of structures (high-rise stacks) 
obtained in elastic statement. 

No. of 
harmonics 

Novo-Angren TPP Ekibastuz TPP Syrdarya TPP 

1ω  2ω  3ω  1ω  2ω  3ω  1ω  2ω  3ω  

n=0 torsion. 20.10 34.92 55.70 17.76 29.05 45.36 24.42 39.92 60.43 

n=0 axisym. 24.66 49.78 81.84 20.51 40.04 65.48 27.43 53.56 87.16 

n=1 1.89 6.30 14.29 1.27 4.09 9.20 2.96 7.59 16.38 

n=2 13.02 15.75 19.29 11.92 14.69 16.59 11.23 15.85 19.65 

n=3 36.89 38.31 40.11 26.99 35.86 39.31 32.30 35.05 44.31 

n=4 68.51 70.67 73.48 54.54 60.32 69.02 56.79 64.01 73.19 

n=5 107.35 109.18 116.12 76.07 90.20 97.38 86.63 98.79 105.06 
(tr – torsional, as – axisymmetric frequencies) 

In the studies conducted at the Institute of Earth Physics of the Academy of Sciences of the Russian 
Federation [29] it was found that the predominate periods of soil vibrations during strong earthquakes are 
within the range of 0.1–0.5 sec. 

When analyzing the values of obtained eigenfrequencies of the structures under consideration, there is 
a probability that they would coincide with the ground motion frequency during the earthquake; this can lead 
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to a dangerous phenomenon – resonant vibrations of a pipe. This indicates that in assessing the seismic 
resistance of such structures, one cannot limit oneself by only a few bending eigenmodes of vibration (at n=1).  

3.3. Study of spatial own vibrations of high-rise stacks taking into account viscoelastic 
properties of the material 

In this section, spatial natural vibrations (frequencies, modes and decrements of vibrations) of the above 
structures in viscoelastic statement (i.e. considering viscoelastic properties of the structure material) are 
studied using the developed methods and PC-IBM computation. The structures under consideration are 
modeled by a viscoelastic axisymmetric shell with a variable slope and thickness, which makes it possible to 
take into account their real geometry. 

To describe the viscoelastic properties of the material, the Boltzmann-Volterra hereditary theory with 
the Rzhanitsyn-Koltunov kernel is used (14). 

The choice of viscoelastic models to describe the properties of structure material (concrete) is explained 
by the closeness of experimental and theoretical results obtained for the stress state of concrete [30]. The 
parameters of the relaxation kernel are found on the basis of the technique [8], the essence of which lays in 
the comparison of experimental creep curve and the theoretical curve. In this work, the theoretical strain values 
for various time instants are tabulated in detail and the curves are plotted for a wide range of kernel parameters 
A, β, α. 

To determine the values of the kernel parameters for concrete, several experimental creep curves for 
concrete, presented in [30], were processed. By superimposing the obtained experimental curve on the 
assemblage (set) of theoretical curves [8] and shifting it to the abscissa and ordinate axes, we find the one 
theoretical curve that coincides with experimental one. The values corresponding to this theoretical curve are 
taken as the sought for values of the kernel parameters.  

In the problem to be solved below, the parameters of the relaxation kernel (14) for concrete were used, 
obtained with the above method from experimental creep curves given in [30]: 

A=0.0194; β=0.00000014; α=0.075. 

All geometric dimensions of the above structures are taken from design documentation. Some 
dimensions of these structures are given in section 3.2 of this paper. 

Table 3 shows the complex eigenfrequencies of spatial vibrations obtained for the above listed 
structures using the developed methods and software taking into account viscoelastic properties of the 
structure material. 

Table 3. The frequency of spatial natural vibrations (rad/sec) of structures (high-rise stacks) 
obtained in viscoelastic statement. 

No. of 
harmonic

s 

Novo-Angren TPP  Ekibastuz TPP  Syrdarya TPP  

ω1=ω1R

-iω1I 
ω2=ω2R

-iω2I 
ω3=ω3R

-iω3I 
ω1=ω1R

-iω1I 
ω2=ω2R

-iω2I 
ω3=ω3R

-iω3I 
ω1=ω1R

-iω1I 
ω2=ω2R

-iω2I 
ω3=ω3R

-iω3I 
n=0 

torsion. 
22.14- 
-i0.32 

44.46- 
-i0.60 

74.22- 
-i0.95 

18.38- 
-i0.27 

36.09- 
-i0.49 

59.27- 
-i0.77 

24.64- 
-i0.35 

48.40- 
-i0.64 

79.09- 
-i1.01 

n=0 
axisym. 

18.01- 
-i0.26 

31.44- 
-i0.43 

50.36- 
-i0.67 

15.89- 
-i0.24 

26.12- 
-i0.37 

40.94- 
-i0.55 

21.02- 
-i0.31 

35.99- 
-i0.49 

54.67- 
-i0.72 

n=1 1.66- 
-i0.03 

5.58- 
-i0.09 

12.76- 
-i0.19 

1.10- 
-i0.02 

3.61- 
-i0.06 

8.18- 
-i0.13 

2.19- 
-i0.04 

6.74- 
-i0.11 

14.65- 
-i0.22 

n=2 12.55- 
-i0.19 

14.04- 
-i0.21 

17.54- 
-i0.26 

10.62- 
-i0.16 

13.12- 
-i0.19 

14.84- 
-i0.22 

10.01- 
-i0.15 

14.17- 
-i0.21 

17.60- 
-i0.26 

n=3 33.22- 
-i0.46 

34.53- 
-i0.47 

36.16- 
-i0.49 

24.25- 
-i0.34 

32.29- 
-i0.45 

36.31- 
-i0.49 

29.07- 
-i0.41 

31.57- 
-i0.44 

39.98- 
-i0.54 

n=4 64.29- 
-i0.84 

64.31- 
-i0.83 

66.58- 
-i0.86 

49.38- 
-i0.66 

54.55- 
-i0.72 

62.48- 
-i0.81 

51.34- 
-i0.68 

57.94- 
-i0.76 

66.32- 
-i0.86 

n=5 98.43- 
-i1.23 

100.31- 
-i1.25 

105.50- 
-i1.31 

68.94- 
-i0.89 

81.86- 
-i1.04 

93.69- 
-i1.18 

79.85- 
-i1.02 

91.43- 
-i1.15 

97.88- 
-i1.22 

 

The real parts ( Rω ) of eigenfrequencies ( IR iωωω −= ) given in Table 3 are the frequencies of 
structure natural vibrations and the imaginary parts ( Iω ) carry information about the damping coefficients of 
structure vibrations. 

125



Magazine of Civil Engineering, 96(4), 2020 

Mirsaidov, M.M., Khudainazarov, Sh.O. 

Comparison of the results presented in Table 2 (elastic statement) and Table 3 (viscoelastic statement), 
shows that the real part of the complex frequencies is less than the corresponding values of the 

eigenfrequencies obtained in elastic statement, and the logarithmic decrement 
R

I
ω
ω

πδ 2−=
 

slightly 

decreases with increasing frequency number. This means that an account for viscoelastic properties of the 
structure material leads to a weak dependence of the logarithmic decrement of vibrations on frequency. 

Table 4 shows the comparison between the periods of bending vibrations obtained by one-dimensional 
theory (in elastic statement) and by the theory of shells (in elastic and viscoelastic statements) and the results 
of field experiments [17, 31]. 

Table 4. Periods of bending vibrations of various smokestacks. 

High-rise smoke 
stacks 

No. 
of period 

Vibrations periods (sec) 

 Elastic statement Viscoelastic 
statement 

Field 
experiment 

 One-dimensional 
theory 

Theory of shells 
(at n=1) 

Theory of shells 
(at n=1) 

 

Novo-Angren TPP T1 3.26 3.32 3.8 3.4 

T2 0.91 0.99 1.12 1.0 

T3 0.38 0.44 0.49 0.5 

T4 0.21 0.25 0.28 0.3 

Syrdarya TPP T1 2.5 2.12 2.88 2.8 

T2 0.80 0.83 0.93 0.9 

T3 0.33 0.38 0.42 0.4 

 T4 0.19 0.23 0.25 0.2 

Armenian NPP T1 1.56 1.42 2.03 1.6 

T2 0.46 0.46 0.52 0.5 

T3 0.21 0.22 0.24 0.2 

T4 0.11 0.12 0.14 - 
 

An analysis of the above results shows that the values of bending vibrations periods obtained in field 
experiments [17, 31] and the ones found theoretically by the developed method are quite close. 

