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Abstract. Modern building construction techniques sometimes involve the passing of pipes or ducts for
water supply, electrification, and telecommunication through reinforced concrete beams to protect them
against mechanical damages and add aesthetic value to buildings. This study looks into the effect of vertical
circular openings on the flexural strength of the reinforced concrete beam. Two (2) sets of beam samples
were investigated during this study: computer simulated reinforced concrete (RC) beam using ANSYS 19.1
and laboratory cast. The results of the flexural strength test conducted show the following: Reinforced
concrete beam with vertical circular openings of diameter greater than 33.3 % of beam width (B) reduced
its flexural strength by at least 20 %; maximum compressive stress of concrete occurs at the openings
region of the beam; the difference in ultimate load capacity of finite element (FE) beam models and
experimental beam specimen is 3.5 %. It can be deduced that ANSYS software is an appropriate finite
element (FE) tool to predict the behaviour of RC beams. Hence, it is hereby recommended that the diameter
of the vertical circular opening in RC beam should not exceed 33.3 % of the beam width and its location
from beam support should not exceed L/6.

1. Introduction
Modern building construction technique sometimes requires many pipes and ducts in order to
accommodate essential services such as water supply, air conditioning, electricity, telephone, and
computer network [1]. Normally, these ducts and pipes are surface mounted, clipped to the wall thereby
exposing them to harsh weather condition and are prone to mechanical damages. In recent time, these
pipes are being concealed in the wall as conduits and are made to pass through web of beams as means
to secure them against damages, harsh weather condition and equally add more aesthetics to buildings.
The creation of such openings in existing reinforced concrete beams produces discontinuity in the
normal flow of stresses which would reduce the beam shear capacity and stiffness [2]. The reduced stiffness
of the beam may also give rise to excessive deflection under service load and result in a considerable
redistribution of internal forces and moments in a continuous beam [3]. More significant reduction in the
shear capacity was recorded when the openings interrupted the natural load path, that is, the line
connecting the load and support points [4].
Flexural strengths of reinforced concrete beams with horizontal web openings have been
researched; however, limited information is available when web openings are vertical. Hafiz et al. [4] verified
the FE beam model with horizontal circular openings against experimental test data of RC solid beam
without openings and discovered that the rectangular RC beams with circular openings diameter more than
44 % of beam depth (D) reduced the ultimate load capacity by at least 34.29 % [4]. Saksena1 and Patel [5]
stated that the performance of the beams with horizontal circular openings at centre of span has lesser
effect on the ultimate load capacity of the RC rectangular section beams and more so, introducing the
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circular openings of diameter of 45 % of depth near the support reduces the ultimate load capacity of
rectangular section RC beams by at least 32 % compared to solid beam [5].
On the other hand, Maaddawy and Ariss [6] concluded that the inclusion of web horizontal openings
drastically reduced the beam shear capacity and stiffness [6]. Abdalla et al. [7] carried out studies on
reinforced concrete beams with horizontal openings un-strengthened and strengthened with FRP sheets.
The effect of this strengthening technique on deflection, strain, cracking, and ultimate load was investigated.
It was discovered that the presence of an un-strengthened openings in the shear zone of a reinforced
concrete beam significantly decreases its ultimate load carrying capacity. An un-strengthened opening with
height of 0.6 of the beam depth may reduce its load capacity by 75 % [7]. Guidelines have been provided
for creating openings in new and existing slabs in British standard [8] and America building code [9].
A number of studies have been conducted on effect of openings in slabs, beams considering the
web and columns but limited information is available as regards vertical openings in reinforced concrete
beam which has become a common practice on construction field around this part of the world without
caution. In order to provides guide lines to professionals in construction field on how and where to introduce
vertical circular openings on reinforced concrete beam when need arises thus research into the effect of
vertical circular openings is recommended [4]. If the beam is pre-designed to have vertical circular openings
of known sizes and location, this will be sufficient to ensure the safety and serviceability of the structure.
The need of openings in structural element for passage of pipes or ducts in modern buildings is
inevitable; however, the consequence of this is a reduction in shear and ultimate load capacity of the
structural element (beam) which is of great concern to smart construction industry [2]. This study aims to
evaluate the bending behaviour of reinforced concrete beams with vertical circular openings across its web
by determining the physical and mechanical properties of aggregates; determining the flexural strength of
laboratory cast reinforced concrete beams with vertical circular openings using flexural testing machine
and; determine the flexural strength of computer simulated reinforced concrete beam with vertical circular
openings using ANSYS 19.1 software.

2. Materials and Method
2.1. Description of specimen
For the purpose of this research, total numbers of ten (10) beam specimens were produced during
the laboratory cast experiment. Dimension of beam specimen considered was 150 mm × 250 mm ×
× 1200 mm as shown in Fig. 1. Two number of twelve (12) millimeter diameter bars each were used for
both tension and compression reinforcement respectively. Eight (8) millimeter diameter bar was used for
stirrup. The concrete cover to reinforcement was limited to 20 mm in accordance to the importance of
concrete cover [10]. Table 1 gives the identification details of the beam specimens investigated in this study.
Each beam was identified using seven alphanumeric characters, the first two letters BM indicates beam
model, while the first two numbers indicates the diameter of the circular openings in millimeter and the last
three numbers indicates the distance of the openings from the supports. For instance, BM 25-150 means
beam model with 25 diameter openings located 150 mm from the supports.

Figure 1. Reinforced concrete beam with openings (Dimensions in mm).

2.2. Laboratory investigation
The preliminary tests such as Aggregate Crushing Value (ACV), Aggregate Impact Value (AIV) and
particle size distribution tests for aggregates were carried out prior to concrete making. In order that the
materials should not differ from materials used in general practice, the coarse aggregate (granite), fine
aggregate (sharp sand), cement, and reinforcing bars were purchased in the open market.
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Table 1. Beam specimens studied in this research.
Beam Identification

BM
25-150

BM
50-150

BM
25-350

BM
50-350

BM
0-0

Diameter of openings (mm)

25

50

25

50

–

Distance of openings from supports

150

150

350

350

–

On the coarse aggregate used in this study, both ACV and AIV were carried out in accordance with
the British standard requirements [11, 12]. ACV was conducted to check the resistance of the coarse
aggregate against gradually applied compressive load while AIV check the suitability of the coarse
aggregate under applied impact loading condition. Results obtained for ACV and AIV were 25.9 and 18.3 %
respectively which falls within limits of 23–30 % for ACV and 17–21 % for AIV. Thus, coarse aggregate
used in this research is good granite.
Particle size distribution test was conducted on the fine aggregate in accordance to British standard
requirements [13] and the result obtained is shown in Fig. 2. Percentage passing by mass for fines on sieve
number 200 (75 μm) was 0.8 % which satisfied the requirements of 4 % maximum limit for uncrushed,
partially crushed and crushed gravel sand. Dangote (42.5 N Grade) Ordinary Portland Cement was
selected for this study due to its availability within the vicinity of the laboratory where the experiment was
carried out [14].

Figure 2. Particle size distribution curve for the fine aggregate.
Tensile test was conducted to determine the characteristics strength for the reinforcing bars used in
this research. Results obtained showed that the reinforcing bars used for this study have characteristics
strength of 389 N/mm2 which is lower than 460 N/mm2 minimum requirements specified in British standard
[15].
Compressive strength test was conducted on concrete for the beam specimens in accordance to
British standard [16]. Results obtained showed that the concrete satisfied the minimum requirement for
C20/25 grade concrete.
Flexural strength test was conducted on beam specimens as shown on plate I in accordance to
British standard [17]. The breaking load (F) value was recorded from the testing machine and the flexural
strength was calculated using the formula: Fcr =
between the supports (in mm);
(in mm).
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, where P is the breaking load (in N); l is the distance
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Plate I: Experimental set-up for the centre-point load bending test.

2.3. Computer modeled beam specimen
ANSYS is a finite element analysis (FEA) code widely used in the computer-aided engineering field
[18]. ANSYS software allows engineers to construct computer models of structures, machine components
or systems; apply operating loads and other design criteria; and study physical responses, such as stress
levels, temperature distributions, pressure, etc. It permits an evaluation of a design without having to build
and destroy multiple prototypes in testing. ANSYS 19.1 is the FEM software employed for simulation of
beam models in this research.

2.3.1. Modeling of beam specimen
Analysis of the beam model in ANSYS begins with the geometry definition which is defined based
on the type of simulation to be carried out [19]. Static structural option on ANSYS 19.1 workbench was
adopted in this analysis. Solid 65 was used to model concrete and Link 180 was used to model the steel
reinforcement.

2.3.2. Meshing
Meshing is the breaking down of the model into smaller elements that can be separately analysed.
The accuracy of the analysis result is proportional to the meshing size. Smaller mesh size gives accurate
result but with longer computational time [20]. In this research, accurate results were obtained using mesh
size of 25 mm.

2.3.3. Loading and boundary condition
To ensure that the modeled specimen behave the same way as the experimental beam, boundary
conditions were set similar to the laboratory cast. Setting the boundary conditions and constrains is an
essential step in Finite Element Analysis. The key step to starting analysis is the setting of boundary
conditions [19].

3. Results and Discussion
3.1. Flexural strength
The results obtained from the flexural strength test carried out in this study are presented in Table 2
while the pictorial representation of relationship between beam specimens investigated is shown in Fig. 2.
Rectangular solid beam without vertical circular openings (BM 0-0) recorded the highest flexural strength
of 13.50 N/mm2 and this serves as reference beam to compare other specimen with openings. BM 25-150
recorded flexural strength of 13.50 N/mm2 which is similar to that of solid beam without openings while BM
50-150 recorded 10.50 N/mm2 as flexural strength. Both specimens whose openings were located at
150 mm from supports have their flexural strength reduced by 0 and 8.74 % respectively when compared
with solid beam without openings. BM 25-350 and BM 50-350 recorded significant loss in flexural strength
by having 17.4 and 19.63 percentage reduction respectively when compared to solid beam without
openings. The results show that presence of vertical circular openings leads to reduction in flexural strength
of rectangular reinforced concrete beam specimen.
In addition, increase in sizes of the vertical circular openings leads to corresponding decrease in load
bearing capacity of the beam specimens. Vertical circular openings that are located far from supports
recorded lower flexural strengths when compared to openings located close to the supports as shown in
Auta, S.M., Jamiu, O., Alhaji, B.
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Fig. 3. BM 50-350 with 50 mm diameter openings located at 350 mm from supports record the lowest
flexural strength of 10.85 N/mm2, which represents 20 % loss in bending strength of the beams.
It can be deduced that reinforced concrete beams with circular openings of diameter less than or
equal to 33.3 % of the beam width (without special reinforcement in openings zone) located within distance
of L/6 from the supports behave in similar way compared to solid beams without openings, where L is the
overall length of the beam. In another word, RC beams with circular openings of diameter greater than
33.3 % of the beam width located at distance L/3 from supports shows reduction of 19.63 % in the flexural
strength. Most critical position of vertical circular openings in RC beams made of normal concrete is near
the mid-span. Also, the best position for location of openings in beams is near the supports.
Table 2. Flexural strength of experimental beam specimens at 28 days.
Beam Specimen

Average Ultimate Load
(kN)

Flexural Strength
(N/mm2)

Percentage reduction

A

BM 0-0

115

13.50

–

B

BM 25-150

115

13.50

–

C

BM 50-150

105

12.32

8.74

D

BM 25-350

95

11.15

17.40

E

BM 50-350

92.5

10.85

19.63

S/No.

(%)

Figure 3. Flexural strength of Beam specimen at age of 28 days.

3.2.

Stresses at Ultimate Load for ANSYS Beam Specimens

Both BM 25-150 and BM 50-150 recorded maximum compressive stress of concrete at mid-span of
the beam around the area where load was applied as shown in Fig. 3. It is an indication that introducing
vertical circular openings with diameter of about 33.3 % of beam width at L/6 from supports has little or no
effect on the flexural behaviour of the RC beam, where L is the overall length of the beam. Therefore,
location of circular openings close to the beam supports induces little or no stress in reinforced concrete
beam and does not make it behave differently from solid beam without vertical circular openings.

Maximum
Compressive
Stress of Concrete

Figure 4. Equivalent (von-mises) stress for BM 25-150 and BM 50-150.
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Beam specimens with circular openings located at L/3 from supports, that is, BM 25-350 and
BM 50-350, maximum compressive stress were recorded at the edge of openings as shown in Fig. 3.
Failure in these beam samples started from the edges of the openings, thus location of openings close to
mid-span of the beam is detrimental to the flexural strength of reinforced concrete beam.

Figure 5. Equivalent (von- mises) stress for BM 25-350 and BM 50-350.

3.3.

Comparison of Results with Reviewed Literatures

When compared with previous study [4] though with horizontal web openings, it was observed that
44 % of beam depth maximum opening diameter recommendation for web openings may not be valid for
vertical circular openings in RC beam.
Contrast to what was observed in previous research on horizontal web openings [5], present study
showed that the most critical area to locate vertical circular openings in RC beams is towards the mid span
(L/3 from the support) which falls within the bending zone of the beam or in other words, it is safer to locate
vertical openings close to beam supports.

4. Conclusion and Recommendations
4.1. Conclusion
Effect of vertical circular openings on behaviour of reinforced concrete beam has been explored and
the following conclusions were drawn from the study: Diameter of vertical circular openings in RC beam
should not exceed 33.3 % of beam width and their location on the beam should not exceed L/6 from beam
supports where L is the overall length of the beam; most critical position to locate vertical circular openings
in RC beam is within the flexure zone (L/3) towards the midspan and the best size for vertical circular
openings is the narrower one whose diameter is less than 33.3 % of the beam width; and the computer
aided simulation for beams with vertical circular openings using ANSYS 19.1 software as implemented in
the present study shows good agreement with experimental data.

4.2. Recommendations
Based on the conclusion made from this research, following recommendations are hereby
suggested:
1. Vertical circular openings in RC beams for multi-storey buildings should be discouraged as this
could leads to compromise on the safety of the structural elements (beams) involved.
2. Further study should be conducted on strengthening the region of vertical circular openings in
reinforced concrete beam.
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Impact of metro induced ground-borne vibration
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Abstract. Metro trains are a source of increased noise and vibration, whose negative impact on residential
development and production processes can lead to a deterioration in the quality of life or products.
Fluctuations from metro trains spread with a certain frequency, depending on the operating train quantity.
The level of recorded fluctuations depends mainly on the geological structure of the site, the depth of the
line, and the distance to the observer. Instrumental study of the vibration levels on the ground surface is of
practical interest in terms of assessing the impact of vibration on the projected buildings or structures, as
well as scientific interest in terms of analyzing the spectrum of RMS values of vibration accelerations for
each octave band on the ground surface. A four-channel vibrometer was used to measure the levels of
vibrations in the overpass between the Belomorskaya and Khovrino stations on the Zamoskvoretskaya line
of the Moscow metro, and then the frequency spectra were analyzed. The conclusion is made that the
impact at the rail junction significantly contributes to the overall vibration load when the train enters the
station, which is confirmed by a sharp increase in vibration levels at the corresponding observation points.
The calculation of the natural vibration forms of the tunnel fragment is performed. Analysis of the
measurements showed that a moving train excites vibrations in all octave bands, but the maximum levels
of vibration acceleration were registered in octaves 16, 31.5 and 63 Hz. This is consistent with the results
of the numerical simulation since the calculated natural vibration frequencies of the tunnel fragment are
close to those measured on the ground surface.

1. Introduction
There has been an increase in new construction in large cities in recent years and, as a result, the
intensive development of the transport network. The metro is the only modern mode of transport, the route
of which can be laid regardless of the existing buildings on the surface. As a result, it is necessary to take
into account the impact of noise and vibration acting on buildings and structures located within the sanitary
zone of the subway (40–45 m from the outer walls of the tunnel), both from the movement of trains in its
normal operation [1], so and from the sinking shields during the construction of the line [2] at the design
stage. The object of research in this work is the rolling stock of the metro in a tunnel of shallow laying,
located in the middle of urban development. The subject of the study, respectively, is the vibrations
registered on the ground surface.
Vibration transmitted to building structures can worsen the quality of life of people [3, 4], as well as
affect sensitive technological processes in modern production. [5, 6], for example, special electron
microscopes, which are equipped with some research centers, are sensitive to the vibration amplitudes of
the foundation less than 1 µm [5, 6]. It is also necessary to consider that the Central part of large cities
mostly consists of cultural heritage sites. In some cases, the subway lines in close (less than two meters)
from the foundations of the architectural monuments, which can adversely affect its technical condition
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without special measures [2, 7–10]. In connection with the above, there is an important and actual scientific
and technical problem of measurement, analysis of experimental data and subsequent minimization of the
impact of increased structural noise and vibration on people and buildings [7–15]. The purpose of this work
is to study the vibration background on the ground surface near residential buildings above the new metro
line of shallow Foundation. To achieve this goal the following tasks were completed:
1. Long-term vibration measurements were made using a special device at various points above the
crossing and the station.
2. The files recorded by the device are processed and converted into visual graphs – vibration
acceleration spectra.
3. The data obtained were analyzed and compared with current national and foreign sanitary
standards.
4. Numerical modeling of a tunnel fragment was carried out to determine its own vibration modes.

2. Methods
The dynamic load from the moving subway trains is characterized by its discreteness, i.e. at the
studied point, the registration of vibration accelerations is possible only for about 10 seconds, which
corresponds to the time of the train passing through the measurement range. Further fluctuations almost
instantly fade up to the moment of the beginning of passing of the next train [16]. This process – 10 seconds
of increased vibration and noise and a subsequent break for 1.5–2 minutes – continues every day for 22
hours. Therefore, the only way to measure vibration levels, which allows the most complete analysis of the
vibration background – spectral method [12, 13], without any averaging for 30 minutes of movement. The
reliable average maximum of vibration accelerations is determined from the analysis of the full spectrum of
the maximum number of trains.
Measuring oscillations of the surface of the soil was performed by a four-channel vibration meter
SVAN 958. The device is designed for multi-channel measurement of vibration and noise. Three channels
were used, the sensitive elements of which were in three perpendicular directions for registration:
−

Vertical oscillations along the Z axis;

−

Horizontal oscillations along the subway line (along the X-axis);

−

Horizontal oscillations across the subway line (along the Y-axis).
During the experiment, 5 points along the route between the stations Belomorskaya and Khovrino of
the Zamoskvoretskaya line of the Moscow metro were examined (Fig. 1). All measurements have a duration
of at least 12 minutes for the collection of reliable data and their subsequent analysis. The average interval
of train traffic during the study ranged from one to one and a half minutes.
Point number 1 is located above the station Belomorskaya, point number 2, 3, 4 – directly above the
overtake, and point number 5 – above the station Khovrino.

Figure 1. Schemes of location of measurement points No. 1, 2, 3 on topographic survey.
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Figure 2. Schemes of location of points No. 4, 5 on topographic survey.

3. Results and Discussion
The device was used to register the vibration accelerations recorded the data separately on three
channels into a special file, which was then converted into a graphical form using Svantek PC++ software
(Fig. 3–8). The graphs show the vertical and horizontal components of vibration accelerations for different
octave bands (4 Hz, 8 Hz, 16 Hz, 31.5 Hz, 63 Hz).
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Figure 3. Point No. 1. Vertical component of vibration accelerations (z-axis).
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Figure 4. Point No. 1. Horizontal component of vibration accelerations (x-axis).
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Figure 5. Point No. 1. Horizontal component of vibration accelerations (y-axis).
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Figure 6. Point No. 5. Vertical component of vibration accelerations (z-axis).
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Figure 7. Point No. 5. Horizontal component of vibration accelerations (x-axis).
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Figure 8. Point No. 5. Horizontal component of vibration accelerations (y-axis).
The study of graphs allows to select and tabulate the average maximum values of the recorded levels
of acceleration in these octave bands (Table 1).
Table 1. Maximum levels of vibration acceleration.
Vibration acceleration levels (dB) in (1/1) octave bands

Maximum

Value

Value

5

63 Hz

Value

4

31.5 Hz

Value

3

16 Hz

Value

2

8 Hz

Value

1

4 Hz

Direction

Measurement
point No.