Table 5 shows the values of logarithmic decrement of vibrations of the Novo-Angren TPP high 
smokestack obtained by field experiment [17] and the ones found theoretically for the three lower bending 
modes (at n=1), using the developed methods and software that take into account viscoelastic properties of 
the structure material. 

Table 5. Logarithmic decrement of bending vibrations of the Novo-Angren TPP smokestack. 

Decrement definition method Logarithmic decrement 
  δ1 δ2 δ3 

Experimental 0.15 0.25 0.37 
Theoretical 0.121 0.102 0.094 

 

Significant differences in the values of experimentally and theoretically determined logarithmic 
decrement (Table 5), especially for the second and third modes, are apparently explained by a failure to 
consider dry friction and energy entrainment from the structure to infinity. 

4. Conclusions 
1. A mathematical model, methods and algorithm to study the spatial natural vibrations of axisymmetric 

structures, with account for dissipative properties of the material are developed based on the hereditary theory 
of viscoelasticity in the framework of the theory of shells. 
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2. The reliability of the developed methods and algorithms was verified by solving a number of test 
problems and comparing the results obtained by known exact solutions and the results of field experiments. 

3. The spatial natural vibrations of a number of real axisymmetric structures (ventilation and 
smokestacks of nuclear power plants and thermal power plants) were studied taking into account the elastic 
and viscoelastic properties of the structure material of the structure. 

4. It was revealed that not only the frequencies of bending modes of vibration are in the dangerous 
range of earthquakes frequencies, but also some other modes of spatial vibrations of structures, determined 
by the theory of shells. 

5. It was found that the value of the logarithmic decrement of structure vibrations when accounting for 
viscoelastic properties of the structure material weakly depends on eigenfrequencies of vibrations. 
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Abstract. The characteristics of autoclaved aerated concrete blocks was tested and analyzed in comparing 
with Standards’ requirements. The results of the study show that the actual thermophysical characteristics of 
autoclaved aerated concrete blocks, cut from product samples of the three largest manufacturers, in most 
cases do not coincide with the values declared by the manufacturers and presented in the standards prepared 
with their direct participation. The mismatch between the calculated and actual values of the thermal 
conductivity of materials and products used in the installation of external walling, leads to an increase in 
transmission heat losses through the external walls and the waste of thermal energy for heating and ventilation 
of buildings. In this regard, a radical review of the values declared by manufacturers, as well as the standards 
on the basis of which the products are manufactured, and their correct presentation in the current regulatory 
documents are required. 

1. Introduction 
Autoclaved cellular concrete products are widely used in construction [1–3]. Basically, such products in 

the form of autoclaved aerated concrete blocks are used in external and internal walls mortar [1, 4–7], to a 
lesser extent - as part of rib precast and cast-in-situ floors [8]. 

AAS is about four times lower, and thermal resistance is 11 times higher [9, 10]. AAC is most effective 
in warm and hot climates [5, 11–13]. AAC-compliant construction in hot and dry climates reduces residential 
energy consumption by 7 % [9]. The article [5] evaluates the energy efficiency of three types of exterior walls 
(prefabricated wooden frame walls, AAC and brick walls) in Southeast Europe. The results of the analysis 
show that the wall structure with AAC has the best environmental characteristics, while the brick wall has the 
best thermal characteristics in intermittent heating mode among the studied types of walls. 

Unsteady heat transfer in wall structures with AAC is also considered in [14–17]. High energy-saving 
effect is also observed in the construction of multi-apartment buildings from AAC in three climatic zones of 
Greece [13]. The low cost of blocks reduces the estimated payback period of investments for reducing energy 
resources [18–20]. The article [1] summarizes design solutions for load-bearing and non-bearing stone walls, 
as well as describes construction methods aimed at increasing the efficiency and productivity of building 
construction, including using wall structures made of AAC. 

In the manufacture of blocks used industrial waste [21–25]. This allows you to get the material with the 
necessary heat and humidity characteristics [21], reduce thermal conductivity [4, 22], increase thermal storage 
properties [26], improve the capillary-porous structure of the material [23], get high energy saving effect and 
reduce CO2 emissions [24], increase moisture-proofing properties of structures [24]. Disposal in the production 
of AAC can significantly reduce the volume of solid waste landfill [28]. 

The main objective of the study [29] was to classify the properties of AAC in terms of physical 
(microstructure, density), chemical, mechanical (compressive and tensile strength, elastic modulus, shrinkage 
during drying) and operational (thermal insulation, moisture transfer, durability, fire resistance and sound 
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insulation) characteristics. The articles [29, 30] present the results of theoretical studies that have shown the 
advantages of using AAC in wall enclosures. 

However, as shown in the works [6, 7] on the example of the Central Russian Upland cold climate, the 
use of single-layer external walls with AAC and two-layer wall structures in the form of AAC with brick lining 
carries thermal risks due to the significant influence on the thermal protection of buildings of the edge zones. 
Such structures without additional thermal insulation have virtually no reserve for thermal protection and 
energy saving. To reduce the heat engineering risks in the design of buildings, it is necessary, first of all, to 
improve the constructive solution of the marginal zones. Another measure to increase the level of thermal 
protection of buildings is the use of additional thermal insulation along the entire plane of the wall. 

The mismatch between the actual and declared by the manufacturer thermophysical characteristics of 
building materials is one of the main reasons for the deterioration of thermal comfort in the premises and the 
decrease in energy efficiency of operated buildings [31]. In publications does not assess the conformity of 
actual and declared AAC characteristics with the literature, which makes it difficult to find effective structural 
solutions for external walls using AAC. From this point of view, the task is certainly relevant. 

This article deals with the strength and thermophysical test results made on the basis of the masonry 
samples of cellular autoclave curing concrete (aerated concrete blocks) with the use of polyurethane adhesive 
or concrete adhesives [32, 33]. 

In this work calculation of vapor permeability of walls from gas-concrete blocks is made [34]. The 
purpose of this study is to verify the thermophysical characteristics of AAC, declared by different 
manufacturers, as well as contained in the standards of different countries, which have a significant difference 
[35]. 

2. Materials and Methods 
Tests were conducted at the St. Petersburg Polytechnic University (Russia). 

As part of the study, products were selected from three different manufacturers, conventionally marked 
with numbers 1, 2 and 3. The lower the serial number, the greater the volume of production produced by this 
manufacturer: 

• manufacturer 1: grade for density D 400 (declared by the manufacturer); 
• manufacturer 2: grade D 500 (density declared by the manufacturer); 
• manufacturer 3: D 500 grade (declared by the manufacturer). 
The choice of manufacturers is due to the fact that they are the largest and are located on the territory 

of St. Petersburg and the Leningrad Region (Russia), and also most actively sell their products in 
St. Petersburg to private consumers through DIY networks. 

  
Figure 1. Measurement of thermal conductivity 

of samples. 
Figure 2. The excitatory method for determining 

the sorption moisture of samples. 

  
Figure 3. Testing a masonry fragment in the 

climate chamber. 
Figure 4. Determination of vapor permeability of 

samples. 
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As part of the study, the following types of tests were performed (Figures 1–4): 

• determination of average density in accordance with Russian State Standard GOST 12730.1; 
• determination of thermal conductivity in accordance with Russian State Standard GOST 7076; 
• determination of sorption moisture in accordance with Russian State Standard GOST 24816; 
• determination of vapor permeability in accordance with Russian State Standard GOST 25898; 
• testing of a masonry fragment in a climate chamber according to Russian State Standard 

GOST 26254. 
Total was made: 

• 18 samples with a size of 100×100×100 mm – 6 from each manufacturer to determine the average 
density of the material in a dry state; 

• 15 samples of size 250×250×50 mm — 5 samples from each manufacturer to determine the thermal 
conductivity of the material in a dry state; 

• 21 samples of arbitrary shape – 7 from each manufacturer to determine the sorption moisture of the 
material; 

• 15 samples with a diameter of 100 mm and a thickness of 30 mm – 5 samples from each 
manufacturer to determine the vapor permeability of the material. 

To determine the thermal conductivity and humidity of the model structure in a climate chamber, a 
masonry fragment of AAC blocks was made on 150 mm thick adhesive. A masonry fragment is made of blocks 
declared by the manufacturer of the brand in average density D500 (manufacturer 2). Design tests were 
conducted for 66 hours. In the cold compartment of the climate chamber, the air temperature was minus 
30 ± 1 °C automatically, in the warm compartment – air temperature + 20 ± 1 °C, relative humidity 50 ± 5 %. 
After the end of the experiment, a study was conducted of the distribution of moisture over the thickness of 
the test masonry fragment. For this purpose, 6 cellular concrete samples 25 mm in diameter were sequentially 
drilled from the central part of the fragment. The sampling step was also 25 mm. 

3. Results and Discussion 
3.1. AAC density test results 

An analysis of the results of AAC medium density tests shows that products from only one manufacturer 
(manufacturer 2) correspond to the declared density brand. Products manufactured by manufacturer 1 in terms 
of average density (426 kg/m3) correspond to the upper permissible density limit for products of the declared 
brand in density (D 400), which should not exceed 428 kg/m3 (with a variation coefficient of 2 %). In this case, 
three of the six tested samples exceed the upper permissible limit. If the coefficient of variation in density of 
the batch produced exceeds 2 %, then the tested samples will not correspond to the declared brand in density 
D400. Products manufactured by manufacturer 3 with an average density of 536 kg/m3 do not even correspond 
to the upper permissible limit for the average density, which, with a coefficient of variation of 2 %, should not 
exceed 535 kg/m3. In fact, the products from which the samples were taken and tested correspond to the D600 
density brand with the manufacturer's D500 density brand declared. 

The test results show a significant variation in the density of the tested samples, which may indicate a 
sufficiently high value of the coefficient of variation in density for the batch of products from which the tested 
samples were taken. Only for products of one manufacturer, there is a slight variation in the deviation of the 
results of individual tests from the average density value. 

3.2. AAC dry conductivity test results 
AAC dry heat conductivity test results are presented in Table 1. 

Table 1. The actual thermal conductivity of AAC in the dry state (at a temperature of 25 °C). 

Sample 
Thermal conductivity [W / (m⋅K)] 

Manufacturer 1 
(D400) 

Manufacturer 2 
(D500) 

Manufacturer 3 
(D500) 

1 0.108 0.124 0.148 
2 0.108 0.127 0.151 
3 0.110 0.129 0.145 
4 0.110 0.126 0.152 
5 0.107 0.127 0.153 

Average value 0.109 0.127 0.150 
 

131



Magazine of Civil Engineering, 96(4), 2020 

Vatin, N., Korniyenko, S.V., Gorshkov, A.S., Pestryakov, I.I., Olshevskiy, V. 

Table 2 shows the actual thermal conductivity for AAC in the dry state with a density of about 500 kg/m3 
according to foreign studies [2, 4, 9, 21, 24]. Figure 5 shows a comparison of the obtained AAC dry heat 
conductivity test results with foreign studies presented in Table 2. The test results are shown in Figure 5 with 
dashed lines for AAC manufacturers 2 and 3 (grade D500). Figure 5 shows that the obtained test results and 
data from foreign studies have good consistency, which indicates the reliability of the obtained experimental 
values of thermal conductivity.  

Table 2. Actual thermal conductivity AAC (D500). 
No Author Thermal conductivity [W/(m⋅K)] 
1 [9] 0.140 
2 [21] 0.120 
3 [4] 0.124 
4 [24] 0.160 
5 [2] 0.130 
6 Our results 0.127–0.150 

 
Figure 5. Comparison of the obtained results with the data of other researchers. 

A comparison of the dry thermal conductivity values of dry AAC declared in Russian and international 
standards and the actual thermal conductivity of AAC of various grades by density is presented in Figure 6. 

A.  B.  
Figure 6. Thermal conductivity AAC in the dry state. 

Dashed line shows measurements’ results.  
A – density grade D400 (manufacturer 1).  

B – density grade D500 (manufacturers 2 and 3).  
The bars on the bar charts show the standard requirements in accordance to: 

1 – Russian State Standard GOST 31359;  
2 – Russian State Standard GOST 25485;  

3 – Standard 2.9.136 of National Association of Constructors (Russia);  
4 – Standard 3.1 of National Association of Autoclaved Aerated Concrete Manufacturers (Russia);  

5 – Russian State Building Code SP 50.13330;  
6 – EN 1745 (λ50/50);  
7 – EN 1745 (λ90/90).  
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The analysis of the results shows that the measurement results for the blocks of the brand in terms of 
average density D500 do not correspond to the thermal conductivity values specified in most Russian 
standards. The values of λ90/90, established in the international standard EN 1745, as well as the data of the 
Russian standard SP 50.13330, correspond to the measurement results for brand products with an average 
density of D400 (manufacturer 1). The λ90/90 values according to EN 1745 correspond to the actual data for 
the brand products in terms of average density D500 (manufacturer 2). The actual values of thermal 
conductivity of manufacturer's samples 3 (not shown in Figure 6) correspond to the values of λ90/90 
established in the EN1745 standard for brand products with an average density of D600. 

A significant difference between the actual thermal conductivity values of AAC products from the 
requirements of the standards is one of the main reasons for the deterioration of thermal comfort in rooms and 
the decrease in energy efficiency of operated buildings. 

3.3. AAC thermal conductivity test results at different humidity 
The results of tests of thermal conductivity of AAC grade average density D 500 at a humidity close to 

2 and 5% are presented in Table 3. 

Table 3. Thermal conductivity of wet products from AAC brand D 500. 

Sample 

First test cycle Second test cycle 

Humidity,% by 
mass  

Thermal conductivity, 
W / (m⋅K) 

Humidity,% by 
mass 

Thermal 
conductivity, W / 

(m⋅K) 
1 2.1 0.137 5.2 0.176 
2 2.0 0.140 4.8 0.187 
3 2.0 0.143 4.7 0.190 
4 1.8 0.135 5.0 0.186 
5 2.2 0.145 5.0 0.182 

Average value 2.02 0.14 4.94 0.184 
 

Figure 7 shows a generalized dependence of AAC thermal conductivity on humidity, averaged over all 
tested samples. 

 
Figure 7. AAC thermal conductivity vs. humidity. 

From the data presented in Fig. 7, it follows that the maximum determination coefficient (R2) 
corresponds to the exponential dependence of the thermal conductivity of AAC on humidity. To compare the 
results, Fig. 7 also shows the linear dependence λ(w). In the international standard ISO 10456, the 
dependence of the thermal conductivity of building materials on humidity is also represented by an exponential 
function of the form: 

[ ]2 1exp ( )w o wf w wλ λ= − , (1) 

where λ0 is the measured value of thermal conductivity in the dry state, W/(m⋅K); fw is the coefficient 
establishing for the exponential dependence the proportionality between the thermal conductivity and humidity 
of the building material; w2 is the moisture content of the material,%, for conditions 2 (for a given humidity 
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other than 0 %); w1 is the moisture content of the material,%, for conditions 1 (initial conditions), for example, 
at a moisture content of zero. 