2 Hz

Z

51.5

44.8

59.3

71.2

83.9

100.8

X

47.6

48.0

62.9

75.3

78.2

86.5

Y

54.6

44.9

57.1

69.2

77.6

97.5

Z

50.4

47.8

52.6

67.1

78.2

75.3

X

47.9

47.0

58.9

68.3

73.2

86.0

Y

53.7

50.1

52.5

58.1

75.6

82.4

Z

50.7

44.7

57.2

65.4

85.0

81.3

X

47.7

49.0

59.6

66.9

83.7

84.8

Y

47.3

47.8

61.1

67.6

89.4

85.1

Z

53.1

47.9

53.5

57.9

88.0

87.6

X

45.9

48.4

58.9

65.5

88.5

99.8

Y

48.6

50.4

55.5

63.9

90.4

96.4

Z

48.2

48.2

57.6

69.2

83.4

93.7

X

50.0

45.8

56.8

68.8

95.3

98.0

Y

50.9

51.4

54.7

71.9

92.2

99.1

Z

53.1

48.2

59.3

71.2

88.0

100.8

X

50.0

49.0

62.9

75.3

95.3

99.8

Y

54.6

51.4

61.1

71.9

92.2

99.1

The values shown in the Table are the average values of the highest vibration levels for all
measurements, determined by analyzing the spectrum of RMS values of vibration accelerations for each
octave band on the ground surface using the following formula:

LdB = 20 lg a , dB
a0
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From these spectra it is possible to distinguish the dominant frequencies of external influence, as
well as to understand the nature of attenuation depending on the distance to the source. The method of
frequency analysis is suitable for determining the influence of metro trains on a structure, since it can be
used to select the average maximum of the mean square values of vibration accelerations from the entire
ensemble of measurements during the passage of one train [9]. The train interval is not considered. This
approach is adopted in most States as the main [13, 17], as it allows to assess the greatest negative effect
of vibration on people and buildings, taking into account the discrete nature of the impact and guided by
the principle of "no significant concern" (Sanitary code of Russian Federation, p. 3.2).
After analyzing the spectra obtained as a result of measurements within the framework of the task,
it can be concluded that vibration acceleration recorded on the surface of the soil (these values in octaves
of 31.5 and 63 Hz are highlighted in the tables) can cause exceeding the normalized vibration parameters
in the designed buildings, the construction of which is planned in close proximity to the existing or projected
sections of the subway route. The spectra analysis also showed that the vibration acceleration levels at
points 1 and 5 are higher than at other surveyed points, which can serve as a confirmation of the contribution
to the overall vibration load from a moving train of a wheel impact at the inevitable "parted" junction of the
rails at the station at the entrance and exit of the train [16].
For completeness, the study should consider ways to assess the levels of vibration acceleration,
presented in international, as well as some foreign regulatory documents, namely, the interstate standard
ISO 2631 and the recommendations of the US Department of transportation.
The ISO 2631 document, developed by the international organization for standardization, establishes
a methodology for calculating parameters that, applicable to national legislation, determine the
permissibility of vibration values, as well as the degree of impact of vibration on human health using health
criteria, comfort level, sensitivity to vibration and susceptibility to motion sickness.
The main measured value in the document is vibration acceleration, the formula for calculating the
RMS value of which has the form:

1
1 T 2
 2 м
.
aw =  ∫0 aw ( t ) dt  ,
T

с2

(2)

It is assumed that the human body is affected by the average (smoothed) vibration. It should be
noted that the calculation uses a weighted value of vibration acceleration obtained from the entire set of
measured data [18]. It should be noted that ISO 2631 does not contain limit values for the defined vibration
parameters, but only provides methods for calculating them for further comparison with existing national
hygiene regulations, which may set appropriate limits for different conditions and different types of vibration.
The recommendations of the US Department of transportation (USDT recommendations) define the
frequency (spectral) method as the main approach to assessing the impact of vibration on a person,
calculating logarithmic levels of vibration speeds as follows:

vdB = 20 lg

vrms
,
5 × 10−8

(3)

where vrms is the mean square values of the vibration velocity, and the denominator is the reference value
of the vibration velocity.
In addition, the recommendations use the concept of PPV (peak particle velocity) – the maximum
vibrational speed, that is, the maximum instantaneous positive or negative value of the vibration velocity.
This value is often used to analyze the effects of explosive impacts.
For residential buildings with so-called "frequent events" (more than 70 "events" of vibration from a
single source per day), USDT recommendations set the maximum value of the vibration level at 72 dB.
The Russian Federation sanitary code set logarithmic levels of vibration velocity Lv and vibration
acceleration La as normalized parameters, which can be calculated using the following expressions:

Lv = 20 lg

v

,

5 ×10−8
a
La = 20 lg
,
−
6
1×10
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where the numerators of formulas (4) and (5) contain, respectively, the root mean square value of vibration
velocity, m/s and RMS acceleration, m/s2; in the denominators of the recorded reference value of vibration
velocity, m/s acceleration m/s2.
The total vibration is considered as an octave or 1/3 octave bands with average geometric
frequencies from 0.8 Hz to 80 Hz. The main difference between the method used in the codes of the
Russian Federation and the United States from the ISO standard is the fact that no weighing is applied to
the measured signal [18].
It should be also noted that there is a common approach to assessing the impact of vibration on a
person or building structures in applicable legislation of the Russian Federation and the United States.
In the scientific literature, various methods of modeling the static and dynamic behavior of the tunnel
under the action of the load from the movement of metro trains are considered, which allows us to consider
the problem from different sides. For example, in [19] to assess the effect of the speed of movement of the
point load from the wheel pairs of cars on the levels of induced vibrations, the tunnel is represented as a
beam of constant cross-section on an elastic-viscous base. The train speed was consistently assumed to
be 10, 20, and 30 m/s. The resulting calculations the highest levels of vibration velocity and vibration
acceleration of tunnel meet train speed of 30 m/s. For the maximum speed of trains on the railway haul,
usually not more than 80 km/h (22.2 m/s), calculated vibration level of the surface of the tunnel is 62 dB.
Actual measurements of vibration on the ground surface, although performed under different conditions,
differ in a large way by an average of 30 %, and with increasing distance from the observer, as is known,
vibrations in the ground fade. Thus, the representation of the tunnel as a beam on an elastic-viscous base,
loaded with concentrated forces from the wheel pairs of cars, allows only preliminary estimation of the
vibration levels of the tunnel lining with some error.
In M.A. Dashevsky's doctoral thesis, a wide range of problems related to the radiation of waves in
the ground (elastic–viscous half-space) during the movement of a pulsating load of the metro type in a
cylindrical shell (tunnel) is considered. In [20] is published a solution of the problem in a flat statement about
the radiation of vibrations by a circular tunnel from moving metro trains. The tunnel is represented as a
cavity soldered into an elastic semi-infinite plane, and the load is modeled by periodic averaged forces that
change according to the harmonic law. The results of calculations are qualitatively consistent with full-scale
experiments. In [21], numerical modeling is used to consider the propagation of vibrations in the ground
mass from impacts when damaged wheels and rails interact with defects of various types, including the
joint of rails with a break. Rolling stock, rail support and ballast are modeled as a complex interacting multimass system located on an elastic base. To verify the model, measurements were made of ground surface
vibration from a passing train at 12 m from the track. It is shown that any connection of rails with artificial
irregularities during the passage of the train leads to an abrupt increase in the levels of vibration
acceleration.
As part of this study, the MSC Patran/Nastran software package performed a numerical calculation
of a tunnel fragment in a ground environment to determine its own vibration patterns. The tunnel is modeled
by beam end elements with a variable thickness and a constant width of 1 m. the Thickness in the upper
part of the tunnel is 0.3 m, and a local thickening is created in the lower part to represent the tray. The soil
is modeled using elastic elements located along the contour of the tunnel (the modulus of elasticity is set
to 25 MPa).
When performing the calculation to determine the natural frequencies of vibrations, the tunnel
structures were modeled using generalized beam finite elements that allow for shear to be considered, that
is, they correspond to Timoshenko rods. The tunnel diameter is 6 m. Each of the finite elements of the
tunnel is adjacent to the finite element of finite stiffness, which simulates the elastic properties of the
subgrade. The tunnel thickness is assumed to be 300 mm. The stiffness of each of the finite elements that
simulate the soil surrounding the tunnel is determined based on the average stiffness of the subgrade of
25 MPa. The width of the finite elements of a beam with concrete stiffness parameters is 1 m. The finite
elements simulating the elastic properties of the soil are rigidly fixed at their farthest ends from the center
of the tunnel, and the other end is connected to the elements simulating the tunnel. That is, in fact, the
problem of determining the natural frequencies of vibrations of an elastic ring in an elastic medium is being
solved. There are no external loads, additional stiffness and mass from the track concrete is modeled by
local thickening of the beam elements within the tunnel element located under the half sleepers.
Fig. 10–11 show the first few variations of the tunnel fragment.
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Figure 9. Tunnel design scheme.

Figure 10. The first (left, frequency 16.3 Hz) and the second
(right, frequency 17.4 Hz) forms the vibrations of the tunnel fragment.

Figure 11. The third (on the left, the frequency of 32.3 Hz)
and fourth (right, frequency of 33.5 Hz) mode shapes of the fragment of the tunnel.
The vibration levels of the soil surface obtained during the measurements have characteristic bursts
at frequencies in octaves of 16 Hz, 31.5 Hz and 63 Hz, which can be explained, among other things, by the
characteristic eigenfrequencies of the tunnel fragments located in the soil massif.

4. Conclusions
The analysis of the results of the measurement of oscillations over the subway track and numerical
simulation of the tunnel fragment led to the following conclusions:
− shock at the junction of the rails excites all forms of vibrations, but the predominant are vibrations
with frequencies close to 31.5 Hz and 63 Hz;
− bursts at frequencies of 16 Hz, 31.5 Hz and 63 Hz occur also due to the characteristic natural
frequencies of the underground tunnel surrounded by the ground;
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− the vibration levels measured in octaves 31.5 and 63 Hz, significantly exceeds the allowable by
Sanitary code of the Russian Federation. To account for floor resonances, 3.5 dB should be
added to vibration levels.
− when determining the need for the device of vibration protection systems, it is necessary to use
a spectral method based on the assessment of the expected vibration levels in individual octave
bands, since it allows to determine the "response" of individual structural elements to the vibration
effect at a certain frequency.
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Abstract. The collapse of building structures after a fire is not uncommon. Taking into account the
parameters that affect the elements of the building exposed to extreme temperatures of fire and
extinguishing allows assessment of the durability of the entire structure. The analysis of regulatory
documents on the survey of buildings and structures after a fire allowed us to establish they lack
consideration of such parameters, including the Code of Practice 329.1325800.2017 “Buildings and
constructions. Examination rules after a fire”. The decision on the appropriateness of the further operation
of buildings after the occurrence of both single and multiple fires is possible based on mathematical
modelling of this process, and its software and algorithmic support. The technical objective of the study is
to create a universal model for the software calculation of the restoration of structures after fire and fire
extinguishing. The object of the study is the fire-related damage and destruction of building structures due
to thermal effects. The research method consists in developing a cellular model of a thermally insulated
plate based on the localization of the heat source in a certain position above the plate and characterized
by the temperature distribution in the cells. The evolution of this distribution is a transition probability matrix
that describes the change in thermal conductivity along with the plate in two directions and by the functions
of the sources. One of the sources describes the supply of heat to a particular cell (a localized moving
source), and the other describes the removal of heat due to heat emission to the environment. As a result
of the study, a universal model for the formation of a software calculation for the restoration of structures
after fire and fire extinguishing has been developed. The purpose of this model is to establish the residual
fire resistance of a building structure after a fire with a minimum calculation time and receive
recommendations on the possibility of further operation of the building.

1. Introduction
The heat-resistant properties of structural materials are always a significant component in deciding
on their use in the design of various buildings and structures. The influence of temperature effects on the
structure during the fire and the results of studies of the heat-resistant properties of materials of building
structures have always worried designers. Indeed, without information on heat resistance and an index of
fire resistance, it is impossible to make a decision on the use of this material for the design and subsequent
construction of buildings and structures for various functional purposes. In addition, sudden cooling during
fire extinguishing of materials or double heating of building structures during irregular or periodic fire
extinguishing, both by fire departments and sprinkler and deluge fire extinguishing systems, will lead to a
change in the structural characteristics and will affect its bearing capacity.
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The object of the study is damage and destruction of building structures caused by thermal effects
due to fire.
There is a large amount of methodological literature on the diagnosis of damage and destruction of
buildings and structures [1–5]. Various approaches and methods for assessing the technical condition of
structures after a fire when modeling fire resistance are presented in the publications: A. Krivtcov, M. Gravit,
S. Zimin, O. Nedryshkin, V. Pershakov (2016), J. Schmid, M. Klippel, A. Just, A. Frangi, M. Tiso. (2018),
M.B. Dwaikat, V.K.R. Kodur (2009), Y.J. Kwon, D.J. Kim, S.G. Kang, B.C. Kim, B.C. Han, J.Y. Leesp, H.
Kazunori. (2013), M. Cvetkovska., M. Knezevic., Q. Xu, C. Chifliganec, M. Lazarevska., A.T. Gavriloska
(2018), W.Y. Gao, J.G. Dai, J.G. Teng, G.M. Chen (2013) [6–11] and others too.
The technical task of our study was to create a universal model for the software calculation of the
restoration of structures after fire and fire extinguishing.
Existing requirements for water supply to the structure by fire departments in order to extinguish a
fire do not regulate the direction of the stream (extinguishing point or points on the structure). Water can be
supplied to any point in the structure, but at the same time its characteristics will vary unevenly from where
the water is supplied.
You can divide the water supply into the structure in the following ways up, in the middle, down the
structure or into the corners of the structure, both in the upper and lower. With a different choice of the
cooling location of the structure heated during a fire, its fire resistance limit will change, which can
significantly affect the further operational characteristics of the structure.

Figure 1. Possible cooling points when extinguishing a fire.
According to the nature of the same type of damage and destruction of building structures, the
volume of a building (structure) exposed to fire is divided according to Code of Rules 329.1325800.2017
“Buildings and Structures. Inspection rules after a fire”, in three (in the absence of collapse) or four (in the
presence of collapse of structures) the main areas of fire exposure on building structures (the tables B.1B.5 of the appendix B) [1]:
−

zone of emergency degree of fire exposure (fire exposure);

−

zone of a high degree of fire exposure (fire exposure);

−

a zone of moderate fire exposure (fire or heat);

−

zone of low degree of fire exposure (thermal effect or smoke).
In the zone of emergency degree of fire exposure, all defective structures must be dismantled and
replaced with new structures.
In areas of severe and moderate fire exposure, a visual and instrumental examination of building
structures is necessary.
In the zone of low degree of fire impact, an instrumental examination of building structures after a
fire is not required according to the set of rules, but at the same time, thermal radiation affected the structure
and requires an assessment of its condition.
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Defects and damage to building structures (cracks, deflections, deformations, discoloration of the
material of the structure, the presence of metal fusion, exposure and buckling of reinforcing bars, etc. are
significant signs of determining the further operation of the structure.
After the fire, to make a decision on the further operation of the structure, it is necessary to carry out
verification calculations of the building structure, and the automation and simplification of such calculations
by modern informatization methods by compiling the software are dictated by time.
The actual design of the building (structure) is determined by the results of the inspection after the
fire and should reflect:
−

the actual conditions of abutment or conjugation of adjacent structures;

−

the actual geometric dimensions of the cross sections, the values of spans, eccentricities;

−

the type and nature of the actual (or required) loads;

−

the presence of damage and structural defects.
The actual duration of intense burning of materials and structures in the fire is set without taking into
account the duration of its initial stage of ignition and the final stage of attenuation. The initial stage of
ignition can be 5-40 minutes and is characterized by the ignition of materials with a slight increase in the
temperature of the environment in the room (150 °C–200 °C). The stage of intense combustion is
characterized by a rapid increase in temperature (up to 1200 °C–1500 °C, sometimes up to 2000 °C),
stabilization of maximum fire temperatures and subsequent sharp decrease in temperature to 600 °C–
400 °C.
According to indirect signs remaining after the fire, it is possible to establish the values of
temperatures that were in effect during the fire, namely:
−

by changing the appearance and shape of individual objects and materials remaining after the fire;

−

to change the structure and condition of heavy concrete;

−

by changing the color of concrete;

−

by the fusion temperature of various metals;

−

color discolouration (color of oxides on the surface) of steel;

−

on the color change of polymer coatings and paints;

−

the presence of soot and soot, the condition of paper and wood;

−

on a change in the state of metal structures;

−

by changing the state of masonry;

−

by changing the state of gypsum plaster;

−

by changing the state of cement-sand plaster.
However, at the same time, the formation of cracks and changes in the properties inside the
structures, which cannot be visualized without the use of special equipment and sampling for laboratory
studies, are possible.
The relevance of the study lies in the adoption of very quick decisions on the further operation of the
building and structure after the fire, since people who live in buildings may live on a permanent basis and
may not be able to live in another place until the end of a long study of structures for their bearing capacity
after fire and fire extinguishing.
When structures are heated during a fire and during the process of extinguishing, various processes
occur, these processes have restrictions on the speed and uniformity of heating, in most fires the size of
the heat source is less than the heated surfaces of the structures.
In a fire, heat sources cannot be fixed local, they are constantly increasing, and thermal energy is
moving along the surfaces of structures. It is also impossible to exclude delays of sources in different zones
due to the presence of a greater fire load in these areas, while the areas that were previously heated and
the combustion process in these areas stopped, have time to cool significantly.
The conditions for such heating depend on the materials of the structures, heat transfer from the heat
source to the product, from heat transfer from the product to the environment, and from the thermophysical
properties of the material from which the product is made.
Under the conditions of the diversity of these parameters and their combinations, the empirical search
for the optimal paths and velocities of the source along the heated product is a laborious and lengthy task.
The choice of rational warm-up conditions can be greatly simplified and facilitated using mathematical
models of this process and its software and algorithmic support, especially since the current level of
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development of building thermo-physics already contains mathematical descriptions of the individual
components of this process, allowing their sufficiently reliable forecasting for timely identification of the need
restoration of structures damaged by fire and the possibility of their further safe operation.
The purpose model is to establish the residual fire resistance of a building after a fire (with rapid
cooling) to minimize the time to obtain accurate results on the further operation of buildings. The tasks are:
−

selection of a management solution for extinguishing, to maintain the bearing capacity of the
building structure;

−

reduction of damage during fire extinguishing;

−

establishing the possibility of further operation of buildings exposed to fire;

−

development of a universal model for the formation of a software calculation for the restoration of
structures after fire and fire extinguishing.

2. Methods
As a theoretical basis for constructing mathematical models of heat transfer processes, the Markov
chain theory method was chosen [12, 13], which has proven itself in solving a number of practical
engineering problems [14].
We give an example of modeling a process with constructing a cellular model of a thermally insulated
plate, a diagram of which is shown in Fig. 2. Let the heat source be localized in a certain position above
the plate. The thermal state of the plate is characterized by the temperature distribution over the cells, and
the evolution of this distribution is characterized by a transition probability matrix describing the thermal
conductivity of the plate in two directions and by the functions of the sources, one of which describes the
heat supply to a particular cell (localized moving source), and the other heat removal due to heat transfer
to the environment.

Figure 2. The cell model of the plate and the heat flow diagram in it.
In particular, the transition matrix (thermal conductivity matrix) for a grid of 4×4 cells in the most
common case of modeling with square cells has the form
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d =α

∆t
,
2
∆x

(2)

α is coefficient of heat diffusivity of material; ∆x is side length of a square cell.
Since no more than four transitions are possible from this cell, the smallest probability of staying is 1
– 4d, which implies the stability condition of the computational procedure d ≤ 1/4, since, in accordance with
the physical meaning, the probabilities cannot be negative.
Thus, temperature redistribution over a fully thermally insulated plate can be described by recurrence
matrix equality

T k + 1 = PT k ,
0
where initial distribution of temperature of T has to be set.
As the sum of elements of matrix
asymptotic distribution of temperature at
process.

(3)

P (1) is equal in every line to unit (normalization in the lines),
k → ∞ will be uniform that corresponds to physical essence of

With a moving source, the cell number to which heat is supplied changes, that is, i = i (k) and j = j (k).
In the heating procedure for the same type of recording operations, it is advisable to introduce the
temperature matrix of the sources Ts (k) is a matrix where all elements are zeros, except for element ij,
where i = i (k) and j = j (k), and which is equal to Ts. Then the transfer of heat to the cell ij at the kth transition
can also be described by the matrix equality

(

)

T/ =
T + a T (k ) −T ,
2 s

(4)

in which the program and the speed (delay in the cell) of the source movement are given by the equalities
i = i (k) and j = j (k).
Thus, equality (4), which describes the heat transfer to the plate cell, together with equality (3), which
describes the propagation of heat through the plate through heat conduction, completely describes the
heating of a heat-insulated plate both stationary (i, j = const) and mobile (i = i (k) and j = j (k)) by a local
heat source.
Heating a fully insulated plate leads to an asymptotically uniform temperature distribution, and this
temperature is equal to the temperature of the source. However, the uniformity of distribution in the
transitional stages of heating for a stationary and moving source is significantly different. In Fig. 3 the source
motion program is defined by the radius vector rs (k) with projections is (k) and js (k), the law of change of
which is the motion program

Figure 3. To the program of the movement of source.
In Fig. 4 shows the influence of the program of movement along the contour: first along its two points,
then along four, and then along the same contour with an increasingly dense coating of its points.
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Figure 4. Change in minimum plate temperature and maximum
concentration with various source movement programs.