For five tested samples from one manufacturer, the experimental dependence of AAC thermal 
conductivity on humidity can be described by an equation of the form (see Figure 7): 

[ ]2 10.1243exp 0.0764( )w w wλ = − . (2) 

An analysis of the results shows that the discrepancy between the obtained experimental data and the 
declared values of thermal conductivity AAC at different humidity according to the Russian State Standard 
GOST 31359 is due to the discrepancy between the initial values of the thermal conductivity of the material in 
the dry state (0.1243 W/(m⋅K) in according to the test results of the control batch of samples, 0.12 W/(m⋅K) in 
according to GOST 31359), and the mismatch of the coefficients fw (0.0764 % and 0.0405 %, respectively). 

3.4. AAC sorption moisture test results 
AAC sorption moisture test results are presented in Table 4. 

Table 4. Sorption humidity AAC. 

Manufacturer Density grade declared by the 
manufacturer 

Equilibrium sorption humidity,% by mass,  

with relative air humidity at 
80% 

with relative air humidity at 
97% 

1 D400 3.3 9.3 
2 D500 4.0 15.9 
3 D500 2.9 9.6 

 

From a comparison of the measurement results presented in table 4, with standard values from 
regulatory documents follows: 

1. The AAC actual sorption humidity of all three manufacturers at a relative humidity of 80 % does not 
exceed 4 % specified in Russian State Standard GOST 31359, Standard 2.9.136 of National Association of 
Constructors (Russia), Standard 3.1 of National Association of Autoclaved Aerated Concrete Manufacturers 
(Russia) when establishing the equilibrium moisture content of aerated concrete by weight for operating 
conditions A. 

2. The actual sorption humidity AAC of all three manufacturers at a relative humidity of 97 % 
significantly exceeds 5 % specified in Russian State Standard GOST 31359, Standard 2.9.136 of National 
Association of Constructors (Russia), Standard 3.1 of National Association of Autoclaved Aerated Concrete 
Manufacturers (Russia) when establishing the equilibrium moisture content of aerated concrete by weight for 
operating conditions B. 

3. For products of one of the manufacturers (manufacturer 2), the AAC actual sorption humidity at a 
relative humidity of 97 % reaches 16 %. This can be explained by the fact that the equilibrium sorption moisture 
of aerated concrete depends not only on the density of the products, but also on the composition of the initial 
raw materials. 

3.5. AAC vapor permeability test results 
AAC vapor permeability test results are presented in Table 5. 

Table 5. Vapor permeability AAC (average values). 

Manufacturer Density grade declared by the manufacturer 
Permeance 

[kg⋅Pa-1⋅s-1⋅m-1] 
1 D400 6.39⋅10-11 
2 D500 4.72⋅10-11 
3 D500 5.00⋅10-11 

 

Comparison of the data presented in Table 5 with Standards’ values shows the following: 

1. Actual vapor permeability of AAC of manufacturer 1 (6.39⋅10-11 kg⋅Pa-1⋅s-1⋅m-1) coincides with the 
value provided by Russian State Standard GOST 31359 for the average density D400 declared by the 
manufacturer of the brand. 
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2. The actual values of vapor permeability AAC manufacturer 2 (4.72⋅10-11 kg⋅Pa-1⋅s-1⋅m-1) and 
manufacturer 3 (0.65 ng⋅Pa-1⋅s-1⋅m-2) do not match the value presented in Russian State Standard 
GOST 31359 for the declared brand manufacturer for the average density of D500 (5.00⋅10-11 kg⋅Pa-1⋅s-1⋅m-1). 

The observed difference between the actual and declared vapor permeability values of cellular concrete 
suggests that the properties of cellular concrete depend not only on their density, but also on the quality of the 
feedstock. 

3.6. AAC Masonry Test Results 
The test results of the AAC fragment of masonry from in a climate chamber are presented in Figures 8 

and 9. 

  
a b 

Figure 8. The results of measurements of parameters in the climatic chamber (a) and calculation of 
thermal resistance, m2⋅K/W, of the studied fragment (b). 

 
Figure 9. Moisture distribution over the thickness of the AAC wall structure. 

Despite the fact that the moisture distribution over the thickness of the tested masonry fragment, shown 
in Figure 9, is obtained for a conditional (model) masonry with a thickness of 150 mm, this distribution is 
indicative from the point of view of a qualitative display of the main features of the humidity regime of real wall 
fencing. It can be seen from the graph (see Figure 9) that the plane of maximum wetting of the masonry is at 
a distance of 2/3 of its thickness when counting from the inner surface of the test fragment, i.e. correlates with 
the data specified in clause 9.1 of Russian State Building Code SNiP 23-02-2003   for a homogeneous (single-
layer) wall. 

In the plane of maximum humidification at low temperatures, moisture freezes and creates a low-
permeability barrier for water vapor, which leads to further accumulation of moisture in front of it. Behind this 
barrier, due to the low resistance to vapor permeation of a section of the structure located between the 
condensation plane and the outer surface, the masonry is dried. 

The initial AAC humidity measured before testing is 5.7 %. The average AAC humidity in the 
composition of the test masonry fragment after the experiment was 19 %. 
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The thermal conductivity of the masonry under these conditions can be calculated. As the calculated 
value of thermal resistance, we take the value of 0.54 m2 K/W, obtained as a result of laboratory tests of a 
fragment of a wall enclosure in a climate chamber (see Figure 8). Then, with the thickness of the test fragment 
equal to 150 mm, the thermal conductivity without taking into account the influence of mortar joints of the 
masonry will be 0.278 W/(m⋅K). It is seen that an increase in operational humidity and freezing of moisture in 
the pores of the material leads to a significant increase in the thermal conductivity of the masonry. 

4. Conclusion 
The literature does not assess the conformity of the actual and declared characteristics of autoclaved 

aerated concrete blocks (AAC), which makes it difficult to find effective structural solutions for exterior walls 
using AAC. 

1. The results of the study show that the actual thermophysical characteristics of autoclaved aerated 
concrete blocks (AAC), cut from product samples of the three largest manufacturers, in most cases do not 
coincide with the values declared by the manufacturers and presented in the standards prepared with their 
direct participation. 

2. The mismatch between the calculated and actual values of the thermal conductivity of materials and 
products used in the installation of external walling, leads to an increase in transmission heat losses through 
the external walls and the waste of thermal energy for heating and ventilation of buildings. In this regard, a 
radical review of the values declared by manufacturers, as well as the standards on the basis of which the 
products are manufactured, and their correct presentation in the current regulatory documents are required. 
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Abstract. This study aimed to assess the impact of ambient conditions on the internal microstructure of high-
strength concrete (HSC) samples. A scanning electron microscope (SEM) was used with X-ray microanalysis 
to study the relationship between ambient conditions and the durability of concrete. The concrete specimens 
were cast at a temperature of 25 ±1 °C and cured under three different conditions: standard curing, steam 
curing, and dry curing at 50 °C. Conventional Portland cement, crushed aggregate, and natural sand were 
used in the production of all specimens. Three water binder ratios were typically used: 0.3, 0.35, and 0.4. 
Three different mixes were also used, containing different binders: 450, 520, and 480 kg/m³. In this study, 
30 % fly ash was used in all mixes, while silica fume partly replaced this in a ratio of 0 %, 5 %, and 10 % by 
weight of cement in the concrete mixes, respectively. Additionally, the effect of ambient conditions was 
estimated by computing the compressive strength, flexural strength, microhardness, permeability, and the 
microstructure of concrete. The relationship between these concrete properties was obtained. SEM and 
energy-dispersive X-ray spectroscopy (EDX) were used to confirm the results for samples cured under all 
conditions. HSC was obtained that exhibited desirable properties when additional cement materials such as 
silica and fly ash were used to form homogeneous concrete with a smooth surface; the concrete had low 
permeability and high durability. It was concluded that it was possible to produce concrete with low permeability 
and durability within a harsh environment. 

1. Introduction 

Durability [1] is one of the most important properties required of materials used in the civil and 
construction industries. Concrete’s ability to withstand weathering, chemical attack, abrasion, or any other 
deterioration process that it is exposed to during its lifetime is termed concrete durability. The proportions of 
materials and the mixtures used should be tailored to maintain the concrete’s integrity and protect the steel 
reinforcement from metal corrosion [2]. 

 Because concrete is the most commonly used construction material because of its cost-effective 
durability, there is a high demand for improvements to the sustainability of concrete technology through 
partially replacement of Portland cement with other supplementary cementing materials (SCM). The durability 
of concrete can be significantly reduced when it is exposed to harsh conditions because of the potential 
electrochemical corrosion of the steel reinforcement and the potential physical degradation of the concrete 
itself. The durability of concrete can be improved considerably by incorporating SCM. Owing to pozzolanic 
activity and the fill effect, the use of SCM can produce a high-performance concrete that possesses improved 
mechanical properties and reduced permeability, improving its durability [3–7].  

The hydration of Portland cement is enhanced by the chemical reactions (e.g. pozzolanic activity) of the 
additional cementitious materials within the SCM. Increasing industrial support of the Portland SCM market 
has significantly reduced CO2 emissions during concrete production and its continued support can lead to the 
production of more sustainable concrete and environmentally sound materials [8]. 

Although, the pozzolanic reactions of SCM generally have the same base (i.e., reactions with calcium 
hydroxide), the structure of the hydration products, the speed of the pozzolanic reactions, and the length of 
the development time required to improve the characteristics of the hardened cement paste vary significantly 
with SCMs [9–14]. 
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The contribution of the SCM and reduction of the w/c ratio leads to the production of high-performance 
concrete (HPC) containing a more homogeneous microstructure than conventional concrete. The addition of 
SCM (individually or in combination) enhances the strength and durability of concrete due to the reduction in 
porosity of the cement paste and at the interface transition zone [15]. 

Merida et al. [4] suggested that the use of natural volcanic pozzolan, replacing 5 % by weight of the 
cement in an HPC mix, positively influenced the durability of samples cured in a sulfate medium. The pozzolan 
modified the microstructure of the concrete and reduced its porosity. Over time, the pozzolanic effect 
increased, reducing the porosity exhibited by the concrete due to natural mixing in the formation of CSH with 
bonding properties comparable to those formed in the mineral cement. 

Bentz et al. [16] concluded that the pozzolanic reaction could significantly reduce the amount of cement 
required in concrete production and could provide the concrete with resistance to harsh environments. 

Janina Setina et al. [17] reported that nano silica and wood ashes were potential additives that could 
improve concrete properties. Owing to their chemical composition, they participated in pozzolanic reactions 
and enhanced concrete durability. Atis et al. [18] reported that if the concrete contained additional cementitious 
materials (e.g. fly ash, granular blast furnace slag, or active silica debris) and was exposed to hot and dry 
conditions immediately after molding, the healing become even more essential. Ramezanianpour et al. [19] 
reported that exposure to a dry environment at room temperature after casting caused the strength of concrete 
to drop by approximately 38 % for concrete containing 25 % ground-granulated blast-furnace slag (GGBFS), 
and by approximately 50 % for concrete containing 25 % fly ash, 50 % GGBFS, or a high volume of fly ash. 
They concluded that concrete containing SCMs is more significantly affected by curing in dry conditions and 
demonstrates a significant reduction in strength compared with the strength of wet cured concrete. Although 
considerable research has been conducted on concrete and its durability, the properties of concrete and their 
improvement for use under harsh environmental conditions must be studied further. Because construction 
sites are mostly in non-ideal climates including concrete casting and treatment, this paper highlights the effects 
of these conditions on concrete casting and provides some guidelines for improving the quality of the cast 
concrete as well as a basis for further research. This study aims to assess the impact of ambient conditions 
on the internal microstructure of high-strength concrete. A scanning electron microscope (SEM) was used with 
X-ray microanalysis to study the relationship between ambient conditions and the durability of concrete. In this 
study, we chose to use different mixtures to study the effect of the ambient conditions on the durability of 
concrete containing fly ash and active silica.  

2. Methods 

2.1. Mix features and Materials 

As is well known, concrete durability is the dominant factor affecting the integrity of concrete structures 
over time. Therefore, when concrete mixes or concrete elements are used in severe environments, the 
concrete should be rich in cementitious materials. These factors, in addition to the decrease in the water-to-
binder (w/b) ratio, should be taken into account in order to produce concrete with low permeability, which is 
the dominant factor determining durability. To ensure that the tests could detect the effect of a larger number 
of factors on the strength of the concrete, orthogonal test analysis was adopted. In addition, orthogonal test 
analysis was used in order to reduce the cost of test materials. In this study, we used orthogonal experimental 
design and analysis to determine the concrete mixes which were then used in the tests to study the effect of 
ambient conditions on concrete durability. 

We used nine mixes with three different w/b ratios (0.30, 0.35, and 0.40), three different binders (450, 
480, and 520 kg) with three different percentages of fly ash (30 %, 50 %, and 70 %), and three different 
percentages of silica fume (0 %, 5 %, and 10 %) relative to the mass of cement used. A common trend in 
concrete technology is to use compressive strength as a quantitative measure for the other properties of 
hardened concrete [20]. After performing a laboratory test and analyzing the results for nine mixes, we chose 
the optimal mix for each w/b ratio to focus on the effects of the ambient conditions on the durability of high-
strength concrete (HSC). We found that a mix containing 30% fly ash yielded the best result with different 
percentages of silica fume. 

In regard to the considerations mentioned above, the main components of the designed concrete 
mixtures shown in Table 4 were as follows:  

− - Ordinary Portland cement (OPC) corresponding to P.O. 42.5 [21], with a specific surface area of 
350 m²/kg was used.  

− - The binder contents were 450, 480, and 520 kg/m³ and the w/b ratios were 0.30, 0.35, and 0.4, 
respectively, for each mix. 

− - Each of the two pozzolanic materials were used as an additive to the cement in a ratio of 30 % fly 
ash by weight for each mix and in a ratio of 0 %, 5 %, and 10 % silica fume by weight, respectively.  
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− - The OPC and SCM's chemical compositions are shown in Table 1.  
− - Table 2 depicts the specific gravity, crushing value, and water absorption rate of coarse aggregate 

(crushed limestone) and fine aggregate (natural river aggregate). The classification of coarse 
aggregates is as per JTG/T F30-2014 [22], as presented in Table 3. 

− - A suitable level of flowability was obtained by using a high range water reducer (HRWR) at a dosage 
of 1.8 %, 1.5 %, and 1.5 % of the binder material's weight. According to the flow test code [23], the 
slumps obtained were as follows: 200 mm for mix 1 and 400 mm for mix 2 and mix 3. 

− - The sand to coarse aggregate ratio was (0.4:0.6) by weight. 
Table 1. Chemical composition of cement and SCMs. 

Oxide compounds 
(mass%) PC Silica fume Fly ash 

SiO2 21.12 69.3 59.1 
Al2O3 5.62 27.70 38.9 
Fe2O3 3.22 1.20 - 
CaO 65.95 1.30 0.87 

MgO 1.82 0.20 0.71 

SO3 2.30 0.30 0.42 
Density (g/cm3) 2.80 2.50 2.75 

Physical properties 
C3A 

C4AF 
C3S 
C2S 

Ignition loss 

 
7.2 
11.4 
59.2 
18.8 
0.5 

 
– 
– 
– 
– 
– 

 
– 
– 
– 
– 
– 

 

Table 2. Absorption, specific gravity, and crushing value of coarse aggregate and fine aggregate. 

Aggregate Absorption (%) Crushing value (%) Bulk specific 
gravity 

Coarse > 5mm 1.73 19.46 2.58 

Fine < 5mm 2.32 _ 2.50 
 
Table 3. Grading of coarse aggregates. 