3. Results and Discussion
If the above simulation of the process of constructing a cellular model of a thermally insulated plate
is shifted to a real fire, then will see that in the initial stage any fire is characterized by a focal zone
(temperature effect at one point in the room). In the initial stage, a local temperature effect occurs on the
structure, with increasing temperature, the fire area increases and, accordingly, the source moves along
the surface of the structure according to various movement programs, while the areas where the
combustible load is contained in a smaller amount cool down. Because of which there is an uneven heating
of the structure and its more rapid destruction. In this case, heat transfer to the external environment takes
place not without taking into account the possibility of the origin of fires in different climatic zones and at
different environmental temperatures, which affect the uneven change in the characteristics of structures.
This circumstance necessitates the development of a universal fire extinguishing model, which will lead to
the least destruction of the structure in different environmental conditions. In view of the foregoing, we
described in Fig. 5 universal model for the formation of a software calculation of the restoration of structures
after fire and fire extinguishing.

Fedosov, S.V., Malichenko, V.G., Toropova, M.V.

Magazine of Civil Engineering, 106(6), 2021

Figure 5. Universal model for the formation of software calculation of restoration
of structures after fire and fire extinguishing.
The description of the model is as follows: the description of the object X are includes subsystems
(x1...x15) of structures subjected to thermal action. The state of the subsystem is characterized by an
indicator of possible structural failure, which (the remainder R is bearing capacity) can be caused as a result
of a fire.
The content of the structures is characterized, firstly, by the list of objects on which the fire occurred.
Secondly, the type of destruction, which is reflected by the thermal conductivity matrix. The totality of the
proposed movement of the stray source forms a variant of accepting the proposed model of motion of the
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stray source, with the worst result of the remainder (R) adopted for this design. The elements of the object
X are the amount of expenditure of various resources for the most complete restoration of bearing capacity.
The difference between the proposed model and other models of program calculation, for example,
W.Y. Gao, J.G. Dai, J.G. Teng, G.M. Chen, consists in assessing the recovery after sudden cooling of the
structure during fire extinguishing by fire departments using a heat conduction matrix [11].
Here is one of the possible algorithms for the program to work according to the model have described.
B1 – wall with probability r1 remained intact as a result of fire. B2 – the wall after the fire does not
meet the required fire resistance limit, but it can be fixed. We apply the probability r2 to this event. B3 – the
wall with probability r3 after the fire is hopelessly damaged and cannot be restored. C1 – after the fire, the
house with probability ρ1 remained suitable for further operation. С2 – As a result of the fire, the house with
probability ρ 2 became unsuitable for further operation. Obviously, the first three and the last two events
form complete groups: r1 + r2 + r3 = 1, ρ1 + ρ2 = 1.
For the sake of simplicity, the main event options are listed here. In real conditions, there may, of
course, be more complex situations, however, they can easily be reduced to the cases listed above.
As a result of the onset of these events, the "house-wall" system is in one of the following six states
(Fig. 6).
States

А1

А2

А3

А4

А5

А6

House
Wall

the house is subject to exploitation

the house is not exploitable

the wall is not damaged

the wall does not fit, but can be repaired

the wall cannot be restored
Figure 6. System event status.
According to the classification adopted above, the states A1 and A2 will be absorbing, as in either
case, in the indicated state, the goal is achieved. True, the possibility of getting into the A2 state, i.e.
receiving an undamaged wall with an unused house. The house may be emergency, its maximum wear
has occurred as a whole, and a separately taken wall has not yet reached its maximum wear and tear and
a fire has occurred in the house.
One more remark should be made. In this model, the states with an intact and damaged wall, but
which can be restored, are considered the same, although this is not entirely true.
Obviously, state A6 should appear as the initial state in this example.
The transition probabilities are determined very simply here.
Since the states A1 and A2 are absorbing, then Р11 = 1 and Р22 = 1, and the probabilities of
transition from the first and second to all subsequent states are equal to zero. If you get into the A3-A5
states, it will be necessary to repeat the operation (with the replacement of the wall, repair of the house, or
with the replacement and repair at the same time), i.e., they will return to the initial state A6. Therefore, the
corresponding transition probabilities P36, P46, P56 will be equal to 1.
Since the events B1-B3 and C1-C2 are compatible, the probabilities of transition from the initial state
to all subsequent states are determined as the product of the probabilities of the corresponding events. The
easiest way to find these works is using the event tree shown in Fig. 7.
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Figure 7. Transient probabilities event tree.
For example, from the initial state A6 to the absorbing A1, we will pass with the simultaneous
occurrence of events B1 and C1. Consequently, the total probability of a common event will be equal to the
product of private events:
Р61 = r1 ρ1
Arguing similarly, we obtained
P62 = r1 ρ2; P63 = r3 ρ1; P64 = r2 ρ2; P65 = r3 ρ2; Р66 = r2 ρ1.
If we assume that in each trial (operation) the transition probabilities do not change, then the process
can be described by a simple homogeneous Markov chain. The graph that visually displays possible
transitions in the system is shown in (Fig. 8).

Figure 8. Possible transitions in the system.
The transition probabilities are designated hereinafter for the multiplicity P1, P2, P3, P4, P5, P6. Now
the transition matrix can be represented, as before, in canonical and fundamental forms. But first of all, it
would be necessary to answer the question: what can be obtained in practice?
First, let us pay attention to the fact that getting into any state is accompanied by certain expenditures
of material resources and time.
For example, getting into the A3-A5 state entails costs associated with repairing a house or building
a new house, etc.
If the wall is damaged, when its fire resistance limit is reduced, you also have to pay for its partial
restoration. In short, along with the transition matrix, a cost (or damage) matrix must be compiled. It will
have the same form as the transition matrix, but its elements are costs, Р61 = r1 ρ1 corresponding to
transitions in a certain state (Fig. 8). In the conditions associated with the restoration of the wall, one must
take into account the loss of time, etc. and in cases of failure or impossible restoration of the wall – the cost
of buying the whole house.
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Timely restoration of the wall after a fire will reduce the likelihood of scrap collapse and the time that
the house will not be used, which will extend the life of the house.
We will assume that during the period of time we are observing, the house can be in three states:
A1 – normal operation;
A2 – collapse repair;
A3 – repairs after each fire.
We will serve the house according to the following scheme. Let's assume that at time t0 the operation
of an absolutely serviceable wall begins. If the wall plaster does not collapse during the planned period of
time T, at t = T it is replaced with a new one (re-plastered) (preventive replacement).
If the operation continues without plastering, a fire still occurs, it destroys the wall itself, while the
house is evicted and emergency repairs are carried out. For any type of repair, the destroyed element is
replaced with a new one of equal quality. Of course, full equality will not be achieved. There are always
some differences that lead to variances in uptime.
As a result, the time of trouble-free operation will be a random value, obeying some law of probability
distribution F (t).
The intervals of time during which one or another type of repair occurs – emergency ta and preventive
tpr, i.e. random process. Let us depict one of its implementations graphically (Fig. 9).

Figure 9. State graph over time intervals.
Here, the segment 0 – t1 corresponds to the state of normal operation. At the moment t1, the wall
collapses, and the system jumps into state A2 – emergency repair. In the interval t1 – t2, the element (wall)
is restored, and from the moment t2 it is normally operated again. Further, the section (t2 – t3) = T ends
favorably. The wall is in operation, a fire occurs, the plaster is destroyed, and at time t3, preventive
maintenance begins, which lasts until time t4. Then again in normal operation, etc. Consider now the likely
picture of the process. Since the residence times in the states A1-A3 are random and not necessarily
subject to the exponential law. An exception is the transition from state A1 to state A3, which always occurs
after a certain time equal to T. Such processes were previously called semi-Markov processes, the
transition matrix in this case will have the form:

0 1 − F ( t ) F ( t ) 


0
0 .
P[3] = 1
1
0
0 

(5)

There are zeros on the diagonal of the matrix. This means that transitions within the same states are
impossible. The units in the first column follow from our adopted preventive maintenance scheme. It is
believed that after this or that type of repair, normal operation of the premises will begin. To assess the
correctness of our actions, a matrix of expenses is compiled. Here the main task is to minimize the cost of
operation, then the matrix elements will be the losses associated with the stay of the wall in a particular
state. For example, during the transition from state A1 to A2 – emergency repair – the losses are equal Cac
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If we update the plaster prophylactically, then the costs will be less indicated Cpr(Cpr < Cac). We write them
in the form of a matrix:

Cac , if a A1 → A2

=
U ij C pr , if a A1 → A3 .

0, in all other cases

(6)

If the goal is to assess the effectiveness of preventive repairs after a fire. Then you need to take into
account the income from the normal operation of the house. It can be written like this

Cac , if a A1 → A2

=
U ij Cn.e , if a A1 → A3 .
C , if a A
1
 n.e, t

(7)

4. Conclusions
1. Monitoring existing approaches to analyzing the problem of restoring building materials, products
and structures after a fire confirms the importance of this problem. This, in turn, allows us to state that the
existing engineering methodologies for forecasting, mathematical and software allow the researcher and
designer to determine rational directions for searching for new promising and original ways to restore
construction objects.
2. A management decision has been found that, when applied, will cause the least damage when
extinguishing a fire in accordance with the selected conditions, and determine the remaining strength of the
structure, as well as the possibility or impossibility of its further restoration, taking into account previous
fires, climatic zone and operating time designs.
3. Given the complexity of establishing the further operation of buildings after a fire and the direct
impact on the bearing capacity, reducing the fire resistance when cooling structures as a result of
extinguishing a fire. A universal model has been developed for the formation of a software calculation for
the restoration of structures after fire and fire extinguishing, to establish the residual fire resistance of a
building structure after a fire in order to minimize time, which will lead to accurate results on the further
operation of the building (s).
4. An option is proposed for taking into account the sharp cooling of the structure during the
formation of the program calculation of decision making on the long-term operation of buildings and
structures exposed to fire.
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Abstract. Concrete has been used as a protective structure to resist impact and blast loads for many
years. Recently, researchers have been developing various strengthening methods to increase the
impact resistance of concrete. The study includes, first, investigating the basic properties of normal
concrete with plastic fibers such as compressive strength and flexural strength, and, secondly, a research
of the low-velocity impact resistance of high-performance concrete with steel fiber specimens using a
falling mass dropped from the same heights. The impact test used 500×500×60 mm slabs made of plain
concrete with different volume fractions of plastic fiber. Test results indicated that incorporating plastic
fibers in concrete significantly improves its impact resistance. There is a marginal increase in energy
absorption for a change in fiber content from 0.5 to 0.75 %. The authors also considered other
parameters besides waste plastic fiber percentages, e.g. degree of interaction (DOI), the method of fixing
the stud to a steel plate (welding and epoxy), and the type of structure (composite and non-composite). A
theoretical analysis revealed a difference between theoretical and experimental results due to repetitive
strikes in the experimental test resulting in accumulated residual deflections.

1. Introduction
Composite structures are the structures made of two or more materials linked together by shear
connectors. Steel-concrete composite structures are most common in construction field. Petkevicius and
Valivonis investigated the effect of steel fiber on composite steel-concrete slabs under static short-time
load. They found that the slip in the composite slabs incorporating steel fiber began at ~50–60 % higher
load than in the slabs free of steel fiber [1]. Roesler et al. investigated the response of synthetic fiberreinforced concrete slabs under monotonic loading. The results showed that 0.32 and 0.48 % of fiber
increased the flexural cracking load of concrete slabs under center load by 25 and 32 %, respectively,
compared to the one without fibers [2]. David et al. studied the effected of hooked end steel fiber on the
redistribution of crack pattern and load-carrying capacity of two-way simply supported slabs. They found
that concrete slabs contain steel fibers reinforced showed more cracks development with smaller crack
widths compared to conventional slabs without fibers which means a more ductile behavior [3]. Due to the
increased global interest in environment issues and waste recycling, many researchers focus on the
reuse of waste material in concrete and the study of the influence these wastes exert on the properties of
such concrete. Plastic fiber from PET bottles is an example of a waste used widely in concrete. Another
study showed that adding plastic aggregate improved impact resistance of concrete [4]. Aziz et al.
showed that plastic fibers increased the slip between concrete and steel section in push-out test [5].
Marthong and Sarma (2016) investigated the effects of the geometry of PET fibers on shrinkage cracking
of cement–based composites [6]. Fibers of different geometry were under study: straight, deformed,
flattened end and crimped end. They found that deformed fibers improved the anchorage effect and
performed better in restraining the deformation in concrete. Hama (2017) incorporated plastic fibers in
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order to improve the porcelinate lightweight concrete strengths. She found that 0.75 % of plastic fiber
compared to reference mix gave the highest compressive strength, while 1 % plastic fiber gave the
flexural strength [7]. In addition, there are many researches on the effect of plastic fiber on concrete
properties. However, the effect of this fiber on structural behavior of structural sections such as beams,
slabs, columns etc. is limited. Moreover, there are several studies about the effect of plastic fiber on
mechanical properties of concrete.
Zineddina and Krauthammer (2007) investigated the behavior of two-way slabs under impact loads.
Tests results indicated that a slab and its failure modes are affected by the amount and details of steel
reinforcement, impact load and drop height [8]. Tahmasebinia and Remennikov (2008) found that finite
element analysis is capable of making reasonable estimations available in order to determine the possible
failure modes of reinforced concrete slabs subjected to impact loads. The quantity of mesh density and
direction of the sub-division on the surface of a concrete slab, where it may follow the trajectory of
cracking, can play an important role in finite element analysis simulation [9]. Trevor and Vecchio (2014)
investigated the behavior of steel fibers reinforced concrete slabs (SFRCS) under high mass, low-velocity
impact loading conditions. Local damage development was found to be of less significance in the SFRCS.
The slabs with ρ = 0.00420 and ρ = 0.00592 exhibited similar performance characteristics in terms of
strength, stiffness, and local damage development [10]. Margareth and Matheus (2015) studied the effect
of plastic fibers on energy absorption capacity. The result indicates an increase of up to 76 % in the
energy absorption capacity of PFRC with 2.0 % fiber. In addition, it has been shown that the inclusion of
recycled concrete is advantageous from energy point of view as it keeps the interior temperature remains
lower, when the outside temperature rises, as compared to the conventional concrete. Hama investigated
the effects of PET plastic aggregate on the impact resistance of concrete. The tests result indicated that
adding of plastic aggregate improved impact resistance of slabs; energy capacity absorption also
increased due to adding waste plastic [11]. Xiao et al. [12] tested six slabs under low-velocity impact. The
results from high loading rate and impact tests were compared. The tests results indicate similar damage
process, failure mode, strain rate, and energy absorption capacity, which suggests the possibility of using
high load rate test to help understand slab’s performance under low-velocity impact [12]. Manfred et al.
studied how deformable projectiles impact reinforced concrete slabs at velocities of up to 400 m/sec. It
was found that the penetration depths were smaller than those corresponding to undeformable projectiles
impact, and the difference increased with the increase in velocity [13]. Al-Hadithi used styrene butadiene
rubber SBR with different weight ratios of polymer to cement (3 %, 5 %, and 10 %) to improve of impact
resistance of concrete. The improvements were significant in low-velocity impact resistance. The
maximum increases were (33.33 %, 75 %, and 83.33 %) at ultimate failure for falling mass heights of
2400 mm, 1200 mm and 830 mm respectively. The polymer modified concrete beams have a stiffer
response in terms of structural behavior, more ductility and lower cracking deflection than those of the
reference concrete [14].
From literature review, one can see there is no study about the effect of plastic fiber on impact
resistance of composite steel plate-concrete slabs. Therefore, this study aims to provide the necessary
data in this field.
The objective of the present study is to demonstrate the effect of plastic fiber content on the
behavior of composite steel plate-concrete slabs. This study deals with normal concrete with plastic fibers
to assess its utility as construction materials for civilian structures.

2. Methods
2.1.

Material, Mix Proportions and Specimens Tests

We used ordinary Portland cement (Type I) complying with Iraqi specification No. 5 / 1984 [15]. As
the fine aggregate, we used natural sand that complied with the requirements of the Iraqi specification
No. 45 / 1984. It has 2.6 specific gravity, 0.42 % sulfate content, 0.75 % absorption and 2.8 fine modulus.
The crushed stone we used as the coarse aggregate had the maximum size of 12.5 mm meeting the
requirements of Iraqi specification No. 45 / 1984 [16]. It has 2.6 specific gravity, 0.09 % sulfate content,
and 0.52 % absorption. The waste plastic considered in this study is soft drink bottles waste plastics. We
employed a shredder machine to slice the waste plastic bottles in uniform shapes with an average length
of 35 mm, width of 4 mm and aspect ratio of 28. The materials were mixed in a rotating pan in
accordance with ASTM C192-02 [17]. Compressive strength test was made according to ASTM C39-03
[18] for cylinder specimens (300×150 mm). We tested three specimens for each type of mixes and took
the average value. Flexural strength of concrete was measured on 100×100×400 mm prism specimens in
conformity with ASTM C293-03 [19]. We tested three prisms for each type of mixes and tool the average
value.
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2.2. Impact Test
As reported by the ACI Committee 544, a drop-weight test assessed the resistance of concrete
under dynamic loadings [20]. The low velocity impact test was conducted using a 4 kg steel ball dropping
freely from the height of 2.4 m. Twenty-two 500×500×60 mm composite slabs consisting of BRC
reinforced concrete slabs resting on top of a hot rolled steel plate with the same dimensions and 3 mm
thickness were tested under impact force. Shear stud connectors were used to ensure the composite
action between concrete slab and steel plate. The composite slab was designed based on the full
interaction theory. The composite slab details are clarified in Fig. 1. Two dial gauge recorders on average
were placed under the steel plate to measure the central deflection (see Fig. 2). The properties of stud
connection are listed in Table 1.
Table 1. Geometry and mechanical properties of stud shear connector.
Diameter
(mm)

Height
(mm)

Yielding stress
(MPa)

Ultimate strength
(MPa)

%
Elongation

6

35

612

780

20.1

Slabs were placed in their position in the testing frame. The falling mass of 3 kg was then dropped
repeatedly and the number of blows required to cause first crack was recorded. The number of blows
required for failure (no rebound) was also recorded. The number and details of slabs, which were used in
this test, are presented in Table 2.
Three parametric studies taken:
•

Degree of interaction (D.O.I.) (0, 50, 100 %)

•

Percentages of plastic fibers (0, 0.5, 0.75, 1 %)

•

Type of connection between steel plate and stud shear connector (welding, epoxy).
Table 2. Composite slabs details.
No.

Symbol

%
WPF

% Degree of interaction

Type of connection

S1
S2
S3
S4
S5
S6

0
0
0
0
0
0

50
No studs
0
50
100
0

S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23

0.5
0.5
0.5
0.5
0.5
0.75
0.75
0.75
0.75
0.75
0.75
1
1
1
1
1
2

50
No studs
0
50
100
50
100
No studs
0
50
100
50
No studs
0
50
100
50

Epoxy glued studs
Epoxy glued plate without studs
Welding
Welding
Welding
Control without plate with 74 mm RC slab
only
Epoxy glued studs
Epoxy glued plate without studs
Welding
Welding
Welding
Epoxy glued studs
Epoxy glued studs
Epoxy glued plate without studs
Welding
Welding
Welding
Epoxy glued studs
Epoxy glued plate without studs
Welding
Welding
Welding
Welding
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Figure 1. Details of composite slabs a) Front view;
b) Top view of 50 % I.O.D slab; c) Top view of 100 % I.O.D slab.

Figure 2. Frame test for impact loading.

3. Results and Discussions
3.1.

Compressive and Flexural Strengths

Compared with the control specimen, higher contain of WPF (waste plastic fibers) increased the
compressive strength of the slabs up to the point of 0.75 % WPF as shown in Fig. 3. There is a drop in
values bellow that for the control specimen, when the WPF percentage was equal to 1 % as shown in
Table 2. Flexural strength increased along with the % WPF (see Fig. 4) due to an enhancement in tensile
strength of concrete. The presence of WPF made tight microscopic cracks propagate and reinforce the
concrete matrix. Addition of WPF assists in converting the brittle properties of concrete to ductile ones [4,
7].
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Table 2. Test results for compressive strength.
Age
(Days)

%WPF

Compressive
strength – (MPa)

%
change

Flexural
strength (MPa)

%
change

0.00

17.8

–

2.55

–

0.50

18.7

+5

2.69

+5.5

0.75

19.2

+7.9

2.77

+8.6

1.00

16

–10.1

2.78

+9

0.00

22.5

–

2.88

–

0.50

23.2

+3.1

3.1

+7.6

0.75

23.7

+5.3

3.19

+10.8

1.00

19.8

–12

3.26

+13.2

0.00

25.8

–

3.09

–

0.50

26.4

+2.3

3.34

+8.1

0.75

26.9

+4.3

3.44

+11.3

1.00

22.5

–12.8

3.52

+13.9

14

28

56

(+) increase
(–) decrease

Figure 3. Dependence of compressive strength on % WPF for different ages.

Figure 4. Dependence of Flexural strength on % WPF for different ages.

3.2. Impact test results
The number of blows that cause first crack and then failure (smashing of reinforced concrete slab),
and deflection due to first blow are recorded for all composite slabs. Fig. 5 shows slabs before and after
failure. The following results were recorded according to the parametric study adopted in this research:
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Slabs before test

Sabs after test

Figure 5. Failure of composite slabs under Impact force.

3.2.1 Effects of waste plastic fibers (WPF)
With WPF percentages growing, the number of blows causing the first crack increases regardless
of the degree of interaction between concrete slab and steel plate. However, both the number of blows at
failure and maximum deflection at failure experience a drop and a rise respectively for WPF of 0.75 %
and higher (see Fig. 6–8).

Figure 6. No. of blows at first crack dependence of the number of blows on % WPF.

Figure 7. No. of blows at failure dependence of the number of blows on % WPF.
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Figure 8. Deflection at failure dependence of max. deflection on % WPF.
A relatively low content of plastic fibers effectively enhances the capacity of composite slabs and
makes the structural response more ductile; volume fractions of plastic fibers higher than 1.0 % slightly
improve the number of blows at failure, but remarkably enhance the composite slabs ductility.

3.2.2

Effects of degree of interaction

Test results shown in Fig. 9–11, indicate that the number of blows required to reach the first crack
and failure (except max. deflection at failure) are increasing along the degree of interaction in comparison
with 0 % D.O.I. This explained by the fact that the composite slab strength capacity increases against the
applied loading due to the increase in rigidity and stiffness. In addition, the presence of steel plate makes
the composite slab more ductile.

Figure 9. No. of blows at first crack dependence of the number of blows on D.O.I

Figure 10. No. of blows at failure dependence of the number of blows on D.O.I.
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Figure 11. Deflection at failure dependence of max. deflection on D.O.I.

3.2.3 Methods of fixing stud connectors on steel plate (welding and epoxy)
Two methods were adopted to connect the stud connectors and steel plate: welding and epoxy
resin.
The number of blows at the first crack and at failure stage is less for epoxy glue compared with
welding for the same ratio of WPF and identical D.O.I. (see Fig. 12, 13). Moreover, the maximum
deflection increases in case of using epoxy compared to welding for the same WPF % and D.O.I. (see
Fig. 14). The strength resistance and capacity of welding are greater than those of epoxy.

Figure 12. No. of blows vs. D.O.I. for epoxy glue and welding at first crack.

Figure 13. No. of blows vs. D.O.I. for epoxy glue and welding at failure.

Suwaid, H., Aziz, K., Hama, S.

Magazine of Civil Engineering, 106(6), 2021

Figure 14. Maximum deflection vs. D.O.I. for epoxy glue and welding at failure.

3.3. Energy Absorption Capacity
Energy absorption capacity by can be calculated from the number of total blows that caused the
failure as following:

Impact energy capacity = Number of blows* Mass of iron ball (4 kg) ×
× 9.8 m/s2 × Drop distance (2.4 m)
The results are listed in Table 3 as following.
Table 3. Impact energy capacity.
Symbol

%
WPF

% Degree of
interaction

S1

0

50

S2

0

No studs

S3
S4
S5

0
0
0

0
50
100

S6

0

0

S7

0.5

50

S8

0.5

No studs

S9
S10
S11
S12
S13

0.5
0.5
0.5
0.75
0.75

0
50
100
50
100

S14

0.75

No studs

S15
S16
S17
S18

0.75
0.75
0.75
1

0
50
100
50

S19

1

No studs

S20
S21
S22
S23

1
1
1
2

0
50
100
50

Suwaid, H., Aziz, K., Hama, S.

Type of connection
Epoxy glued studs
Epoxy glued plate without
studs
Welding
Welding
Welding
Control without plate with
74 mm RC slab only
Epoxy glued studs
Epoxy glued plate without
studs
Welding
Welding
Welding
Epoxy glued studs
Epoxy glued studs
Epoxy glued plate without
studs
Welding
Welding
Welding
Epoxy glued studs
Epoxy glued plate without
studs
Welding
Welding
Welding
Welding

Number of blows
up to failure

Impact energy
capacity, J

85

7996.80

73

6867.84

62
127
150

5832.96
11948.16
14112.00

16

1505.28

90

8467.20

82

7714.56

76
149
171
122
141

7150.08
14017.92
16087.68
11477.76
13265.28

98

9219.84

88
169
182
93

8279.04
15899.52
17122.56
8749.44

77

7244.16

54
131
162
81

5080.32
12324.48
15240.96
7620.48

(1)
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3.3.1

Effects of waste plastic fibers (WPF)

As WPF percentage rises, the number of blows required to reach the first crack increases
regardless of degree of interaction between concrete slab and steel plate, which led to an increase in
strain energy capacity of slabs. For example, for a group of slabs with 50 % D.O.I and welding connection
between studs and steel plate, the reference slab without plastic fibers had a strain energy capacity of
11948.16 J, while the strain energy for 0.5 %, 0.75 %, 1 % and 2 % WPF were 14017.92, 15899.52,
12324.48 and 7620.48 J, respectively. One can observe that all WPF percentage up to 1 % increased the
energy capacity of composite slabs compared to the reference one. However, the slab with 2 % WPF
content had a decreased energy capacity absorption compared to the reference one.

3.3.2

Effects of degree of interaction

Test results shown in Table 3 indicate that the energy capacity is increasing along with degree of
interaction compared with 0 % D.O.I. For example, the slab of 0 % D.O.I. and 0 % WPF had strain energy
capacity of 5832.96 J, while the slabs of 50 % and 100 % D.O.I. displayed strain energy of 11948.16 and
14112.00 J, respectively.

3.3.3

Methods of fixing stud connectors on steel plate (welding and epoxy)

Test results shown in Table 3 indicate in comparison with welding methods, the energy capacity
decreases when epoxy glue is used for the same ratio of WPF and same D.O.I. This may be due to a
greater strength resistance and capacity of welding, as mentioned before.

3.4. Finite Element Method and simulated models
The model in finite element analysis (FEA) was done by means of ANSYS software. A smeared
cracking approach has been used to model the reinforced concrete. The elastic modulus of the material is
then assumed to be zero in the direction parallel to the principal tensile stress direction which means that
the concrete is not capable of resisting tensile strength exceeding the limit and the modulus of elasticity in
tension equals zero. The concrete starts crushing in the elements located directly under the loads when
the stresses in compression zone exceed the compressive strength of concrete. In this research, the
crushing capability was turned off and cracking of the concrete controlled the failure of the finite element
models.
Discrete representation of BRC reinforcements matching the actual reinforcement of concrete slabs
was adopted. Three types of elements were selected and adopted to simulate composite slab models.
We adopted the following types of elements in present study to simulate the composite slab are:
SOLID65 for concrete slab, LINK180 for BRC, SHELL181 for steel plate, and COMBIN7 (Revolute Joint)
for stud connector. Each selected element type represents and simulates the actual behavior of each
material.
We used the following equation [21]:

 f (t ) 
 k 

2/3

τ
1 t
=
τ
Vo .t −
d
f (τ )dτ − Y (t ) stri ker
ms ∫0 ∫0

(2)

It can be solved to determine force-time history for impact, by using numerical integration method
described by Al-Azawi [22] for slabs. Newton-Raphson equilibrium iteration has been used to solve the
nonlinear problem of impact in ANSYS software and displacement convergence criterions have been
used in order to monitor the equilibrium.

3.5.

Impact analysis results

Analysis results are shown in Fig. 14–17. Because of non-availability of the sophisticated
measuring devices of dynamic deflections, maximum transient deflection was used for comparison
between theoretical and experimental deflection. Maximum theoretical mid-span deflection of the
reference slab is 0.21 mm, while the experimental test gave a maximum mid-span deflection of
0.125 mm. Maximum theoretical mid-span deflection of 0.5 % WPF slab is 0.177 mm, while the
experimental test gave a maximum mid-span deflection of 0.105 mm. Maximum theoretical mid-span
deflection of 0.75 % WPF slab is 0.127 mm while the experimental test gave a maximum mid-span
deflection of 0.09 mm. Finally, maximum theoretical mid-span deflection of 1 % WPF slab is 0.23 mm,
while the experimental test gave a maximum mid-span deflection of 0.14 mm. The difference between
theoretical and experimental results is related to repetition of strikes in experimental test, which results in
accumulated residual deflections. Consequently, the velocity and acceleration of a sinusoidal shape
represent a free vibration mode.
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Figure 15. Mid-span deflection vs. time.

Figure 16. Slip vs. time.

Figure 17. Velocity vs. time.

Figure 18. Acceleration vs. time.
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4. Conclusions
Based on the results of the simulation and experimental tests, we can summarized the most
important points as follows:
Compared with the control specimen, higher contain of WPF (waste plastic fibers) increased the
compressive strength of the slabs up to the point of 0.75 % WPF as shown in Fig. 3. There is a drop in
values bellow that for the control specimen, when the WPF percentage was equal to 1 %
1. Compared with the control specimen, the compressive strength increased in the slabs
containing up to 0.75 % WPF. There is a drop in values bellow that for the control specimen, when the
WPF percentage was equal to 1 %. While flexural strength increased when %WPF increased.
2. With WPF percentages growing, the number of blows causing the first crack increases
regardless of the degree of interaction between concrete slab and steel plate. However, both the number
of blows at failure and maximum deflection at failure experience a drop and a rise respectively for WPF of
0.75 % and higher.
3. The number of blows required to reach first crack and failure is increasing along degree of
interaction (for the same WPF percentage) in comparison with 0 % D.O.I.
4. The number of blows at the first crack and at failure stage is less for epoxy glue compared with
welding for the same ratio of WPF and identical D.O.I.
5. A low content of plastic fibers up to 0.75 % effectively enhances the capacity of composite slabs
and makes the structural response more ductile; volume fraction of plastic fibers equal to 1.0 % slightly
improves the number of blows at failure, but remarkably enhances the composite slabs ductility.
6. As WPF percentage increases, the number of blows required to reach the first crack increases
regardless of degree of interaction between concrete slab and steel plate, which led to an increase in
strain energy capacity of slabs.
7. Energy capacity is increasing along with degree of interaction in comparison with 0 % D.O.I.
8. Energy capacity decreases in case of using epoxy glue in comparison with welding methods for
the same ratio of WPF and same D.O.I.
9. A difference between theoretical and experimental results was noticed: the repetition of strikes
in the experimental test resulted in accumulated residual deflections.
10. Velocity and acceleration of a sinusoidal shape represent a typical free vibration mode.
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Abstract. The proposed composite non-autoclaved aerated concrete based on a polymer emulsion is a
solution to several problematic issues in the production of non-autoclaved aerated concrete. Using the
method of joint emulsification of aluminium powder and polymer component, we obtained a polymer
emulsion that contributes to high-quality saponification of the gas-forming agent. The emulsion ensures
uniform gas release over the entire volume of the aerated concrete block, thereby providing a uniform pore
structure. To assess the uniformity of the pore structure, we determined the density by sampling three
sections of aerated concrete (upper, middle and bottom). We studied the quality of the pore structure by
calculating water absorption by weight, compressive strength and freeze/thaw resistance. The results of
the water absorption study showed the effectiveness of the polymer emulsion due to the hydrophobicity of
the polymer component. The research also revealed the structure of composite aerated concrete cell walls.
The obtained results of tests on the strength of composite aerated concrete in comparison with traditional
aerated concrete also confirmed the effectiveness of using the polymer emulsion. The analysis of the
conducted research contributed to the disclosure of the process that affects the increase in the strength of
the material. Research on the freeze/thaw resistance of composite aerated concrete has revealed the
mechanism of action of the polymer emulsion in the process of alternate freezing and thawing. In general,
the paper demonstrates how polymer emulsion and aluminium powder influence the uniform distribution of
pores in the composite structure, and therefore, contribute to the uniform density, low water absorption,
high strength and freeze/thaw resistance of composite aerated concrete.

1. Introduction
Nowadays the construction industry is saturated with various construction materials based on binders
from cement to organic [1]. Polymer binders are widely used also in the production of building materials.
They have a low density and high acoustic and thermal properties, as well as low water absorption, which
also positively characterizes these materials [2]. Despite a number of positive characteristics, the polymer
binder has such disadvantages as flammability and non-durability [3].
The advantages of cement binder are high strength and density [4]. However, there are materials
with a lower density. These include lightweight concretes on a light aggregate, as well as cellular concretes
that have a low density and pore structure [5].
Due to the high demand for this cellular material, the interest in its research and improvement has
increased. A major disadvantage of cellular concrete is its instability in the preparation process. Cellular
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concrete is divided into foam concrete and aerated concrete [6, 7]. A distinctive feature of foam concrete is
a method for obtaining a cellular structure in the material by introducing a foam concentrate, which
contributes to the formation of a closed pore structure of the composite [8]. Foam concrete has many
advantages, but in addition to advantages, there are certain disadvantages that negatively affect the quality
of the material. A literary review showed that the disadvantages of foam concrete materials were solved by
introducing reinforcement materials such as basalt, fibers, steel reinforcement, etc. in the works [9–13].
Taking into account the modern approach and new technologies, foam concrete has eventually occupied
its niche in the construction industry as a monolithic thermal insulating material, since the production of
construction materials has always been accompanied by a large quantity of poor quality products, foam
mortar has given a large shrinkage in shape and the material has become unusable [14], [15]. Aerated
concrete, on the contrary, has become more widely used in the construction industry as a wall insulation
structural material. The difference between aerated concrete and foam concrete is the use of a gas-forming
agent, which in the course of a chemical reaction causes the process of gas formation and thereby inflates
the solution, creating communicating pores [16]. Aluminum powder and hydrogen peroxide (technical
peroxide) are used as a gas-forming agent [17]. Disadvantages of aerated concrete are high water
absorption and low freeze/thaw resistance associated with its communicating pore structure [18, 19]. In the
technology of production of aerated concrete, measures have also been taken to improve their physical
and mechanical properties by using reinforcing components with modifiers [20]. The production of
composite material is of great interest to the construction industry, and therefore improvement and
elimination of existing shortcomings is relevant.
After analyzing the existing shortcomings and modern achievements in the field of aerated concrete
production, as well as studying the chemical processes of structure formation of the material, the possibility
of using polymer components was suggested [16, 21]. Practice has shown that research on this issue has
been conducted and certain results have been obtained [22, 23].
But even in these cases, the manufacturer faced certain difficulties, from chemical to technological
processes [24–26]. In this regard, our study of the influence of water-soluble polymers on the quality of the
composition and technological process of aerated concrete has undeniable importance.
The purpose of the research process is to obtain high-strength non-autoclaved composite aerated
concrete with improved physical and mechanical properties.
To achieve this goal, the following tasks were completed:
•

to study the theoretical aspects of existing technologies, their features and disadvantages;

•

to develop a technological process for the production of composite aerated concrete;

•

toinvestigate the influence of polymer on the structure of composite aerated concrete cell walls;

•

toconduct a comparative analysis of the effectiveness of composite aerated concrete with its
analogues.

2. Methods
Preparation of traditional aerated concrete products was carried out under production conditions
according to the standard method. Composite aerated concrete was produced with the addition of a polymer
component – polyvinyl acetate (PVA). The composition of this material according to traditional and
composite technologies is shown in Table 1.
Table 1.Composition of aerated concrete.
Type of aerated
concrete
Traditional aerated
concrete
Composite aerated
concrete

Cement,
kg

Sand, kg

Gas generator,
gr

PVA polymer,
kg

Sodium
hydroxide, gr

Water, l

270

350

350

–

500

162

270

350

370

1.5

–

121

For the preparation of aerated concrete were used:
Cement CEM I 42.5 N with chemical composition of CaO – 60.40 %, SiO2 – 22.15 %, Al2O3 – 5.67 %,
MgO – 4.9 %, Fe2O3 – 3.8 %.
Sand with fineness modulus 2.23, bulk density 1.5 g/cm3, true density 2.59 g/cm3, hollowness
42.8 %, contamination 1 %.
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Polyvinyl acetate with a density of 1.15 g/cm3, viscosity 0.09 Pa*s, hydrogen pH 5.5, polymerization
degree 1800.
In the production of traditional aerated concrete, dry components are combined in a mixer: sand and
cement. Then water is poured into the mixer. The water temperature should not exceed 55 °C. Then the
compound is thoroughly mixed for 5-7 minutes. After this, aluminum powder is prepared, in our case, PAP2. Aluminum powder and sodium hydroxide are combined in hot water with a temperature not lower than
70 °C. Then a prepared aqueous solution of sodium hydroxide and aluminum powder is added to the
cement-sand mixture. Finally, the composition is mixed for 5-7 minutes and distributed in the prepared
forms.
After forming, the aerated concrete is expanded before setting, and excess material is removed from
the surface of the mold to its level. And after 20-24 hours, the aerated concrete is removed from the
formwork and sawn on the template.
For the production of composite aerated concrete, the dry components of sand and cement are also
stirred in a mixer, after which water is poured into the compound at a temperature of at least 55 °C and
thoroughly mixed for 5-7 minutes. Then the gasifier is prepared. To obtain a saponified gas-forming agent,
we use a PVA polymer instead of sodium hydroxide. Based on the above, in the course of solving the
problem of effective combination of a polymer component (PVA), a gas-forming agent (aluminum powder)
with a mineral binder, a number of issues of interaction of a water-soluble polymer and aluminum powder
were taken into account. The most optimal solution was to obtain an emulsion of PVA, water and aluminum
powder, which is easily soluble in a cement-sand solution.
The quality of the prepared emulsion may be affected by the method of dispersion (emulsification)
and the temperature regime. In this regard, the temperature regime was determined from 70 °C. This
temperature allows the PVA polymer to effectively remove the paraffin foil from the surface of aluminum
powder.
A rotary pulsating device (RPD) was used as a dispersant. The main factors that determine the
emulsification process in a RPD type dispersant are pressure (0.5–1.0 MPa) and centrifugal force (rotor
speed is 1200 rpm). These factors cause the occurrence of high-frequency vibrations in the RPD,
accompanied by cavitation and hydrodynamic processes, thereby allowing to obtain a high-quality emulsion
and saponified gas-forming agent. The resulting emulsion is introduced into the cement-sand compound.
After that, the mixture is stirred for 5-7 minutes and poured into pre-prepared molds.
After forming, the aerated concrete is expanded before setting, and excess material is removed from
the surface of the mold to its level. Further after 20-24 hours, the aerated concrete is removed from the
formwork and sawn on the template.
Testing of samples is carried out according to the standard method for cellular concrete [7, 27–32].
At the end of 28 days, samples were taken. Samples of the cube for research were cut out of
prepared composite non-reinforced and traditional aerated concrete blocks. The dimensions of the
traditional and composite block were 600 mm in length, 400 mm in width and height. Samples for testing
were cut from the upper middle and lower parts of the product, three samples from each part. The margins
from the faces of the cubes were made at least 40 mm when cutting. The temperature in premises was
19 °C with a relative humidity of 35 % before the tests. The samples were kept in the laboratory for 24
hours. Samples are 28 days old. 54 samples (cubes) were made: 27 from composite aerated concrete and
27 from traditionally prepared aerated concrete. For sawing out samples, a template was used to obtain
items with a smooth geometric surface with an error of up to 1 mm.
The density of the samples was determined for the beginning of the tests. The volume was
determined using a caliper, since the samples (cubes) had regular geometric shapes of 100×100×100.
The density was determined according to the Eq. 1 [28]:

ρ=
w

where ρ

w

m
∗100 ,
V

(1)

isdensity of material,

m ismass of sample, g,
V isvolumeof sample, cm3.
In order to see the quality of the pore structure and pore walls, the water absorption of aerated
concrete by weight was determined. Determination of water absorption of aerated concrete was carried out
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as follows, samples were weighed on verified calibrated scales with an error of 0.1 %, and then placed in
a container with water. Since the density of the material was low, the samples floated, so a load was placed
on their surface. The water level in the container was 60 mm higher than the sample level, and the water
temperature was 21 °C. The samples were weighed every 24 hours to a constant mass. Fig. 1 shows the
stages of the test.
Before each weighing, the samples were wiped with a damp cloth.
Calculation of water absorption by mass was determined according to the Eq. 2 [33]:

W =
M
where

m −m
B
C *100 ,
m
C

(2)

W is water absorption by mass;
M
m is weight of the dried sample, g;
B
m is mass of the water-saturated sample, g.
C

Figure 1.Test of water absorption by mass.
The strength of aerated concrete was determined from control samples. Tests were performed on
samples of 100×100×100 size prepared in advance by sawing out of a single block of 600×400×400. The
age of the samples is 28 days. Concrete compressive strength test is shown in Fig. 2.