Sieve opening, mm Passed (%) Remaining (%) 

26.5 
19 
16 

100 
70 
40 

0-5 
25–40 
50–70 

9.5 20 70–90 
4.75 5 90–100 
2.36 0 95–100 

2.2. Specimen preparation 

The concrete specimens were prepared in conditions that were representative of the summer months. 
The representative month was July, where the temperature can reach 50 ºC and the relative humidity (RH) 
can reach 80 %–90 % (hot and high RH) due to proximity to the ocean, but can also fall below 10 % (hot and 
low RH).The samples were molded in the morning to meet the requirements for casting in hot weather 
according to ACI 305 [24]. The specimens were placed in a steamy environment to meet the first condition 
(hot and high RH), and the other specimens were placed in a dry oven to meet the second condition (hot and 
low RH). Some concrete specimens were placed in water (standard curing) at a temperature of 20 ºC and RH 
of 80 %–90 %.  
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Table 4. Mixture proportions. 

 w/b 
ratio Water Binder 

kg/m3 
Cement 
kg/m3 

FA 
kg/m3 
30 % 

SF 
kg/m3 

Sand 
kg/m3 

Aggregate 
kg/m3 

Water 
reducers

% 

Density 
(kg/m) 

Mix 1 0.30 135 450 315 135 0% (0) 706 1060 1.8 2351 

Mix 2 0.35 182 520 338 156 5% (26) 660 990 1.5 2352 

Mix 3 0.4 192 480 288 144 10% (48) 682 1023 1.5 2377 

3. Results and Discussion 

3.1. Compressive strength 

The results of the compressive strength tests for the concrete mixes are shown in Table 5 for the three 
curing times and for various other curing conditions. Compressive strength was determined based on 100 mm 
cubic specimens. These results are plotted against curing time in Figures 1–3. When comparing the oven and 
50 ºC steam cured concrete with standard cured (in water) concrete, the compressive strength increased for 
different ratios. The percentage increases at 7, 14, and 28 day cure-time for oven cured mixes 1, 2, and 3 
were: (4%, 3%, and 8%); (28%, 19%, and 1.5%); and (17%, 10%, and -18%), respectively. The percentage 
increases for steam cured concrete were: (-13%, -5%, and 9%); (37%, 34%, and 19%); and (27%, 28%, and 
15%), respectively. It was observed that the compressive strength of mix 3, which had a w/b ratio of 0.4, 10% 
added silica fume, and a 28 day cure time, dropped by 18% due to the effect of the dry conditions. This seemed 
to agree with the results of a previous investigation by Ramezanianpour et al. [19] and Atiş et al. [18]. Although 
the dry condition simulated in this investigation was more extreme than that in the previous investigations, the 
reduction in compressive strength was lower. In order to study the efficiency of the curing process, analysis 
was conducted on the ratio of compressive strength at all curing temperatures and times to that of standard 
curing. Eq. 1 reflects the curing efficiency: 

1x

s

F
E

F
=   (1) 

where Fx is compressive strength at the different curing temperature (steam curing, oven curing). 

Fs is compressive strength at standard curing. 

Table 6 and Figure 4 depict the efficiency of curing at 7, 14, and 28 days. It could be shown that all 
curing temperatures for both the steam cure and oven cure had an efficiency of greater than one, except for 
the steam cure of mix 1 at 7 and 14 days and the dry oven cure of mix 3 at 28 days. Additionally, it was 
observed that the efficiency was high at early cure times and decreased for longer cure times.  

Table 5. Compressive strength for all mixes. 

cure 
time 

(days) 
 

w/b=0.30, 50 °C w/b=0.35, 50 °C w/b=0.4, 50 °C 

STANDARD 
CURING 

DRY 
OVEN STEAM STANDARD 

CURING 
DRY 

OVEN STEAM STANDARD 
CURING 

DRY 
OVEN STEAM 

7 days 65 68 58 38 53 60 40 48 55 

14 days 67 69 64 46 57 70 44 49 61 

28 days 74 76 77 67 68 83 58 49 68 
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Figure 1. Mix 1 Compressive Strength Development with respect to cure time for mixes cured under 

varying conditions. 

 
Figure 2. Mix 2 Compressive Strength Development with respect to cure time for mixes cured under 

varying conditions. 

 
Figure 3. Mix 3 Compressive Strength Development with respect to cure time for mixes cured under 

varying conditions. 
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Table 6. The effect of curing efficiency on compressive strength for all mixes. 

AGE (days) 
curing 

w/b=0.30, 50 °C w/b=0.35, 50 °C w/b=0.4, 50 °C 

*EO % * ES % EO % ES% EO % ES % 

7 days 1.046154 0.892308 1.394737 1.578947 1.2 1.375 

14 days 1.029851 0.955224 1.23913 1.521739 1.113636 1.386364 

28 days 1.027027 1.040541 1.014925 1.238806 0.844828 1.172414 
* EO, ES: the efficiency of oven and steam curing respectively. 

 
Figure 4. The effect of Curing Efficiency on Compressive Strength for all mixes  

with respect to cure time. 
Statistical analysis was performed to set up a linear relationship between the compressive strength 

obtained by steam curing (hot and high humidity) and dry oven curing (hot and low humidity). The relationships 
that were set up are presented in Figure 5 and show that there is a strong linear relationship between the two 
conditions mentioned above. A strong linear relation was observed at low w/b ratios and decreased with an 
increase in the w/b ratio. Additionally, the concrete became more sensitive to dry conditions when its silica 
fume contents [18] were R2 = 0.9996 at w/b = 0.3, R2 =0.9651 at w/b = 0.35, and R2 = 0.7106 at w/b = 0.4. 
The hot and dry environment caused water evaporation and the limited hydration affected the silica fume in 
HSC because of the effect of the drying [25]. High curing temperature can speed up the hydration of cement 
[26] and the pozzolanic reaction [27] and produce calcium silicate hydrate (C-S-H), which is an important 
product of cement hydration that increases the strength of concrete. The elevated curing temperature may 
lead to micro cracking, a process in which the precipitation of portlandite and ettringite are centered in and 
around cracks, which affects the properties of the concrete.  

 
Figure 5. The relationship between steam cured and dry oven cured compressive strength for all 

concrete mixes. 
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3.2. Micro hardness 

The micro hardness experiment is a reliable method of describing the microstructural properties of 
hardened concrete and the interface transition zone (ITZ) [28]. In this study, this test method was used to 
describe the influence of ambient conditions on the properties of the concrete’s ITZ. The micro hardness 
values reported in the ITZ were the result of the concrete being exposed to the three curing conditions 
mentioned in the previous sections (steam, dry oven, and standard curing). Figures 6, 7, and 8 show the 
variation in micro hardness values, which were measured using the Vickers's hardness test at the ITZ. An 
increase in micro hardness was observed over time [29] for standard and steam curing conditions, while it 
decreased with cure time for the dry curing condition. The relationships between the compressive strength 
and the micro hardness are shown in Figures 9, 10, and 11. The concrete was strong (positive) for standard 
and steam curing conditions and strong (negative) for the dry curing condition for all mixtures except mix 2 
with w/b=0.35. The regression for the standard curing condition showed that R2 ranged from 0.82 to 0.95. 
While for the steam curing condition, R2 ranged from 0.8 to 0.99, increasing with an increase in w/b ratio and 
with an increase in the percentage of active silica. However, an opposing regression trend was observed in 
the dry curing condition of 0.9198 at w/b=0.3 and 0.9249 at w/b=0.4, while the unexpected regression at 
w/b=0.35 R2 0.0418 may be due to an empirical error. 
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Figure 6. Mix 1 Micro Hardness Development with respect to curing time for mixes cured under 

varying conditions. 
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Figure 7. Mix 2 Micro Hardness Development with respect to curing time for mixes cured under 

varying conditions. 
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Figure 8. Mix 3 Micro Hardness Development with respect to curing time for mixes cured under 

varying conditions. 

 
Figure 9. Mix 1 relationship between Compressive Strength and Micro Hardness for mixes cured 

under varying conditions. 

 
Figure 10. Mix 2 relationship between Compressive Strength and Micro Hardness for mixes cured 

under varying conditions. 

145



Magazine of Civil Engineering, 96(4), 2020 

Wedatalla, A.M.O., Yanmin, Y.J. 

 
Figure 11. Mix 3 relationship between Compressive Strength and Micro Hardness for mixes cured 

under varying conditions. 