Figure 2.Concrete compressive strength test.
The samples were tested on an automatic press CONTROLS (Pilot) 500 kH. The strength of one
series was determined as the arithmetic mean of the tested samples. 18 cubes were tested, 9 from each
series.
The test for freeze/thaw resistance was determined on samples-cubes 100×100×100, which
reached 28 days. 12 samples of two series-composite and traditional aerated concrete6 samples of each
series, placed in a container with water and gradually, every 8 hours in two stages, increased the depth
of immersion. After 16 hours, samples were completely submerged and loaded so that the samples could
not float, and they were kept in this state for another 24 hours.
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Then the samples were loaded onto the mesh racks of the automatic climate chamber 10D 1429 / a
CONTROLS, the temperature of the chamber during loading was – 18 °C.
The freezing time was set for 4 hours at –18 °C, thawingisalso for 4 hours at the temperature
+18 °C and humidity 95 %.
The freeze/thaw resistance test is shown in Fig. 3.

Figure 3. Freeze/thawresistance test.
The main criterion for the end of the test for freeze/thaw resistance was a visual change in the surface
of the sample (cracks, chips), as well as a mass loss of more than 5 %. The samples were tested after 15
cycles of freezing and thawing, followed by an interval of 25, 35, 50, 75, 100 cycles.
The relative decrease in strength R

rel

in % was determined according to the Eq. 3 [34]:

 R

R = 1 − mtn  *100 ,
rel  R

mtk 

where

R
mtn

is average strength of the main samples after the specified test cycles in MPa;

R
mtk

is average strength of control samples in MPa.

Mass loss ∆

m

in

% was calculated according to the Eq. 4 [34]:
∆

where

(3)

m (1 − W ) − mn (1 − W n )
n
=n
*100 ,
m
m (1 − W )
n
n

(4)

m
n

is average mass of the main samples after water saturation, g;

W
n

is average value of humidity of control samples after water saturation,measured in parts of one;

mn is average mass of the main samples after passing the intermediate number of cycles, g;
W n is the average humidity value of the main samples after passing the intermediate number of
cycles, measured in parts of one.

3. Results and Discussions
The results of determining the density of traditional aerated concrete in comparison with composite
allowed us to objectively assess the quality of the pore structure of materials. According to the study [35,
36] of the pore structure of non-autoclaved aerated concrete, its non-uniformity and, as a result, the density
difference in different sections of the material were noted. The quality of the pore structure directly depends
on the difference in the density of the material in different sections of the same block.
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Table 2. Density of traditional and composite aerated concrete.
Sample

Upper samples

Actual density
Middle samples

Bottom samples

617
616.3
616.5
616.6

617.8
617.5
616.9
617.4

619.1
617.8
619.2
618.7

Traditionalaerated concrete
Average density

Average density of all samples

617.6

618.4
618.7
618.2
618.4

Composite aerated concrete
Average density

618.9
618.5
618.8
618.7

Average density of all samples

619.1
618.7
619
618.9
618.6

Based on the data from Table 2, in traditional aerated concrete, we see a difference in the density of
the upper samples compared to the middle and lower ones, which indicates an uneven distribution of the
pore structure. This is due to the fact that the density of aluminum powder together with paraffin foil is
significantly lower than the density of the solution. As a result, during the preparation of the material, part
of the aluminum powder, not fully saponified, rushed to the surface of the material in the process of mixing.
However, most of the aluminum powder after forming, after passing certain stages of interaction with the
surface of the cement binder, warm water and alkaline (sodium hydroxide), loses the protective paraffin foil
and increases the amount of hydrogen released on the surface of the block.
Composite aerated concrete, in contrast to traditional, has a more stable density in all areas of the
tested material, which is explained by its production technology. We get a positive effect from the productive
saponifying of aluminum powder. This process takes place by producing an emulsion of polymer, water
and a gas-forming agent in a rotary pulsating device, which under pressure and due to centrifugal force
forms high-frequency vibrations accompanied by cavitation with hydrodynamic processes. The resulting
water-based emulsion of PVA polymer and aluminum powder easily dissolves in water for further use. This
property guarantees a uniform distribution of all components in the structure of the material, thereby
providing a high-quality pore base of composite aerated concrete.
Thus, a slight difference in the density of the composition is the result of an uneven distribution of
saponified grains of aluminum powder, which leads to a decrease in the quality of the material.
The next stage of determining the quality indicators of traditional and composite aerated concrete
was the study of water absorption. Literary review showed that water absorption, strength, frost resistance
corresponds to traditional aerated concrete [37, 38].
The results of determining water absorption by weight of traditional and composite aerated concrete
are presented in Table 3.
Table 3. Water absorption by weight of traditional and composite aerated concrete.
№

Weight of the dried sample, g
Sample

Traditionalaerated concrete

Upper
samples
617
616.3
616.5

Middle
samples
617.8
617.5
616.9

Bottom
samples
619.1
617.8
619.2

Water absorption, %
Average water absorption, %
Average water absorption of all samples, %
618.4
618.9
619.1
Composite aerated concrete
618.7
618.5
618.3
618.2
618.8
619
Water absorption, %
Average water absorption, %
Average water absorption of all samples, %
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Mass of the water-saturated sample,
g
Upper
Middle
Bottom
samples
samples
samples
801.5
800
801.8
801
799.5
800
800.8
801
801
29.9 %
29.49 %
29.51 %
29.9 %
29.47 %
29.49 %
29.89 %
29.84 %
29.36 %
29.9 %
29.6 %
29.5 %
29.7 %
717.5
719
716.5
718
716.9
718
717.3
717
718.2
16.02 %
16.17 %
15.73 %
16.04
15.9 %
16.12 %
16.03 %
15.86 %
16.02 %
16 %
16 %
16 %
16 %
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The dependence of water absorption on the pore structure of aerated concrete is similar to the results
of studies of traditional aerated concrete in the range from 28 to 30 % [39].
Based on the results of the study, we can note a significant contrast between traditional and
composite aerated concrete. Taking into account the fact that composite aerated concrete has a
hydrophobic component (PVA) in its structure, this difference is obvious. A 46 % reduction in water
absorption of composite aerated concrete indicates that most of the water did not penetrate the structure
of the aerated concrete and thus provided this result. However, considering the fact that the pore structure
of aerated concrete is communicating, we can conclude that the pore can only be communicated in a certain
space according to the possibilities of the gas-forming ability of the aluminum powder particle. Based on
this conclusion, in the traditional production technology, the particles of the gas-forming agent, contacting
the surface of the cement particles, contribute to the release of hydrogen, which, rushing vertically up, forms
a pore space. Also, with a vast accumulation of aluminum powder particles, much more hydrogen is
released, which reduces the thickness of the walls of the partitions in front of the standing pore, contributing
to uneven density. Micro and macropores of partitions increase water absorption, while in composite
aerated concrete micro and macropores are isolated by a polymer component, providing hydrophobicity.
Composite aerated concrete has a special structure: the cell walls are completely filled and practically
do not have micropores due to the fact that the water-soluble polymer is a surfactant and improves the
plastic properties of cement, as well as fills structural defects in the process of hydration of the cement
binder, is shown in Fig. 4.

Figure 4. The structure of aerated composite concrete’s cell walls.
The use of polymer emulsion and aluminum powder in composite aerated concrete ensures that the
communicating pores are closed in space, since the polymer foil creates conditions for their isolation even
with a vast release of hydrogen, thereby causing hydrophobic features of the material. Fig. 4 shows a
scheme of the cell structure.
The results of determining the compressive strength of traditional and composite aerated concrete
are presented in Table 4.
Table 4. Compressive strength of traditional and composite aerated concrete.
Average density,
kg/m2

Sample

Traditionalaerated concrete

600

The average strength

600

Sample’s strength in MPa
Upper
Middle
Bottom
samples
samples
samples
2.4
3.5
2.9
2.9

2.9
3.4
3.8
3.4

5.1
5.0
4.9
5

5.2
5.0
5.1
5.1

The average strength of all samples
Composite aerated concrete

600

The average strength

600

The average strength of all samples

3.7
3.8
3.1
3.5
3.3
5.3
5.3
5.0
5.2
5.1

The strength properties of aerated concrete were studied in the papers [35]. The experience of
studying the strength of samples non-autoclaved aerated concrete shows the result similar to the traditional
one in the range from 3 to 3.5 MPa [40].
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The strength of traditional aerated concrete is 51 % lower than that of composite. As mentioned
above, the reason for this difference in material strength is the quality of the pore structure. One of the
essential factors that contribute to reducing the strength of traditional aerated concrete is the saponifier
(sodium hydroxide), since it has a strongly alkaline environment, which negatively affects the hardening
process. The second factor in reducing strength is the pore walls: the presence of a huge number of microand macropores, which are caused by a high water-cement ratio. Rapid loss of moisture in the process of
gaining strength during the first days of hardening requires special care of the product, which is an additional
technological process.
The explanation for the high strength of composite aerated concrete is the use of a polymer emulsion
with a gas-forming agent.
Composite aerated concrete, having water-soluble polymers in its structure, which are also
surfactants, plasticizes the solution, positively affecting the process of hydration of the cement binder. The
polymer component, forming a foil in the structure of aerated concrete, retains moisture, which positively
influences the hardening process of the material, without requiring additional care. This increases the
strength by filling micropores and microcracks with a polymer that serves as a binder.
The results of freeze/thaw resistance of traditional and composite aerated concrete are shown in Fig.
5.

a) freeze/thaw resistance
of traditional aerated concrete

b) freeze/thaw resistance
of composite aerated concrete

Figure 5. Freeze/thaw resistance of traditional and composite aerated concrete.
The freeze/thaw resistance of non-autoclaved aerated concrete does not contradict the results of the
study of traditional aerated concrete, which also varies in the range of 25 to 35 cycles [41].
It is known that in cellular concrete, major pores are not filled with water completely, since due to
small capillary forces, water is not retained in them during the extraction of samples from water. In addition,
in conventional non-hydrophobized cellular concrete, water is aspirated by capillaries from larger pores.
Therefore, the released major pores make up the so-called reserve, i.e. they form a buffer space, which is
a damper during the transition of water to ice, which increases the freeze/thaw resistance of cellular
concrete. The freeze/thaw resistance of aerated concrete was researched in the works [42].
The mechanism of destructive action is related to the phase transition of water into ice and to the
crystallization of salts in process of drying in the concrete pores.
Many authors explain the destruction by hydraulic pressure of water pressed by ice, the crystallization
pressure of ice and salts, the specifics of ice segregation in micropores and capillaries, the formation of ice
lenses as the concrete freezes layer by layer, and other reasons.
An external sign of concrete failure is an increase in its volume due to the expansion of water in the
concrete pores during freezing, as well as shrinkage during thawing and drying. In this case, a system of
micro and macro-cracks is formed, and their own structural tensile stresses occur.
Chemical and mineral additives play an important role in giving concrete structural strength and
higher freeze/thaw resistance. By introducing various additives, it is possible to improve the properties of
concrete mixtures, regulate the time of setting and hardening of concrete, as well as increase its physical
and mechanical properties and durability in structures and buildings.
The mechanism of formation and movement of ice in the pores and capillaries of concretes modified
with hydrophobizing additives proceeds according to completely different schemes. It is known that ice has
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a high adhesion to concrete. Hydrophobization significantly reduces the bonding force of ice with the
material, so when it crystallizes, the pressure in the concrete pores is significantly reduced.
Our research on determining the freeze/thaw resistance of composite aerated concrete has also
shown their higher resistance in comparison with traditional aerated concrete that does not contain polymer
components. Thus, composite aerated concrete withstood 75 cycles of alternating freezing and thawing
without external signs of destruction, while traditional concrete withstood only 35 cycles.
The validity of the pore structure and the influence of various factors on it were carried out by many
authors, however, all actions were considered from the point of view of raw material activation by adding
various kinds of additives that increase the activity of aluminum powder, or cement binder [43]. However,
in some cases, given the positive effect of the additive on gas formation, the quality indicator of the binder
decreases, or vice versa. The studied work of using sodium hydroxide in the production of non-autoclaved
aerated concrete, the gas generation rate of a reasonably high alkaline medium of sodium hydroxide
undoubtedly during the chemical reaction, the gas-forming features of aluminum powder significantly
increase, but in the process of interaction of strong alkali and cement binder, its strength characteristics
significantly decrease its strength characteristics, the material structure begins to peel off. Non-autoclaved
composite aerated concrete is primarily focused on the effectiveness of the polymer component on the
properties of all raw materials, and for the effective saponification of aluminum powder, both the chemical
characteristics of the polymer and the mechanical effects of the rotor-pulsation apparatus were used.
Thus, the emulsion obtained is much safer, since it does not dust during its application, and its
effective saponification provides high-quality interconnected pores of the wall, which have a polymercement structure. The hydrophobicity of the polymer component provides high freeze/thaw resistance and
low water absorption, and the plasticizing effect of the polymer reduces the number of micro and macro
pores in the structure of the walls of communicating pores providing high strength.

4. Conclusion
1. Conducted studies of the density difference of traditional aerated concrete on three sections of
the material (upper, middle, bottom) samples showed a difference in density from the average density of
all samples:
•

for upper samples below 0.16 %;

•

for middle samples below 0.03 %;

•
for bottom samples higher by 0.18 %.
The obtained results indicate that the pore structure of traditional aerated concrete has uneven pores
with a certain dynamics of increasing the density of the upper part of the material. However, the density of
composite aerated concrete samples showed stability in all sections of the tested block. Indicators of the
difference in density of composite aerated concrete from the average density of all samples:
•

for upper samples below 0.08 %;

•

for middle samples below 0.02 %;

•
for bottom samples higher by 0.05 %.
Hence, after analyzing the results, we can conclude that composite aerated concrete has a uniform
pore structure that provides a stable density in all areas of the tested block. The density stability of
composite aerated concrete in contrast to traditional aerated concrete is 78 % higher.
2. Tests of composite aerated concrete showed an increase in water absorption by 46 %. The
dependence of water absorption on changes in the density of the material is also determined. A study on
the water absorption of traditional aerated concrete in three sections of the material (upper, middle, bottom
samples) showed a difference in the average density of all samples:
•
for upper samples with an average density of 616.6, the water absorption difference is higher
than 0.8 % of the average water absorption of all samples;
•
for average samples with an average density of 617.4, the water absorption difference is less
than 0.3 % of the average water absorption of all samples;
•
for bottom samples with an average density of 618.7, the water absorption difference is less
than 0.7 % of the average water absorption of all samples.
The obtained data indicate that the density of the material does not fully reflect the dependence of
the density difference and water absorption. Water absorption of composite aerated concrete is 16 % in all
three sections of the tested block, which indicates the stability of the pore structure and the closeness of
communicating pores in space.
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3. Compressive strength tests of composite aerated concrete showed a 52 % increase in strength.
The strength value for three sections (upper, middle, bottom) of the tested material showed the difference
in strength from the average value of all samples:
•

for upper samples below 12 %;

•

for middle samples higher by 3 %;

•
for bottom samples higher by 6 %.
These results show the dependence of water absorption and strength of the material, which indicates
that the pore communicating structure is closed in space, providing an increase in strength and limiting the
spread of water through the structure of the material.
The study of the strength of composite aerated concrete showed a difference in the strength of the
material sections (upper, middle, bottom samples) from the average strength of all samples:
•

for upper samples below 2 %;

•

for average samples it is equal to the average strength of all samples;

•
for bottom samples higher by 2 %.
According to the obtained results, it can be concluded that composite aerated concrete on all sections
of the block has almost uniform strength, with the exception of an error of ± 2 %.
4. The freeze/thaw resistance of aerated concrete depends directly on the water absorption,
strength and density of the material. Composite aerated concrete, having a polymer component in its
structure, provides hydrophobicity of cell walls and closeness in the space of the communicating pore
structure; in contrast to traditional aerated concrete, it is characterized by an increase in freeze/thaw
resistance by 53 %.
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Abstract. Porosity in the hardening system consists of air cells, which are the main element of the cellular
concrete structure and that formed when gas emission in the mixture or during the foaming. The paper
presents the developed models of porous structure formation in autoclaved aerated concrete (AAC) and
foam concrete (FC). We elaborated the concept of bubble porosity in fresh concrete by distinguishing three
types of bubble pores: microbubble pores, membrane pores and cellular pores. The sizes of such pores
are determined and the possibility of pore shape deformation is evaluated. The study revealed that capillary
and hydrostatic pressure are the essential factors in the process of bubble system formation. Reducing the
size of deformable cellular bubbles and obtaining an increased number of non-deformable membrane
bubbles improves the AAC and FC structure. This is a promising method of improving AAC and FC
production technology.

1. Introduction
The pore size and the porosity nature are essential for the most hydration hardening materials. By
creating a porous structure in production process, highly effective inorganic materials for construction
purposes are made from autoclaved aerated concrete (AAC) and foam concrete (FC) non-autoclaved of
hardening [1–4].
Three types of pores in hardening systems are distinguished: gel pores, capillary pores and air pores.
Air pores called cellular pores, gas pores, or macropores. The concepts of gel porosity were developed in
[5]. Gel pores are a space in aggregated growth between highly dispersed hydrated phases. Capillary pores
are the space occupied by the mixing water remaining after hydration, minus gel porosity. Gel porosity and
capillary porosity mainly depends on the type and amount of binders in the initial mix, as well as the water
to binder ratio [6–10]. Such pores will appear in the interbubble septa after matrix crystallization structure
formation.
The cellular porosity in the hardening system is created by gas evolution in the mix or by foaming
[11–15]. In AAC technology a highly mobile mixture is converted into a raw mass with a coagulation
structure due to two quick chemical reactions. In the reaction with dispersed aluminum, hydrogen is emitted
and 3CaO∙Al2O3∙6H2O is formed, and CaO hydrates into Ca(OH)2, binding part of the mixing water into the
solid phase. FC technologies are based on three-phase foam production with air bubbles as a dispersed
phase of the system [1].
Raw density, strength, thermal conductivity and other properties of AAC [16, 17] and FC [18, 19] are
interrelated. Data on the porous structure of the material are used when cellular concrete of the same
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density have different properties [20], when modeling porosity [21–24], when the nature of the processes
in the hardening system is revealed [17, 25] and in other studies. The quantity and quality of bubble pores
affects the properties of not only AAC and FC, but also other aerated concretes, for example, gypsum
compositions [26–28]. Thermophysical characteristics of AAC and other cellular materials are important for
building envelopes in connection with the relevance of energy saving issues for space heating [29–32].
Common to AAC and FC is the formation of their porous structure in a three-phase bubble system.
Three-phase foam is both a FC mix and foam stabilized by fine particulate matter, for example [33–36]. The
three-phase system of AAC and FC freshly prepared mixes can be reduced to a two-phase system,
considering the bubble as a discrete phase, and a concentrated suspension as a carrier, condensed phase.
The gas-liquid systems mechanics describes the processes in many modern technologies and is used to
consider bubble porosity nature in a cellular concrete mixes [37]. The identification of the types, shapes
and sizes of bubble pores in cellular concrete has a significant role for AAC and FC technology. The concept
of bubble pores is significant for obtaining scientific data [38–40] and computer modeling of porous systems
[41, 42].
According to the above mentioned aspects, the purpose of this study is to develop ideas about the
origin of bubble porosity in aerated concrete and pore sizes in AAC and FC. The research tasks included
modeling the porosity in AAC and FC, analyzing the bubble porosity taking into account the size of the
bubble, and identifying factors that determine the formation of the bubble system. Consideration of the
hardening system as a composition consisting of a matrix and bubbles allows one model to characterize
the porous structure of different materials hardening AAC and FC. The division of bubble pores into species
not only develops the existing understanding of the porosity of hardening systems, but also provides
guidance for improving the cellular concrete technology.

2. Materials and Experimental method
2.1. Materials
It was studied FC pressure of the density class of D250 manufactured by LLC «Ecostroymaterials»
from samples taken during the installation of monolithic thermal insulation of attic floors of buildings and
AAC density class of D500 of CJSC «AEROBEL». The sampling was carried out simultaneously with the
routine testing of the material properties by the enterprise. AAC had a dry density of 493 kg/m3, pressure
strands 5.54 N/mm2, and a coefficient of thermal conductivity of 0.112 W/(mK). FC characteristics: dry
density 238 kg/m3, compressive strength 0.64 MPa, coefficient of thermal conductivity 0.057 W/(mK).

2.2. Experimental method
The porous structure was evaluated visually on samples and on photographs on chips and sections.
It was used a TESCAN MIRA 3 LMU scanning electron microscope (SEM) scan with an increase from 2 to
1.000.000 and an energy dispersive microanalysis with an attachment to the microscope of the
spectrometer.

2.3. Modeling
Processes modeling occurring in porous hardening systems with a change in solid phases
composition and ingredients aggregation state was carried out on silicate AAC mix with a density class of
500 kg/m3 (D500). The manufacturing process of AAC according to the criterion of phase transformations
is divided into three stages and two phase transformations in the system, which determine the staging
(Fig. 1).
The characteristics of the model AAC mix according are given in the table. The lime and aluminum
powder activity is taken equal to 100%. For the production of 1 m3 of white AAC, 432.19 l of a AAC mixe
with a water solid (W/S) ratio W/S = 0.6 is required. The volume fraction of the solid phase in the freshly
prepared AAC mix is 0.375, the liquid phase is 0.625. Water in the AAC mix as a dispersion medium ensures
the continuity of the hardening system.
Table. Silicate AAC mix characteristic with D500.
Characteristic
Proportions (kg on 1 m3)
Density (kg/m3)
Volumetric content of
ingredients (l/m3)

Lime

Mix ingredients
Quartz sand
Aluminum powder

Water

112
3320

340
2650

0.5
2700

270
1000

33.7

128.3

0.19

270
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Figure 1. Manufacturing AAC process formalization:
– stages;
– phase transformations;
S', S'', S''' – solid phases composition, L – liquid phase, G – gas phase.
Bubble porosity of the adobe AAC cake is formed by the released gaseous hydrogen. Based on 1 m3
of AAC we have:

VB + ∑

mi
1,
+W* =
ρi

(1)

where VB is bubble porosity volume, m3/m3; mi is solid phases masses, kg; ρi is solid phases density, kg/m3;
W* is mixing water volume minus solid phase bound, m3/m3.
The water in the green AAC cake in the second stage of system hardening remains a dispersion
medium. Together with silica (SiO2) and hydrated growth (Ca(OH)2 and 3CaO·Al2O3·6H2O), water provides
stability to membranes and the bubble system as a whole. The contraction porosity estimation during the
portlandite formation for the considered model of AAC mix gives the value 5.36·10-3 m3/m3.
In the process of green cake autoclave hardening at the second stage of phase transformations
(Fig. 1), the physical and mechanical properties of AAC are formed. It is accepted that tobermorite
5CaO∙6SiO2∙5H2O with density 2440 kg/m3 is formed in the model system during hardening. Water at the
end of autoclaving exhausts its functions. The volume fraction of the space occupied in green cake water
becomes a source of capillary and gel porosity in AAC.
The gas bubbles growth in the freshly prepared mix during the green cake structure formation
describes the Rayleigh-Plesset equation [34]:

3  2σ 4ηR

РG + РWV ≥ РA + ρmix gH + ρmix  RR + R 2  +
+
+ РE ,
2  R
R


(2)

where PG и PWV is gas and water vapor pressure in a bubble; PA и PE is atmospheric and excess pressures
over the mix; ρmix is mix density; H is mix column height above the bubble; R is bubble radius;
is speed and acceleration during bubble growth; σ is surface tension; η is viscosity.


R and R

Under conditions of metastable equilibrium for the formed bubble system in the expanded mix from
equations (1) and (2) at atmospheric pressure, and also based on the relationship of pressure, volume and
temperature of the gas phase, we obtain:

m
с ⋅ К ⋅ TB
+ ∑ i +W * =
1,
PA + ρmix ⋅ g ⋅ H + 2σ / R
ρi

(3)

where TB is gas phase temperature in a bubble; c is proportionality coefficient; K is gas constant.
Significant indicators for bubble porosity in the green AAC cake structure formation are gas phase
temperature, capillary and hydrostatic pressure.

3. Results and Discussion
Change in phase composition and porosity in a three-stage process according to Fig. 1 for a model
AAC mix are presented in Fig. 2. In Fig. 3 a fragment of AAC structure D500 is shown, which according to
the main elements corresponds to a model aerated concrete. In hardening systems, when water is bound
to the solid phase, chemical shrinkage is observed. The value of the microporosity of the matrix due to
chemical shrinkage can only be estimated by calculation according to the reaction equations. When
removing water from a hardened cement paste, drying shrinkage takes place. The chemical shrinkage and
drying shrinkage (Fig. 2) together give a total shrink of less than 1 % [43, 44]. When considering volumetric
phase ratios and porosity in AAC and FC, the phenomena of shrinkage due to their small size can be
ignored. Based on the concepts of hardening system porosity, size regions of gel and capillary pores are
distinguished, and types, shape and sizes are substantiated for air (bubble) pores.
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Five pore areas for AAC and FC were determined by the pore size criterion.

Figure 2. Phase composition and types of porosity per 1 m3 of model freshly mix,
green cake and white AAC D500: C3AH6 – abbreviated 3CaO∙Al2O3∙6H2O according to cement
as accepted in chemistry; the same, tobermorite C5S6H5.

Figure 3. The structure of AAC D500: G – gel pores; C – capillary pores; B – bubbly air pores.
Area 1. Gel pores (Fig. 3, Fig. 4d). The gel porosity of calcium hydrosilicate was calculated
according to the data of T. Powers [5] on its value in the gel of hardened systems, equal to 28 %. For the
AAC D500 under consideration, a value of 53.3 liters was obtained. The specific volume of tobermorite
growth is 0.569, which corresponds to the T. Powers model with a specific gel volume of 0.567. The size
for gel pores was determined by IUPAC recommendation and proposal [20]: microgel with pore diameter
(dp) < 2 nm and mesogel with dp from 2 to 50 nm.
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Figure 4. SEM micrographs of FC D250: 1 – gel pores; 2 – capillary pores; 3 – air-micro pores;
4 – air-membrane pores; 5 – air-cellular pores.
The second term in equation (3) for any type of cellular concrete and ingredients composition in the
mix allows us to estimate the volume proportion of hydrated phases and to determine the expected value
of gel porosity.
Area 2. Capillary pores (Fig. 3; Fig. 4 c, d). The capillary pores presence in concrete is caused by
mixing water surplus compared to the quantity of chemically bonded water, as well as contraction
phenomena during hardening. It is recommended that contraction porosity not be isolated but added to
capillary pores. The equivalent diameter of microcapillary pores (in terminology [20]) is from 50 nm to 1 μm.
Gel pores and capillary pores are formed during hydration in a hardening system. Together with the
solid phases of the system, these pores form a hardened matrix in concrete [45, 46]. Gel pores and capillary
pores are matrix pores. The properties of AAC and FC, as well as ordinary concrete, depend on the
nanostructure and the microstructure of cementitious materials [47, 48], that is, on the matrix structure.
Most pores in AAC and FC are pores of bubble origin. The pores in the structure of the hardened
composite AAC, FC, and with entrained air are called air-void [49–53].
An examination of the characteristics of the bubbles in a fresh concrete mix with air-void sizes makes
it possible to distinguish three types of bubbles: air-micro bubble, air-membrane bubble and air-cellular
bubble. In the structure of AAC and FC, respectively, three areas of air pores formed from vesicles are
distinguished.
Area 3. Air-capillary pores (Fig. 4b). The selection of this area is associated with transition in porous
system structure from capillary pores to air-micro pores. The diameter of mesocapillary pores according to
the terminology [20] and air-micro pores is from 1 to 10 μm. The pressure in the bubble with R * = 3.1 μm
(Fig. 4b), caused by the surface curvature PC = 2σ/R, is R*C= 4.7·104 Pa. Bond number as gravity to
surface tension ratio for the bubble under consideration Bo = 8.7·10-6 << 1. Therefore, air-micro bubbles in
a AAC and FC mixes are spherical and non-deformable.
Area 4. Air-membrane pores (Fig. 4b, c, d). Pores with a diameter from 10 to 100 μm are involved in
partitions structure formation between larger air pores. In structural heat-insulating aerated concrete, the
shape of bubble membrane pores is close to spherical, but can change to ellipsoidal.
In a hardened matrix, spherical air-micro pores are formed from spherical vesicles.
The binder particle size corresponds to the air-membrane pores size. The spherical air bubbles rise
of the considered sizes in water, up to a constant, coincides with the Stokes formula for the solid sphere
motion [54]. The geometric factor is the basis on which air bubbles from 10 to 100 μm in size, together with
binder, filler and growth particles form the membrane structure in aerated concrete mix. Membrane bubbles
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with a diameter less than 60 μm, as will be shown below, are classified as undeformable by the criterion of
gravity to surface tension ratio.
Area 5. Air-cellular pores (Fig. 3 and 4) are basic in cellular concrete volume, predetermine the
material name and its properties. The pore diameter is from 100 μm to 2 mm.
The air bubbles size upper limit in a cellular concrete mix D = 2 mm is determined from equality
condition to the Bond number. The value Bo = 1 determines the region linear scale in which the surface
tension and gravity are comparable and characterized by a capillary constant:

b=

σ
.
g ( ρ L − ρG )

(4)

The capillary constant for the most liquids has a value of 1 ... 3 mm [46]. For a bubble in the model
AAC mix under consideration, the capillary constant is b '= 2.11 mm. For water with σ = 7.27 · 10-2 J/m2,
the value of b '' = 2.72 mm. When deforming spherical bubbles, it is necessary to use the concept of
“equivalent bubble”, the volume of which is equal to the volume of the deformed one.
The following estimates are obtained for the lower boundary of the introduced size of air bubbles
D = 0.1 mm. A air bubble of this size in a model AAC mix with a density of 1670 kg / m3 as a unit cell has a
Bond number Bo = 0.225 · 10-2 << 1. Capillary forces exceed the deforming gravitational (Archimedean)
forces by more than two orders of magnitude, which corresponds to a gas bubble sphericity condition. Such
an assessment is valid for a air bubble located at the AAC mix surface. Gravity forces from the overlying
column of aerated concrete mix act on the bubble at the bottom of the form. If the hydrostatic pressures
*
and laplace pressures are equal, the bubble radius according to equation (3) will be R = 2 ⋅ σ / ρ mix ⋅ g ⋅ H .
When a form in the manufacture of AAC with a height of 0.6 m is filled with the model aerated
concrete mix under consideration, the filling height is H = 0.26 m and the deformable bubbles diameter will
be more than 68.3 μm. An array height increase and a decrease in the surface tension in the mix due to
surfactants will proportionally reduce the bubble size that is not deformed by calculation. Therefore, in AAC
and FC mix, air bubbles with a diameter of 0.1 to 2 mm are stable, but deformable.
Large pores with an effective diameter of more than 2 mm are defects in the structure of AAC and
FC. There are two reasons for their appearance in the hardened matrix. The first reason is the coalescence
of bubbles in a fresh mix. The second reason is entrained air in a fresh mix. Air-entrained bubbles with
dp > 2 mm in AAC and FC take the shape of an inverted drop and retain this shape in the hardened
composition.

Figure 5. Kinds and sizes of pores in AAC and FC.
Fig. 5 provides information on the separation of vesicular pores into kinds. In this case, the mechanics
data of a two-phase system were used for bubbles [37, 54]. An additional criterion for air pores separation
by size was the same scale on the pore diameters axis with a logarithmic scale. The concept of gel and
capillary pores in hardening systems is generally accepted [1, 7, 20, et. al.]. It is expedient to combine gel
and capillary pores with the concept of "matrix pores", as is done in [4, 10]. There are only a few mentions
of air-void pores as bubble pores in the literature [4]. The collection of bubble pores, named by origin, is
divided into air-capillary, air-membrane and air-cellular pores. Subsequently, the isolated types of vesicular
pores can be differentiated. So, air-membrane pores can be divided into formed by their undeformable and
deformed bubbles in a fresh concrete mix.
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Bubble studies are carried out mainly in cement foams with a bubble diameter of a millimeter size
[55, 56]. In [56], the diameter of bubbles in monodispersed cement foams was 0.8 mm. This is close to the
upper limit of the air-cellular pores size of 2 mm. In the systems of air-membrane pores with a bubble size
from 10 μm to 100 μm, and especially for air-capillary pores with a diameter of 1 to 10 μm, new patterns
are predicted. The new properties of such bubbles in solidifying systems with their predominant content in
AAC and FC will be associated with the non-deformability of the bubble.
The data obtained and the proposed division by bubble pore sizes indicate the need for future studies
of AAC and FC with a significant content, primarily, of non-deformable air-membrane pores.

4. Conclusions
The following conclusions can be made:
1. The main element of AAC and FC structure origin are bubble air pores. The technological process
modeling in specific types of aeratedr concrete manufacture allows us to quantify the size of gel, capillary
and bubble porosity in the material. The matrix porosity volume is determined by the mixing water amount
remaining in the system after binder hydration, and is a smaller part of the total pore volume. In AAC D500
with W / S = 0.6, the matrix pore size is 29 %, and the bubble pore size is 71 %.
2. In porous hardening systems, three types of bubble pores are distinguished, the sizes of the
selected pore areas are determined, and the shape of the bubbles is estimated. The air-capillary pores
area with a size range from 1 to 10 μm is transitional from shapeless capillary to spherical microair pores.
Membrane air pores with a diameter from 10 to 100 μm are comparable in size to the binder particles, and
at a size of less than 60 μm, the bubbles in the fresh mix are classified as undeformable, and the pore form
is close to spherical. Air-cellular pores with diameters from 100 μm to 2 mm are the main ones in the aerated
concrete volume. They are formed from stable, but deformable in a AAC and FC mixture of air bubbles.
3. A perspective technology for aerated concrete is to reduce the maximum and average pore size
for membrane and cellular air pores selected areas. A decrease in the bubbles size in hardening system
will affect the decrease in the Bond number and increase the capillary forces importance in the AAC and
FC pore structure formation.
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Abstract. One of the effective methods to prevent the destruction of asphalt concrete pavement is to treat it
with protective and rejuvenator materials. This study is aimed at developing an effective composition of the
protective material. The proposed method for studying the effect of modification according to the results of
rheological tests allows us to determine the conditional elastic modulus of the structured liquids. The influence
of the degree of modification on the content of oil-polymer resins in the bitumen binder was evaluated using
the developed quality criterion considering the modifier content contribution. We selected a solvent that
provides effective dispersion and stability of the resulting suspension. The studied nanomodifier in the
composition rejuvenator material had an impact on the properties of asphalt concrete increasing its crack
resistance by 49 %, water resistance by 11 %, and shear adhesion by 6.1 %.

1. Introduction
Highways are an important part the country's road infrastructure and significantly affect its socioeconomic development. A constant increase in vehicle traffic intensity leads to a significant acceleration in the
wear road surfaces, which leads to an increase in the volume repair and restoration work [1, 2].
An effective method for preventing the progressive destruction asphalt concrete pavement is its
treatment with protective-reducing rejuvenating compositions [3–4]. The main purpose of using such
compositions is the formation a strong protective layer that penetrates deeply into the volume the road
composite, which ensures the clogging the pore space, and is resistant to liquid media (water, solutions of
various chemical agents) [5].
The first foreign studies of rejuvenator compounds date back to the 70s of the XX century [6]. So,
American researchers in the period from 1971–1975 studies have been conducted to establish the penetration
depth some rejuvenator compounds in the dense surface asphalt concrete pavement. Depth was estimated
by penetration and viscosity of bitumen extracted from asphalt concrete samples. Another independent study
[7] showed that the “rejuvenator agent” significantly reduced the complex elastic modulus asphalt concrete
samples with a residual porosity of 10–12 %. This result was the basis for recommendations on the prohibition
of rejuvenator agents on asphalt pavement with a residual porosity of less than 7–8 %.
C. Chiu and M. Lee [8] studied several different types rejuvenator: traditional impregnations,
impregnations based on reconstituted asphalt binder and emulsion impregnations. All studied rejuvenator
showed an increase in the ductility “old” binder in the upper layer of asphalt concrete pavement at a depth of
1 cm. The drying speed of the asphalt pavement treated with impregnations also depends on their composition
and varies from 2 to 7 hours.
J. Lee and J.R. Kim [9] found that rejuvenator significantly affect the micro- and macro-texture surface
of roads and are able, depending on the type modified binder used in the composition, to reduce the adhesion
wheel to the road surface by 24 %.
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Ambiguous results were obtained by J. Lee et al. [10] according to which the use rejuvenator reduces
the complex dynamic elastic modulus and the phase angle of compacted asphalt concrete, increases the track
depth and creep strain, and reduces the car tire resistance to sliding along asphalt surface. However, it was
also established that the use rejuvenator can effectively resist chipping and “washing out” of individual grains
stone material from the road surface.
Summarizing the existing studies, we can conclude that one of the disadvantages existing protective
and rejuvenator materials [5–15] used for the surface treatment asphalt concrete coatings is a decrease in the
adhesion automobile wheels to the road surface, insufficient resistance to abrasion due to low adhesion, their
low fluidity (high viscosity) at operating ambient temperatures, which reduces their penetration rate into the
structure asphalt concrete. In this regard, it is currently relevant to use liquid compositions based on bitumen,
which use organic solvents with additional modifiers.
Domestic research in this direction is mainly aimed at selecting the optimal ratio the components of the
impregnating composition [16–17]. The Russian market of solvent-based protective and reducing rejuvenating
materials (RM) is represented by a wide range products: Silcoat (RF), Dorsan (RF), PS-1 (RF), Sanad (RF),
Brit-RM-R (RU), Biguma – LDGA (Germany), Surtreat PDC (USA), CRF, Reclamite, CRF Crafco (USA) and
others, which testifies to the interest of the road industry in these materials and, at the same time, the lack of
domestic research aimed at studying the effect component the composition and technological processes for
the preparation of RM on the properties of asphalt concrete. Naturally, the accumulation of knowledge and
experience will eliminate the existing problems in this area.
This research work is aimed at developing the composition an effective nanomodified rejuvenating
material combined action.

2. Materials and Methods
The development and optimization of an effective nanomodified rejuvenating material (RM) includes the
following steps:
1. Development and optimization of modified bitumen binder (bitumen binder and petroleum polymer
resin);
2. Development and optimization of nanomodified suspension (organic solvent and nanofiber);
3. Development and optimization of the control composition of the rejuvenating material (modified
bitumen binder prepared according to steps 1 and organic solvent);
4. Nanomodification of the control composition of the rejuvenating material prepared according to steps 3.
The experimental method was used to develop the nanomodified composition RM, the analytical method
was used to optimize the composition RM.
For first step was used bitumen BND 90/130, manufactured by LLC Lukoil and petroleum polymers
resins (PPR) which are low molecular weight thermoplastic polymer obtained by polymerization aliphatic and
aromatic hydrocarbon fractions. Petroleum polymer resins (PPR) were considered as a modifying component
for a bituminous binder. Two petroleum polymer resins were considered: PPR Pyroplast-2K which is a product
of pyrolysis fraction C9 at 125–200 °C with thermal polymerization containing polycyclopentadiene,
polystyrene; PPR Inden-Kumaron which is a product thermal and / or catalytic polymerization the C9 fraction
at 120–210 °C hydrocarbon pyrolysis products at a temperature of 240–250 °C, representing a styrenedicyclopentadiene-indene copolymer with a molecular weight of 600–800, manufactured by the group
“Eurohem” companies.
For the second step were used the following solvents which are organic solvents: Solvent No 1 which
is a product oil distillation, a mixture liquid aromatic and aliphatic hydrocarbons (not more than 50 % from each
group), with a density of not more than 795 kg/m3 (at 20 °C) and with a boiling point not higher than 165 °C,
manufactured by CJSC "ARIKON"; Solvent No. 2 which is a direct distillation product the middle distillate oil
fraction, with a boiling point in the range of 150-250 °C and density at 20 °C 780–850 kg/cm3, manufactured
by CJSC "ARIKON".
Also for the second step was used following carbon nanofiber (CNF) “Pyrograf III Carbon Nanofiber”
which is one-dimensional filiform nanoscale graphite particles that do not have a pronounced cylindrical
orientation of graphene layers, as well as an internal cavity manufactured by “Pyrograf Products”, USA. CNF
“Pyrograf III Carbon Nanofiber” which is nanomodying additive.
The composition of the modified bitumen binder was developed based on the assessment of the
influence of petroleum polymer resins on the following physical and mechanical properties of bitumen: needle
penetration depth at 25 °C; needle penetration depth at 0 °C; softening temperature and adhesion.
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The influence petroleum polymer resins on the structurally sensitive properties the bitumen binder was
evaluated using a Physica MCR 101 CR-Rheometer (viscometer), in shear rate control mode, using a
measuring system such as coaxial cylinders.
For a material that is in a structured liquid state, the rheological curve which is an S-shaped curve
located inside the angle formed by tangents that pass through the origin, Fig. 1.