3.3. Flexural strength 

Flexural strength was determined based on 40×10×10 mm concrete beam specimens in accordance 
with the Standard Test Method for determining the mechanical properties of ordinary concrete  
(GB/T 50081-2002). 

Figures 12 to 14 show the flexural strength of specimens of all mixes. It can be seen from Figure 12. for 
mix 1 that dry curing at 50 ºC yielded a flexural strength that was lower than that of normal cured concrete at 
a curing time of 7 and 28 days by 16.7 % and 40 %, respectively. Figure 13 for mix 2, shows that the flexural 
strength of specimens cured for seven days in the oven was 30 % greater than that of specimens cured under 
normal curing conditions, whereas the flexural strength achieved with normal curing at 28 days was higher 
than that achieved using the dry curing condition by 14.3 %. Figure 14. for mix 3 shows that the flexural 
strength of samples cured for seven days using standard curing was 22.3 % less than that of specimens cured 
in the oven, whereas the flexural strength of specimens cured for 28 days using standard curing was 37 % 
greater than that of specimens cured under dry oven conditions. Figures 13 and 14 show that the flexural 
strength of specimens cured for seven days using standard curing was lower than that of samples cured under 
dry conditions. It was found that the specimens cured for 28 days under dry conditions had lower flexural 
strength than specimens cured using standard curing due to the fact that the high temperatures affected the 
strength for longer curing times. The hot and dry environment caused water vaporization and limited the effect 
of hydration, affecting the concrete properties, especially for the concrete containing the silica fume because 
it was particularly affected by the drying action [18]. 

 
Figure 12. Mix 1 Compressive Strength VS. Flexural Strength for mixes cured under varying 

conditions. 
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Figure 13. Mix 2 Compressive Strength VS. Flexural Strength for mixes cured under varying 

conditions. 

 
Figure 14. Mix 3 Compressive Strength VS. Flexural Strength for mixes cured under varying 

conditions. 

3.4. Water absorption test 

The results of the water absorption test performed on all concrete mixtures cured under both steam and 
dry conditions are plotted in Figures 15–17. It can clearly be seen that the water absorption of each 
mixture decreased with increasing curing time. This is because the reaction (hydration reaction) between 
additives, cement, and the water filled the voids within the concrete and increased its density. When a 
comparison was made of all mixes cured under steam and dry oven conditions, we found that mix 1, with a 
low w/b ratio and fly ash content, possessed superior water absorption when cured in dry conditions for all 
three curing times, 7, 14, and 28 days. However, the specimens cured under steam conditions possessed 
superior water absorption for all mixes. This indicated that increasing the w/b ratio along with increasing the 
binder and the percentage of added silica fume, with a constant fly ash percentage did not improve the 
properties of concrete cured under hot and dry conditions. Water absorption ranged from 1.94 % to 5.53 % in 
the oven cured samples, while the water absorption of the steam cured samples ranged from 0.913 % to 
3.10 %. 

The minimum water absorption range value was noted as 1.94 % for the mix 1 sample cured under dry 
oven conditions which had a lower w/b ratio and 0 % added silica fume. This value increased with increasing 
w/b ratio and silica content due to the sensitivity of silica to the drying and evaporation of water, However, good 
regression was observed in terms of a reduction in water absorption over time due to a reduction in the porosity 
and pore connectivity. This was in turn due to the pozzolanic reaction leading to an improvement in concrete 
durability and microstructure. 
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Figure 15. Mix 1 Saturated water absorption % with respect to curing time under varying conditions. 

 
Figure 16. Mix 2 Saturated water absorption % with respect to curing time under varying conditions. 

 
Figure 17. Mix 3 Saturated water absorption % with respect to curing time under varying conditions 
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3.5. Chloride permeability test 

It is important to fully understand the influence that permeability has on concrete durability. Permeability 
also affects the ability of deleterious ions and salts to permeate into the concrete. Industry awareness of the 
effect of permeability on the durability of concrete exposed to “water containing salt” or “chemically-rich water” 
is increasing. The chloride permeability test was performed in accordance with ASTM C 1202 (Table 7) [30]. 
After the cure for 28 days, the concrete samples were cut in two halves of 50 mm each, and the samples were 
then dried. The chloride ions entering the concrete were measured in the two 50 mm disc samples exposed 
to an electrical field of 60 V applied for 6 hours using stainless steel electrodes placed between the two cells. 
One of the sample halves was in contact with a 3% NaCl solution, and the other halves were in contact with a 
0.3% NaOH solution. The current was recorded every 30 minutes for six hours. The experiment was performed 
after the 28-day cure time was complete. Figures 18, 19, and 20 show the electric flux and the chloride 
permeability under different conditions[31]. We observed that many ambient conditions had an effect on 
concrete permeability. It was shown that the blends which contained active silica and fly ash were superior to 
the blends that contained fly ash under standard curing and steam curing conditions. However, under dry 
curing conditions, the mixture which contained fly ash was superior to the other mixtures under the same 
conditions. This was because active silica is more sensitive in dry conditions, and ash decreases the heat of 
hydration. The presence of pozzolan (active silica and fly ash) had a very significant effect on the permeability 
of the concrete, which showed significant reductions in the charge passed [17]. Additionally, it was shown that 
all mixes cured under all conditions fell in the low permeability range according to ASTM C 1202 (Table 7), 
except for mix 2 cured under dry conditions, which fell in the medium permeability range. 

Figure 21 shows the good regression between compressive strength and load (Coulomb electric flux/c). 
It can be seen that an increasing compressive strength led to a decrease in permeability and improved 
durability. These results show that good permeability and density can be obtained by increasing the silica fume 
ratio from 0 to 10%. However, it was observed that concrete containing silica fume was more sensitive to dry 
conditions. The rapid chloride-ion test also showed that the interconnectivity of the pore system decreased 
with the reduction of the w/b ratio. The dry curing condition was found to be the most effective at increasing 
the permeability, particularly when combined with increasing silica content. These results can be seen to 
indicate that concrete containing silica fume is more sensitive to hot and dry conditions. 

Table 7.ID Charge Passed (coulombs) Chloride Ion Penetrability in accordance with ASTM C1202 
[30]. 

ID Charge COULOMB ELECTRIC FLUX/C 

High > 4000 

Moderate 2000–4000 

Low 1000–2000 

Very Low 100–1000 

 

 
Figure 18. Chloride Permeability test for concrete specimens prepared and cured under different 

conditions. 
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Figure 19. Chloride permeability test for concrete specimens prepared and cured under different 

conditions. 

 
Figure 20. Chloride permeability test for concrete specimens prepared and cured under different 

conditions. 

 
Figure 21. The relationship between the Permeability Chloride test and the Compressive Strength of 

concrete specimens prepared and cured under different conditions for all mixes. 
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3.6. Microstructure of concrete 

Concrete has a varied microstructure, which differs based on the concrete components, i.e. the cement 
paste, the pore structure, and the bond between the cement paste and the aggregates (ITZ). In order to 
improve the mechanical strength and durability of the concrete, these components must be improved. The 
microstructure of concrete can be improved by adding pozzolanic materials, which enhance the chemical 
composition and hydration reactions of concrete. The pozzolanic material reaction increases the generation 
of calcium silicate hydrate (C-S-H) compounds, which is an important product of cement hydration that 
produces stronger, denser, and more durable concrete over its service life [32]. Pozzolanic additives (such as 
active silica and fly ash) played a role in micro-filters and resulted in a decrease in the number of pores [17, 33]. 
The partial replacement of the cement with active silica and ash resulted in a decrease in the number of pores 
in the ITZ. Additionally, a reduction in the amount of calcium hydrate (CH) crystals and ettringite was observed 
along with a denser C-S-H gel [34]. As was mentioned, the ITZ was the weakest zone, but became stronger 
and less porous with the incorporation of mineral additives (e.g. active silica and fly ash) thus improving the 
microstructure of the concrete. This led to reduced porosity and interconnectivity, lower permeability, and 
improved durability. 