ɛ, sec-1

ηm

.η

*m

.η

*0

Pk1 Pk2 Pr Pm P`m
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Figure 1. Rheological curve of a system with a conditionally elastic deformation zone.
Based on the rheological curve (Fig. 1) are determined by the rheological parameters elastic-plasticviscous properties of disperse systems: η*0 which is the highest ultimate viscosity of the almost none
destructed structure; ηm which is the lowest ultimate viscosity of the extremely destroyed structure; P`m which
is a boundary shear stress corresponding to the ultimate destruction of the structure, η*m which is the smallest
of the plastic (Bingham) viscosity; Pk2 which is conditional yield strength corresponding to the ultimate dynamic
shear stress; Pk1 which is conditional yield strength corresponding to the ultimate static shear stress.
Optimization of the composition of the modified bitumen binder was carried out using specific quality
criteria describing which is the influence of the percentage of petroleum polymer resin on each quality indicator.
Based on the partial quality criteria were calculated a generalized criterions which are showing the degree of
modification of the bituminous binder from the content of petroleum polymer resin.
Nano modified suspension was developed by introduced of carbon nanofiber to a solvent. The
distribution of carbon nanofibers in the solvent was carried out using an ultrasonic disperser Sonics Vibra-Cell
VCX 750. Sound vibrations which are the frequency level of 20 kHz, the dispersion power which is 750 W.
The appearance samples dispersed media "solvent – carbon nanofibers" before and after ultrasonic dispersion
is shown in Fig. 2.
a)

b)

c)

Figure 2. Appearance samples: a – before ultrasonic dispersion;
b – after ultrasonic dispersion; c) micrograph carbon nano modifier after ultrasonic dispersion.
In accordance with the preliminary experiment, it was found that the significant effect of nanofiber on
the properties of the protective reducing material is in the range from 0.1 to 0.001 % by weight of the solvent.
The size carbon nanofibers were determined on a Zetatrac instrument using laser diffraction. Choice
the specified carbon nanofibers which are modifier is justified by the following:
1) carbon nanofibers have a high affinity for organic solvents and bitumen binder (this is evidenced by
the numerous positive results obtained by domestic and foreign researchers);
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2) carbon nanofiber has a lower cost compared to single and multilayer nanotubes, respectively an
average 25 and 8 times.
The preparation of the control composition of the protective rejuvenator in laboratory conditions was
carried out with sequential multi-stage mixing materials in according with third step which is the above.
Optimization of the control composition of the protective rejuvenator was carried out in following quality
indicators: of drying time, homogeneity and adhesion. The optimal control composition of the rejuvenation
material was selected based on the value of the developed generalized quality criterion including particular
quality criteria that considered the values of the obtained properties.
The preparation of the nanomodified composition of the rejuvenation and protective material was carried
out in accordance with the third step and the addition (which is the above) of a nanomodifier in accordance
with the second step (that is, the preliminary introduction of carbon nanofibers into the solvent). Impact
research carbon nanofibers on the properties of the protective rejuvenator was carried out in following quality
indicators: of drying time, homogeneity and adhesion.
Impact research nano-modified protective and rejuvenator materials on the properties of asphalt
concrete was carried out in following quality indicators compressive strength, crack resistance, internal friction
coefficient, shear adhesion, and water resistance. The optimal nano-modified protective and rejuvenator
materials were selected based on the value of the developed generalized quality criterion including particular
quality criteria that considered the values of the obtained properties.

3. Results and Discussion
To select the effective one from the considered petroleum polymer resins, we evaluated their influence
on the physic mechanical properties bitumen binders, Fig. 2–7 and their adhesion to the mineral stone
(Table 1).
Establishing the influence petroleum polymer resins on the formation a structure was studied by
indicators characterizing the greatest resistance to shear in two critical structural states: the highest ultimate
viscosity of the almost none destructed structure the bitumen binder; the lowest ultimate viscosity of the
extremely destroyed structure a bitumen binder. From the point of view rheology and physical chemistry
bitumen binders are colloidal dispersed systems characterized by a sharp change in the structural and
mechanical properties temperature. So it is advisable to study them in the temperature range corresponding
to the manufacturing and application technology.
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The results of the influence of different percentages petroleum polymer resins are presented in Fig. 3.
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Figure 3. The influence content petroleum polymer resins on the physical and mechanical properties
the bitumen binder: a) the depth penetration of the needle at 25 °C;
b – the depth penetration of the needle at 0 °C; c – softening temperature.
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Table 1. Effect from the content PPR on the adhesion bitumen with mineral stone.
Property

0

Adhesion, point

2

Adhesion, point

2

3

Content PPR, %
6
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4
Piroplast-2K
2
3

12

15

4

4

4

3

4

4

a)

b)
Figure 4. The influence content PPR Inden-Kumaron and temperature:
a – the highest ultimate viscosity of the almost none destructed structure the bitumen binder;
b – the lowest ultimate viscosity of the extremely destroyed structure a bitumen binder.

a)

b)
Figure 5. The influence content PPR Piroplast-2K and temperature:
a – the highest ultimate viscosity of the almost none destructed structure a bitumen binder;
b – the lowest ultimate viscosity of the extremely destroyed structure a bitumen binder.

The numerical value of the ability structured systems at various temperatures to resist shear is
expressed by the conditional elastic modulus [18]:

E
=

η0
⋅ P, ,
η0 − η m r

(1)

where η0 which is the highest ultimate viscosity of the almost none destructed structure a bituminous binder;

ηm which is the smallest ultimate viscosity extremely destroyed structure bituminous binder; P, which is
r
boundary stress corresponding to the almost none destructed structure bitumen binder, corresponding to the
beginning of the process destruction structure.

a)

b)
Figure 6. The influence content PPR on the conditional elastic modulus bitumen binder:
a – Inden-Kumaron; b – Pyroplast-2K.
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The influence content petroleum polymer resins in the modification bitumen binder (Fig. 3–8) was
evaluated according to the following developed particular criteria:
−

ICiJ which is the criterion characterizing the effect of the content oil-polymer resins on the depth
penetration the needle at 0 and 25 °C, softening temperature and adhesion:
 I j ( PPR ) − I j ( Bitumen )  1
=
IC j 
 ⋅ ⋅100% ,

 сi
i
I j ( Bitumen )



(2)

where Ij(PPR) which is the numerical value the property indicator of bitumen with PPR; Ij(Bitumen) which is the
numerical value the property indicator of bitumen; Ci is the content PPR, % by weight.
−

ICiET which is the criterion characterizing the effect content of oil-polymer resins on the relative change
in the conditional elastic modulus:

 I E ( PPR ) − I E ( Bitumen)  1
T
 T
 ⋅ ⋅100% ,
=
IC E
i T

 сi
I ET ( Bitumen )



(3)

where IET(PPR) which is the numerical value the conditional elastic modulus the bitumen with PPR at a certain
temperature; IET(Bitumen) which is the numerical value the indicator conditional elastic modulus the bitumen.
The presented particular criteria were also used to calculate the average values the particular criteria in
the studied temperature range:

n
∑I
CE
= 1 i T ,
I
CE
n
i
n
∑I
C j
F = 1 i ,
C
n
i

(4)

(5)

where n which is the number of particular criteria.
The results calculation, particular criteria and given quality criteria are presented in Tables 2 and 3.
Table 2. Particular criteria characterizing the percentage contribution of a petroleum polymer
resins to the modification the bitumen binder.
Private quality
criteria

PPR content, %
9

3

6

12

15

ICi P25
ICi P0

0.46

1.37

–0.76

–2.97

–2.92

0.56

1.41

–2.45

–2.97

–2.60

ICi T softening

0.00

0.35

0.71

0.71

0.71

ICi Adhesion
ICi E

16.67

16.67

11.11

8.33

6.67

2.81

3.64

1.86

1.75

1.44

Inden-Kumaron

Pyroplast 2K

ICi P25
ICi P0

–0.46

–2.74

–3.04

–2.63

–2.19

–0.56

–1.98

–3.20

–2.40

–2.60

ICi T softening
ICi Adhesion
ICi E

0.00

0.35

0.47

0.35

0.43

0.00

8.33

5.56

8.33

6.67

3.34

3.46

2.87

2.26

0.95
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Table 3. Average values of particular quality criteria.
Quality criteria

3

PPR content, %
9

6

12

15

2.1

1.0

0.7

0.5

1.2

0.7

Inden-Kumaron

Fci

4.1

5.0
Pyroplast 2K

Fci

0.5

1.5

An analysis the results (Table 3) shows that the greatest modifying effect, estimated by the value he
criterion, when introduced into the bitumen binder the considered petroleum polymer resins is observed at
their content of 6 %. The indicated content of the PPR was used for further research and development for
basic (control) composition.
At the second step the development composition of the nano-modified rejuvenator and protective
material. At this step, it is necessary to choose a solvent compatible with the organic bitumen binder, as well
as allowing for maximum dispersion the carbon nanofiber and the stability its suspension.
Dispersion of carbon nanofibers were carried out in two solvents. In this case, suspensions were
obtained with two concentrations carbon nanofiber C1 = 0.001 % and C2 = 0.01 %. The dispersion quality was
estimated by the value reduced diameter of the dispersed phase (carbon nanofiber) in the suspension (Fig. 7).
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Figure 7. The influence of duration ultrasonic dispersion on the average reduced diameter
the carbon nanofibers in suspension: a – Solvent No 1; b – Solvent No 2.
The results obtained (Fig. 7) show that the dependence average reduced diameter the carbon nanofiber
in suspension on the duration dispersion is extreme. The smallest value the average diameter of carbon
nanofiber in suspension for Solvent No. 1 is observed after 3 minutes dispersion and for Solvent No. 2–4
minutes the dispersion. The average reduced diameter the carbon nanofiber in suspension for Solvent No. 1
is 143–184 nm, and for Solvent No. 2 it is 108–139 nm (depending on the concentration of carbon nanofiber).
However, suspensions based on Solvent No. 2 are not stable and precipitation occurs after 7 days of storage.
In this regard, in further work, Solvent No. 1 was used as the main medium for the preparation of the
suspension.
For RM, ceteris paribus, important quality indicators are: the uniformity the material, which must be
maintained for a given period; drying time and adhesion. It is natural that the solvent content will have a
significant effect on these properties. Establishing the optimal ratio, the components of the RM and evaluating
their compatibility was carried out for 3 formulations (Table 4). The introduction of a lower solvent content into
the bitumen binder led to a significant increase in the drying time which was more than 180 minutes, and the
introduction of a larger amount of solvent led to an unsatisfactory adhesive adhesion and uniformity the RM.
Table 4. Composition and properties of RM.
No. composition
Name of components

1

2

3

Content of components, %
Modified binder:
-Bitumen 90/130 – 100 %
-PPR Inden-Kumaron – 6 %

45

55

65

Solvent No. 1

55

45

35

Shekhovtsova, S.Yu., Korolev, E.V.

Magazine of Civil Engineering, 106(6), 2021

Table 5. Technological and operational properties of RM.

Property

Requirements of
Russian industry road
guidance document
(IRGD)
218.3.073-2016

1

on more 180

55

Drying time, min

No. composition
3

Actual results

Homogeneity after 7 days
Adhesion, point

2

60

95

uniformly, no clumps or clots
no less 4

3

4

4

Results presented in Table 4 show that the composition No. 1 does not meet the requirements of
IRGD 218.3.073-2016 for adhesion. For this indicator, only compositions No. 2 and 3 can be used. Moreover,
according to the “Drying Time” indicator, all the studied compositions meet the requirements: composition
No. 3 (95 min.) Has a maximum value, and composition No. 1 has a minimum value (55 min). By homogeneity,
all compositions also comply with the requirements the normative and technical document. In this regard, the
choice of the composition RM can be carried out by a generalized criterion of the form:

Fm = 3

60
I Adh IUn ,
It

(6)

where It is the indicator "Drying time" (60 – normalization coefficient); IAdh is indicator “Adhesion” (when
fulfilling the requirements normative-technical document on adhesion Iadh = 1; if the requirement is not fulfilled,
IAdh = 0); IUn is indicator “Uniformity” (in the absence of clots and lumps IUn = 1; in the presence of clots and
lumps IUn = 0).
The values generalized criterion Fm for composition No. 1 Fm = 0, for composition No. 2 Fm = 1, and for
composition No. 3 Fm = 0.86.
Thus, according to the specified quality indicators, the optimal composition is No. 2, containing the
modified bitumen binder – 55 %, Solvent No. 1 – 45 %.
The positive effect of nanoscale modifiers on the properties bitumen materials is widely known, see for
example [19, 20]. The introduction nanomodifier in the RM will further structure the maltene component the
modified bitumen binder, which will increase its cohesive and adhesive strength.
At the third step development of the nanomodified composition the protective rejuvenation material, the
optimal content of the nanomodifier which is carbon nanofiber was selected, Table 5.
Table 5. The composition and properties of nanomodified rejuvenating materials.
No. composition
Name of components

Without CNFc
(control)

1

2

3

Content of components, %
Modified binder:
-Bitumen 90/130 – 100 %
-PPR Inden-Kumaron – 6 %
Solvent No. 1
Carbon nanofiber
Property
Drying time, min
Homogeneity after 7 days
Homogeneity after 21 days
Adhesion, point

55

–
60
sediment
4

45
0.001
0.01
Actual results
50
43
uniformly, no clumps or clots
uniformly
5
5

0.1
42

5

The results presented in Table 5 show that the introduction of carbon nanofiber in the studied range can
improve adhesion by 25 % and shorten the drying time by 16–30 %.
For study the influence of the developed rejuvenator materials on the asphalt concrete quality indicators
was selected and tested corresponding in grain composition, to the type mastic asphalt concrete SMA-15. The
design of the asphalt mix was carried out in accordance with the requirements of Russian state standard
31015-2002. For a comparative analysis the results the development RM, a comparison was made with
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existing industrial analogues the domestic (Brit-RM) and foreign (Surtreat) production, the consumption of
which corresponded to the recommended ones from the manufacturer – 1.0 and 0.35 l/m2, respectively. The
consumption of the developed RM was 0.35 l/m2.
The choice of the optimal composition the RM was carried out according to the value of the generalized
quality criterion, calculated by the formula:

5 K fm
F=
= 5 k R 20 ⋅ k Rp ⋅ ktg ⋅ kC ⋅ kW ,
k

(7)

where kR20 is the coefficient taking into account the relative change in compressive strength; kRp is the
coefficient taking into account the relative change in crack resistance during compression; ktg is the coefficient
taking into account the relative change in the coefficient of internal friction; kC is the coefficient taking into
account the relative change in adhesion during shear; kW is the coefficient taking into account the relative
change in water resistance during prolonged water saturation.
Table 6. The influence RM on the properties of asphalt concrete.
Actual results
Property

Asphalt samples processed by RM
Without
RM

Surtreat
(USA)

Brit-RM
(Russia)

No.1

No.2

No.3

Compressive strength, MPa, at a temperature
of 20 °C

3.9

4.3

4.2

4.4

4.4

4.4

Crack resistance, MPa, at a temperature
of 0 °C

3.1

3.9

4.4

4.2

4.5

4.7

Internal friction coefficient

0.94

0.94

0.94

0.94

0.94

0.94

Shear adhesion at a temperature
of 50 °C, MPa

4.24

3.12

3.11

4.20

4.30

4.50

Water resistance with prolonged water
saturation

0.89

0.95

0.93

0.98

0.98

0.99

The optimal composition corresponds to the maximum value of the generalized quality criterion. The
results of experimental studies the properties of asphalt concrete samples treated with developed RM with
different contents the nanofiber and samples treated with analogues are presented in Table 7.
The results calculation of the generalized quality criterion is presented in Table 7.
Table 7. Values of the generalized quality criterion.
Actual results
Property

With RM
Without
RM

Surtreat
(USA)

Brit-RM
(Russia)

No. 1

No. 2

No. 3

Compressive strength, MPa, at a temperature
of 20 °C

1.00

1.10

1.08

1.13

1.13

1.13

Crack resistance, MPa, at a temperature
of 0 °C

1.00

1.23

1.39

1.33

1.43

1.49

Internal friction coefficient

1.00

1.00

1.00

1.00

1.00

1.00

Shear adhesion at a temperature
of 50 C, MPa

1.00

0.74

0.73

0.99

1.01

1.06

Water resistance with prolonged water
saturation

1.00

1.07

1.04

1.10

1.10

1.11

Generalized quality criteria

1.00

1.01

1.00

1.10

1.12

1.15

From the data of Table 7, it follows that the introduction carbon nanofiber in an amount of 0.001 ... 0.1 %
by weight RM provides an increase in the effectiveness of the impregnating composition on the properties
asphalt concrete. Nanomodified rejuvenator and protective material the composition No. 3 is characterized by
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the maximum value the generalized quality criterion. At the same time, its use allows to increase performance
indicators: compressive strength by 12.8 %; crack resistance by 49 %; shear adhesion by 6.1 % and water
resistance by 11 %.
It was also established that the existing industrial analogues RM of Russian and foreign production in
terms indicators did not demonstrate a significant effect on the properties the asphalt concrete, which makes
research aimed at developing effective compositions of RM relevant and promising.

4. Conclusion
1. It was proposed a method for calculating the conditional elastic modulus of structured fluids using the
results rheological tests.
2. It was proposed a generalized criterion for calculating the degree of modification bitumen binder with
petroleum polymer resins considering the content contribution modifier. It was found that the optimal content
of petroleum polymer resin is 6 %.
3. It has been established a solvent which provides disperses carbon nanofiber to a diameter of
143–184 nm and which provides a suspension stability of up to 7 days.
4. It was established the possibility of using one of the by-products in the petrochemical industry which
is petroleum polymer resin which is a modifier in rejuvenator and protective materials. This will help to solve
the acute problem of waste disposal of chemical and petrochemical production. However, it should be noted
that the compositions of RM containing the specified modifier which is petroleum polymer resin, were
characterized by low adhesive ability.
The introduction carbon nanofiber in the amount of 0.001...0.1 % by weight of the rejuvenator and
protective material allows us to further structure the maltene component the modified bitumen binder, which
enhances the modifying effect to increase the performance characteristics of asphalt concrete: compressive
strength by 13 %; crack resistance by 49 %; shear adhesion by 6.1 % and water resistance by 11 %.
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Abstract. Due to man-made and natural anomalies occurring on planet Earth, there are a lot of destroyed
cities, settlements and houses. The issue is how to rebuild these cities and how to use parts of the destroyed
buildings and structures in making greener concrete. This paper aims to study the efficiency and effect of
using concrete demolition wastes on the microstructure of greener concrete composites. We prepared
demolition wastes-based concrete composite containing a greener supplemental cementing binder (GSCB)
and fine aggregates of the previously produced concretes with high mechanical properties. The design of
the compositions was determined by taking into account the law of affinity of microstructures of greener
concretes. We studied the strengths, microstructural, morphological and thermal properties of raw materials
and concretes at 28 days of curing. The dense microstructure was examined via the use of Portland cement
and hydration products, which partially included previously unreacted clinker minerals presented in
concrete waste and activated during its grinding. Results showed that replacing up to 20 % of Portland
cement with the demolition waste of concrete structures as a GSCB improves compressive strength for
different concrete applications. This is ensured by the affinity of the microstructure of concrete waste and
newly synthesized concrete.

1. Introduction
A review of the scientific literature on the research topic revealed that technical progress in the
production of concrete and reinforced concrete requires additional sources of raw materials, in particular,
the use of high-quality aggregates [1–10]. According to Bassani et al. [4], the solution to this problem is
hindered by an ever-growing shortage of mineral and energy resources, as well as environmental protection
requirements [4–7]. Therefore, as reported by Sormunen and Kärki [8], the current task is the integrated
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use of deposits of low-quality raw materials and waste from related industries [8–10]. Planned demolition
of obsolete buildings and structures, as well as natural and technological disasters, armed conflicts in
various countries (including Iraq) produce large volumes of concrete waste [11–15]. According to Sakai [16]
and Sharonova et al. [17], first of all, these wastes should be used for repair and restoration work and new
construction at the places of their occurrence [16–18]. In this regard, it is relevant to use fragments of
destroyed buildings and structures as raw materials for the production of building materials, including “green
composites”. Some papers [19–21] are devoted to the study of the possibility of using waste from destroyed
buildings. However, the results of these studies are quite contradictory, which is explained by the different
composition of waste from destroyed buildings in different countries. The rational use of technogenic
products is possible only after their preliminary mechanical treatment, taking into account their chemical
and material composition.
The theoretical basis for the design of composites using the specified raw materials is the
transdisciplinary science of geomimetics developed by Lesovik et al. [22–23]. It uses the results of studies
of natural processes to produce high-strength concrete and new generation building composites. In
particular, one of the aspects of this science is the law of affinity of microstructures, which consists in the
selection of raw materials with similar physicomechanical characteristics for a composite [24–27]. The law
of affinity of microstructures for anisotropic materials involves the multilayered composites design and
repair systems at three levels (nano-micro-macro). These systems are identical to the base matrix, which
provides a route to a substantial growth in the materials durability [28]. The origin for the formulation of the
law was the information obtained in the study of natural analogues of anisotropic and isotropic building
composites [22–23]. The results were obtained on the waste of the destroyed buildings and structures of
Iraq, which consist mainly of concrete, ceramic bricks and limestone wall blocks. United Nations reported
that the demolition of buildings resulted from military and terrorist operations in Al Anbar, Kirkuk, Tikrit, Beiji,
Diyal and Baghdad: 80,000 to 100,000 industrial and residential buildings were completely destroyed
(Fig. 1). Meanwhile, the country’s natural resources were severely depleted. Thus, the research gaps were
related to the fact that concrete components, both binder and aggregate, have limited use and no solid
conclusions were drawn. Meanwhile, concrete waste is closest in composition to newly synthesized
concrete. The objective of the article is to conduct a performance investigation of demolition wastes-based
concrete composite, including the physical and mechanical properties, produced by the use of fragments
of destroyed buildings and structures.