3.7. SEM and EDX analysis 

To investigate the effects of environmental conditions (steam, dry oven, and standard cure) on the ITZ, 
the fracture morphology of concrete cured for 28 days was observed using SEM. The analyzed concrete 
mixtures consisted of Portland cement, active silica, and fly ash. The specimens were exposed to three types 
of cure, as mentioned above. The samples of broken concrete were then analyzed using SEM and X-ray 
microanalysis using Energy-dispersive X-ray spectroscopy (EDX). Microscopic observations were carried out 
on the topography of the surfaces of the specimens which had been exposed to different curing conditions. 
The results of the SEM and EDX analysis of the mixtures cured under different conditions are shown in Figures 
22, 23, and 24. It is evident in all figures that each mixture possessed a different microstructure and 
morphology. The specimens treated under standard and steam condition exhibit more homogeneous 
morphology than the specimens cured under dry conditions, which possessed a smooth surface without visible 
cracks, as shown in Figures 22-24. The elemental composition as determined using EDX included oxygen 
(O), calcium (Ca), silicon (Si), carbon (C), potassium (K), magnesium (Mg), aluminum (Al), iron (Fe), and a 
small amount of sodium (Na) as shown in Table 8 and Figures 22–24. 

Additionally, the shapes of most of the particles were irregular, dispersed, and uniformly distributed in 
the gaps between the sand particles with occasional overlapping structures on the crystal surfaces. Figure 22. 
shows the SEM and EDX images for all the mixtures cured under dry conditions at 50 °C. During the hydration 
process after curing for 28 days, we observed the deposition of CH and C-S-H on the surface, and the 
continuation of this process caused the concrete porosity to be reduced. However, micro-cracking was 
observed on the surface in and near the ITZ. Additionally, CH sediment was noted at the ITZ, which caused a 
decrease in the micro hardness after being cured for 28 days and increased the permeability of specimens 
cured under dry conditions at 50 °C. This had a direct effect on compressive strength, flexural strength, 
permeability, and micro hardness after being cured for 28 days. Figure 23 and Figure 24 show SEM and EDX 
images for all mixtures cured under standard and steam conditions at 50 °C, respectively. They show more of 
a homogeneous morphology than specimens cured under dry conditions, and to some extent the specimens 
possessed a smooth surface with no visible cracks. 

Table 8 shows the various elemental percentages, such as O, C, Si, and Ca along with small quantities 
of Na and Mg which were also detected. Although the presence of calcium and silicate is important evidence 
for the cement hydration processes, only low Ca/Si and Ca/(Si +Al) ratios were observed. If the Ca/Si ratio is 
low, this indicates that the concrete is dense. Portland cement composites usually possess a Ca/Si ratio of 
approximately 1.5. Silica fume and fly ashes are helpful for producing concrete that possesses lower porosity 
and higher density based on the refinement in pore size due to the pozzolanic reaction [35, 36].  

We noted that all mixtures cured under different conditions had a Ca/Si ratio of less than 1.5. This means 
that concrete is dense, which can also be observed from the result of the permeability. All mixtures cured 
under all conditions were in the low permeability range according to the ASTM C 1202 (Table 7) [30], except 
for mix 2, cured under dry conditions, which was in the medium permeability range. Figure 21 shows the 
relationship between the compressive strength and permeability (Coulomb/C flow), where an increase in the 
compressive force reduced permeability and improved durability. We noted that the ITZ was well structured, 
resulting in increased compressive strength and reduced permeability. The results of the EDX confirmed the 
test results obtained from the samples cured under all conditions. Figures 22–24, where SEM and EDX images 
are shown for mixtures cured under dry, standard, and vapor conditions. HSC can be produced which exhibits 
good properties when additional cement materials such as silica and fly ash are used to form a homogeneous 
concrete with a smooth surface. This can produce concrete with low permeable and high durability. 
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Table 8. The elemental percentages for all mixes under different conditions. 

w/b ratio w/b=0.3 w/b=0.35 w/b=0.4 

Curing type 
 
 
 
 

Elements 
% 

Steam Water Oven Steam Water Oven Steam Water Oven 

  CK  0 0 0 6.13 0 19.72 6.86 0 26.48 

  OK  31.01 32.15 24.16 24.92 40.08 21.47 26.25 37.38 30.1 

 MgK  3.90 0.29 0.63 0.92 0.99 1.39 0.23 1.26 0.31 

 AlK  9.51 14.05 24.64 2.27 20.11 11.42 0 2.91 2.06 

 SiK  21.47 37.72 37.87 26.23 34.68 28.48 61.25 29.75 17.04 

  KK  2.54 1.29 2.95 1.99 2.64 1.69 0.76 1.16 1.23 

 CaK  13.93 4.65 3.14 32.77 1.5 7.39 1.51 27.53 19.17 

 TiK  0.33 0.36 1.51 2 0 1.68 1.5 0 0 

 FeK 16.87 2.88 3.94 2.76 0 6.76 1.65 0 2.78 

Ca/Si 0.649 0.123 0.083 1.249 0.043                                          0.259 0.025 0.925 1.125 

Ca/(Si+Al) 0.45 0.09 0.050 1.15 0.027 0.185 0.025 0.843 1.003 

 
Dry oven w/b=0.3 

 
Dry oven w/b=0.35 
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Dry oven w/b=0.4 

Figure 22. Microstructure evolution for specimens cured under dry oven conditions at 50 °C  
for all mixes. 

 
Standard curing w/b=0.3 

 
Standard curing w/b=0.35 
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Standard curing w/b=0.4 

Figure 23. Microstructure evolution of specimens cured under standard conditions for all mixes. 

Steam curing w/b=0.3 

Steam curing w/b=0.35 
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Steam curing w/b=0.4 
Figure 24. Microstructure evolution for specimens cured under steam conditions at 50 °C for all 

mixes. 

4. Conclusions 

From this study, the following could be observed: 
1. The effects of the curing process on concrete properties, such as strength, were significantly 

influenced by exposure to severe conditions. This indicated that more careful and effective treatment practices 
and mechanisms are required when concrete is exposed to hot, dry environments, such as in the Gulf region 
(Middle Eastern) climate.    

2. The results obtained in this study have shown that silica fume and fly ash are potential additives that 
are useful for enhancing the properties of concrete cured under different conditions (i.e. in hot and dry 
environments). Owing to their chemical composition, they contribute to the pozzolanic reactions and enhance 
the concrete’s durability. 

3. Pozzolanic materials, such as silica fume and fly ash, used in this study provide a good solution to 
the problem of durability reduction in harsh environments due to fluctuations in strength and permeability. The 
XRD results indicated the involvement of pozzolans in the microstructure and the formation of stable, favorable 
compounds. 

4. The three mixtures passed the ASTM C 1202 acceptance criterion for all ambient curing conditions, 
which is evidence of the effectiveness of added silica fume and fly ash. 

5. From the data mentioned above, it could be summarized that the microstructure of HSC was more 
homogenous, which is a result of the physical and chemical effects of the associated substances (silica fume 
and fly ash), as well as the decrease in the w/b ratio. Additionally, it could be observed from the above results 
that adding SMC (individually or in combination) improved and enhanced the strength and durability of 
concrete in harsh environments.   

6. A good regression in terms of a reduction in water absorption with increased curing time was 
observed. This was due to a reduction in the porosity and pore interconnectivity due to the pozzolanic reaction 
which led to improvements in the concrete’s durability and microstructure. 

7. The results of the SEM and EDX analysis showed that the specimens cured under steam and 
standard conditions displayed a more homogeneous morphology, and to some extent possessed a smoother 
surface with no visible cracks compared with the specimens cured under hot and dry conditions. Additionally, 
low ratios of (Ca/Si) and Ca/(Si +Al) were observed. These ratios indicated that the concrete was denser and 
more durable. 

In addition, the results of the SEM and EDX analysis confirmed the test results regarding compressive 
strength, permeability, and the micro-hardness of the ITZ. 
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