Figure 1. Destroyed buildings.

1.1. Research significance
Driven by these facts, this paper scrutinizes the potential of fine-dispersed mineral additives
(concrete waste) as a greener supplemental cementing binder (GSCB) and fine aggregate for lightweight
and heavyweight concretes. This paper aims to study the effect of the structural patterns of concrete
structures wastes on the microstructure of greener concrete composites. To achieve this goal, the following
tasks were solved:
−

study of the possibility of controlling the processes of microstructure formation in the synthesis of
green concrete prepared based on concrete waste;

−

develop rational compositions of green concrete using fine-dispersed mineral additives (concrete
waste) as a greener supplemental cementing binder (GSCB) and fine aggregate;

−

research the properties of modified cement systems for both heavyweight and lightweight
concretes.
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2. Materials and methods
2.1. Materials
Ordinary Portland cement (OPC) CEM I 42.5 N (Belgorod cement, Russia) was used as a binder.
The chemical and mineralogical compositions, as well as the main technical characteristics are given in
Tables 1 and 2. The specific surface area of Portland cement was 300–350 m2/kg. The following raw
materials were used as natural aggregates: sand of the Kursk deposit (Russia), granite crushed stone of
the Erkilya deposit (Russia), and expanded clay fraction of 10–20 mm of the Aleksinsky plant (Russia).
Characteristics of sand, gravel and expanded clay are presented in Tables 3-5.
Table 1. Chemical and mineralogical composition of the Portland cement CEM I 42.5 N.
Chemical composition (%)
CaO
65.73

SiO2
22.19

Al2O3
4.37

Fe2O3
4.30

Mineralogical composition (%)

MgO
0.67

SO3
0.18

С3S
60.3

Alkalis
0.70

С2S
16.8

С3A
6.9

С4AF
13.3

Table 2. Physicomechanical properties of the CEM I 42.5 N.
Setting time, h:min
start
2:30

Flexural strength, MPa

end
3:35

3d
5.8

28 d
8.1

Compressive strength, MPa
3d
33.6

28 d
46.6

Table 3. Characteristics of the sand used.
Characteristics

Value

kg/m3

Bulk density,
Fineness modulus
Content of dusty, clay and silt particles, % wt.
Specific gravity, kg/m3
Los Angeles abrasion value
Absorption capacity, %
Loss on ignition, % wt.
Sieve 0.9 mm residue, % wt.
Sieve 0.5 mm residue, % wt.

1400
1.8
0.7
2500
3.64
9.91
<1
<1
> 92

Table 4. Characteristics of gravel used.
Property

Physicomechanical

Mineralogical

Characteristics

Value

Specific gravity, kg/m3
Porosity, % vol.
Compressive strength, MPa:
dry
wet
Los Angeles abrasion value
Absorption capacity, %
Microcline, % wt.
Plagioclase, % wt.
Quartz, % wt.
Biotite, % wt.

2600
4.1
168
156
5.50
16.5
45–60
15–20
25–35
2–5

Table 5. Characteristics of expanded clay.
Compressive strength,
MPa

Freeze-thaw resistance,
cycles

Water absorption, %

Density, kg/m3

0.3–6

15

10–25

150–800

Table 6 lists the composition of the construction and demolition waste of Iraqi buildings and
structures. As it can be seen from Table 6, 99.88% of the waste from construction and demolition because
of hostilities in the cities of Iraq consists of rubble and cement concrete. The appearance of the crushed
demolition waste is shown in Fig. 2.
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Table 6. Composition of demolition waste.
Material

OPC

Crushed stone

Fiber

Wood

Metal

Plastic

Gypsum

Content, %

39.48

60.4

0.04

0.02

0.04

0.01

0.01

Figure 2. View of demolition waste.
Visual inspection of crushed stone from concrete waste shows that during crushing by a jaw crusher,
intermittent interlayers of mortar component firmly adhered to the rock remain on its grains. Sections of
crushed stone surface that do not have such a layer of cement-sand mortar contain thin films of hydrated
phases. There is every reason to believe that this will provide increased adhesion of the cement matrix of
concrete. The basis for this assumption is the fact that the adhesion of cement paste to various materials
grows in a row: quartz < granite < limestone < clinker. These assumptions are based on our previous
findings [22–27].

2.2. Methods
Demolition waste was crushed in a jaw crusher to obtain fractions of 2.5–5; 1.25–2.5; 0.63–1.25;
0.315–0.63; 0.16–0.315 and 0–0.16 mm. This raw material was used as a fine aggregate in further studies.
To study the demolition waste as supplementary cementitious materials, they were further milled by a VM20 ball mill (Russia) to sizes comparable to those of Portland cement.
The features of microstructure and compositions of the raw materials and products used as a result
of the synthesis of Iraqi materials were studied using theoretical and empirical methods. The morphologies
of the raw materials and the small concrete specimens of 15 mm×15 mm×4 mm were examined by
scanning electron microscope (MIRA3 TESCAN, Brno, Czech) operated at the accelerating voltage of
8.0 kV. Differential-thermal analysis (DTA) and thermogravimetry (TG) were carried out using a Shimadzu
DTG-60H thermogravimetric analyzer (Japan). The mix is poured into a cone 30 cm high, then after
removing the cone, the amount of slump is measured. The average density of concrete was determined on
specimens-cubes of 100×100×100 mm, dried to constant weight at 105 °C. The compressive strength of
concrete specimens (six specimens for each composition) was measured for 10×10×10 cm specimens
using a Shimadzu (Kyoto, Japan) tester with a capacity of 200 kN, according to the EN 12390-3. In the
experimental work, the methodological foundations of the system-structural approach in building materials
science “composition – technology – microstructure – properties” were used.
The chemical composition of the raw materials and the small concrete specimens was analyzed
using an ARL 9900 WorkStation X-ray spectrometer (Thermo Fisher Scientific, Waltham, USA) with an
integrated diffraction system. X-ray diffraction diagnostics of mineral crystalline phases (qualitative XRD)
was carried out using the PDF-2 diffraction database. To determine the quantitative ratios of the crystalline
phases, Rietveld full-profile quantitative XRD analysis was used. The calculations were carried out using
the DDM v.1.95e program: its Derivative Difference Minimization algorithm makes it possible not to refine
the approximation parameters of the complex structured background of the diffraction spectrum. Inorganic
Crystal Structure Database (ICSD) data were used as structural models of mineral components for fullprofile quantitative XRD analysis.
The error of all the results obtained does not exceed 5 %.

3. Results and Discussion
3.1.

SEM images and XRD patterns of various fractions of demolition wastes

As a result of grinding the demolition waste, screenings of fractions of 2.5–5; 1.25–2.5; 0.63–1.25;
0.315–0.63; 0.16–0.315 and 0–0.16 mm were obtained. SEM images of the obtained screenings are shown
in Fig. 3. The mineral composition of various fractions of demolition wastes is given in Table 7.
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Figure 3. SEM images of demolition waste fractions: 0–0.16 (a);
0.16–0.315 (b); 0.315–0.63 (c); 0.63–1.25 (d); 1.25–2.5 (e) and 2.5–5 (f).
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Table 7. The mineral composition of various fractions of demolition wastes (XRD patterns).
Particle sizes,
mm

SiO2

Ca(OH)2

0.00–0.16
0.16–0.315
0.315–0.63
0.63–1.25
1.25–2.5
2.5–5

48.4
55.2
56.4
65.1
64.4
62.8

11.5
7.4
11.0
12.0
10.5
11.0

Mineral composition, %
CaCO3
CSH
10.0
11.0
3.9
6.0
6.9
0

5.8
4.4
12.0
5.9
3.0
6.0

C3S

C2S

12.0
11.0
6.7
5.0
7.6
9.2

12.3
11.0
10.0
6.0
7.6
11.0

SEM images of various fractions of concrete waste show a significant amount of sharp particles, and
this amount increases with decreasing size from 2.5–5 to 0–0.16 mm. This form of aggregate is the most
rational, as it provides good adhesion between the aggregate and the cement matrix, thereby strengthening
the interfacial transition zone.
The comminuted form of particles, as well as a high content of silica and clinker minerals in them,
will contribute to their high activity, which is confirmed by the studies of other authors [2, 4, 6–10]. The
crushed particle shape contributes to a large specific surface area, which reacts with the hydration products
of the cement clinker. At the same time, the high content of silica and previously unhydrated clinker minerals
contributes to the high reactivity of the particles of finely ground concrete waste.

3.2. Compressive strength
The tests were carried out to replace natural sand with artificial crushed sand in expanded clay
concrete class C8/10 and heavyweight concrete class C16/20. The tests were carried out with partial and
complete replacement of sand with demolition waste with a particle size of 1.8 mm. In this case, concrete
mixtures were prepared on natural sand (control composition) and on artificial sand with partial replacement
(30 % range) until the replacement was complete (Table 8–9). As the research results showed, the
compressive strength of expanded clay concrete with the use of demolition waste increases, which is
explained by an increase in adhesion with cement paste.
Table 8. Compositions and properties of expanded clay concretes.
Materials content, kg/m3
Mix ID

Portland
cement

Natural
sand

Expanded
clay

Demolition
waste

Water

Slump,
cm

Average
density,
kg/m3

Compress.
strength,
MPa

LW-1
LW-2
LW-3
LW-4
LW-5

225
225
225
225
225

800
560
400
240
–

410
410
410
410
410

–
240
400
560
800

270
255
226
243
246

3–4
4–5
3–4
3–4
3–4

1670
1600
1625
1562
1564

16
17.2
19.8
17.9
17.7

Table 9. Compositions and properties of heavyweight concretes.
Materials content, kg/m3
Mix ID

Portland
cement

Natural
sand

Crushed
stone

Demolition
waste

Water

Slump,
cm

Average
density,
kg/m3

Compress.
strength,
MPa

HW-1
HW-2
HW-3
HW-4
HW-5

475
475
475
475
475

600
450
300
150
–

1350
1350
1350
1350
1350

–
150
300
450
600

237
237
237
237
237

4
4
4
4
4

2360
2340
2365
2344
2350

27
26.9
26.5
27.2
26

Tests to replace natural sand with artificial crushed sand in heavyweight concrete also showed that
the strength of concrete does not decrease, but even exceeds the control composition. This indicates that
the artificial crushed sand obtained as a result of the classification of screening crushed fragments of
destroyed buildings and structures can be used as fine aggregate in concrete. It was found that the obtained
results of compressive strength for lightweight concrete exceed the results of other authors by 12–31 %,
and for heavy concrete, by 15–36 % [4, 9–10, 19].
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3.3. Microstructure of composite
Fig. 4 shows the contact zone between the cement paste and the aggregate from the waste of
destroyed buildings. It is seen that there is a dense intergrowth and germination of concrete waste with the
surface of the cement matrix and they look like a single whole. A dense contact zone is ensured by the fact
that in the initial period, the aggregate absorbs water from the concrete mix. After the formation of a
capillary-porous microstructure, the water from the pores of the aggregate is sucked out by clinker minerals
and new growths, thereby increasing the degree of cement hydration without negatively affecting the
workability of the concrete mix. If the concrete waste is not large and has not been hydrothermally treated,
consequently, it may exhibit secondary (residual) cementitious properties due to the presence of
incompletely hydrated particles of belite, as well as portlandite, the amount of which reaches 15–25 % in
fresh concrete.

Figure 4. Contact zone between the cement paste
and the aggregate from the waste of destroyed buildings.
Consequently, concretes with active fillers and aggregates from concrete wastes are characterized
by its increased adhesion to the cement matrix, which provides final products with improved deformability,
crack resistance, resistance to dynamic loads, and other properties. These findings, based on the law of
affinity of microstructures, were proved by us earlier [22–23].

3.4. Compressive strength for concrete with milled demolition waste
Fig. 5 shows the dependences of the compressive strength on the amount of Portland cement
replaced by milled demolition waste. At the same time, in accordance with the law of affinity of
microstructures, concrete waste was milled until it reached a specific surface area of Portland cement (300350 m2/kg). This is confirmed by similar studies by Lesovik et al. [23] carried out for binder composites and
aggregates of a different genesis.

Figure 5. Dependences of the compressive strength on the amount
of Portland cement replaced by milled demolition waste.

3.5. SEM images, XRD patterns and DTGA analysis
The addition of chemical and mineral additives to Portland cement leads to a change in the mechanism
and rate of reactions of the interaction between clinker cement minerals and water. Mineral additives can
interact with new growths of cement stone with the subsequent formation of new phases, which have a
different effect on the properties of hardened cement stone. In this regard, the effect of concrete waste on the
processes of cement paste hydration was tested using the methods of DTA and XRD.
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The DTA pattern of hydrated Portland cement with the addition of milled concrete waste (Fig. 6) has
an intense multi-stage endothermic effect with a maximum at a temperature of 101.8 °C, which is explained
by the intensive removal of water. The endothermic effect with a maximum at a temperature of 447.6 °C is
associated with the dehydroxylation of portlandite. The presence of such a pronounced endo effect of
portlandite indicates that the active mineral additive – in this case, concrete waste – did not absorb and
bind all calcium hydroxide, so the liquid phase of concrete is saturated with this hydroxide. In a medium of
saturated lime solution, it is known that highly basic C-S-H (II) calcium hydrosilicates are stable, and not
low-basic C-S-H (I) hydrosilicates. It follows from this that the most important binding component of Portland
cement hardening products with the addition of concrete waste are the mentioned fibrous calcium
hydrosilicates of the C-S-H (II) group.

Figure 6. DTGA pattern of hydrated Portland cement
with the addition of milled concrete waste.
Weak endo effects at 689.2 °C and 713.3 °C are mainly associated with decarbonization of weakly
crystallized metastable forms of calcium carbonate CaCO3, which were formed due to partial carbonization
of calcium hydroxide. XRD pattern (Fig. 7) fully confirms the results of DTA data. The X-ray diffraction
pattern of the same sample of hydrated cement with the addition of milled concrete waste has some peaks
of the remains of unhydrated clinker minerals (d = 4.343; 4.270; 3.357 and 3.198 A). A small sharp peak
with an interplanar distance of 2.637 A characterizes the presence of portlandite. The same is confirmed
by the SEM image of developed concrete at the age of 28 days (Fig. 8). A dense microstructure is noted,
provided by both Portland cement products and hydration, and, in part, by hydration products of previously
unreacted clinker minerals present in the concrete waste and activated during its milling.

Figure 7. XRD pattern of hydrated Portland cement with the addition of milled concrete waste.
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Figure 8. SEM image of developed concrete at the age of 28 days.

4. Conclusion
This article presents the possibility of recycling construction waste to solve two problems: waste
disposal and improvement of the physicomechanical properties of concrete by adding recycled waste as a
filler or aggregates. The sharp form of particles, as well as the high content of silica and clinker minerals in
them, contribute to their high activity. Based on the results obtained, we can draw the following conclusions.
1. The use of demolition waste of buildings and structures as a fine aggregate gives similar results
in the mechanical characteristics of heavyweight and lightweight concrete, as when using natural sand.
This is due to the dense growth and sprouting of concrete waste to the surface of the cement matrix, as a
result of which they look like its integral part.
2. In case of replacing up to 20 % of Portland cement, the demolition waste as a supplementary
cementitious material allows obtaining better compressive strength of both heavy and light concrete. This
is due to compaction of the microstructure by hydration products of previously unreacted clinker minerals
present in concrete waste and activated by milling it. This allows the interfacial transition zone between the
cement matrix and the aggregate to be compacted due to the formation of additional hydration products in
a constant volume.

5. Prospects for further development of the topic
Further research can be aimed at creating completely cementless binders, using only finely ground
concrete waste as a binder.
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Abstract. Shell structures with a mid surface of helicoid shape find application in many technical fields,
mostly in civil and mechanical engineering. There is a variety of helicoid shells, but the most well-known
and used are two types of ruled helicoids: right and oblique. The article is devoted to analytical and numericanalytical methodologies for shallow right and oblique helicoids. The general approach is based on
Kirchhoff–Love linear theory of thin elastic shells. Analytical results can be used for preliminary design and
calculations aimed at the understanding of construction physics and regularities of stress-strain state
behavior. Two methodologies of stress-strain analysis are presented: the analytical method for shallow right
helicoid, and the numeric-analytic method for oblique helicoid (including any special or degenerated case).
The numerical results are verified. The results and approach outlined could be of interest to designers and
scientists, who want to understand the generalities of thin ruled helicoid shell behavior.

1. Introduction
Shells of helicoidal surface form are permanently in focus among scientists because they have the
potential to be applied in the construction [1, 2], architecture [3] and mechanical engineering [4, 5]. The
Archimedes screw turbines become popular because of global energy-saving trend [6, 7]. The entrance
vehicle and wheelchair ramps are in common use in most objects of urban infrastructure, so the design of
such objects is important today. Steel and reinforced concrete helicoid shells of the three most common
types – right, oblique and developable, are usually used while designing the objects of different purpose,
like parking spaces, transport interchanges, railway junctions, in the most cases the shells are shallow and
have small lead of helix. In machine construction, conversely, non-shallow shells of high helix are used.
Despite these structures are widely used in very diverse fields [8–12], not so many papers are devoted to
mechanics of helicoidal shells and particulary to their stress-strain state [13–17], so the topic seems to be
not developed enough. This job is devoted to the design of shallow shells of oblique and right type for
structural purposes.
The present study concerns thin elastic shells, which can be calculated in Kirchhoff-Love theoretical
model [18]. The models of shells and plates mechanical behaviour are constantly improving, but the
Kirchhoff-Love hypothesis remains the basis of the linear elastic shell theory. Such objects have a range of
advantages in technical-and-economical indexes, they are light in weight, the minimal thickness of these
shells is limited by technological characteristics of erection, like pump-crete machine application. While
implementation of special technologies, like concrete pump placing, these limitations can be eliminated.
The research of thin elastic shells has been conducted intensively since the 60-s of 20-s century, the
various models and algorithms have been developed [19–22]. All of them can be divided into three main
groups: analytical, numeric and numeric analytical methodologies. The right and developable helicoid
analyses are more developed comparative to the oblique. Obviously the first two have more simple
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expressions of surface equations, and therefore the quadratic forms expressions are simple too. The
oblique helicoid equations are defined in general case in non-conjugate non-orthogonal coordinate system,
so the expressions are cumbersome.
Among the variety of helicoidal surfaces [23] the most popular and handy are right [24], oblique [25]
and developable [26–28] helicoids. At the stage of design study, for comparison and verification of results
it is very good to have a standard of reference, some simple example of precise analytical solution that can
be used like benchmark before creating detailed complex model. Such an example can be got by analytical
approach using modern computer technologies, which give us a powerful software and hardware means of
analysis. The analytical methods were popular while designing real objects about
25–30 years ago, and now they are replaced by finite element method. But they are still necessary because
of the range of advantages, main of which is obviousness of physical meaning. Due to improvement of both
hardware and algorithms, the most of difficulties of computation are resoluble now. If the analytical solution
can’t be obtained, the equations can be solved by numeric methods. In this case the methodology is called
numeric-and-analytic. The accuracy of such methodology is formally lower than the accuracy of analytical
methodology and is defined by the numeric method applied, but the results are also valuable [14, 18]. In
the present paper analytical and numeric-analytical methods for shallow helicoidal shells are considered
for right and oblique helicoids.

2. Methods
2.1. General Methodology
General form of helicoid surface equation can be conceived in vector form:

r ( u , v ) = u ⋅ cos ( v ) ⋅ i + u ⋅ sin ( v ) ⋅ j + ( f ( u ) + c ⋅ v ) ⋅ k ,

(1)

Where c is a parameter of helix pitch, if c = 0 helicoid degenerates into surface of revolution.
If Oz axis is axis of rotation, then

z = f (u )

is a generator plane curve equation.

A, B, F , which characterize
the inner geometry of the surface in any point vicinity, and coefficients of second quadratic forms M , N ,
The basic terms of surface theory are coefficients or first quadratic form

which characterize the outer geometry of the surface in any point vicinity [30].
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Ru , Rv , Ruv are radii of curvature of normal sections along coordinate lines u and v,
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u = u ( u , v ) is a vector of elastic displacement of a point of the middle surface which can be expanded
ru
rv
u A + uv B + u z n , where uu , uv , u z are displacement components, n

in axis of basic trihedral: u = u
is normal unit vector.

The Christoffel’s symbols of surface coordinates can be expressed in terms of A, B,

1 =
Г11
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While designing shell structure the coordinate system choice is crucial. Among the huge variety of
any curvilinear coordinates u, v there are some coordinate lines of the important properties, these are: the
network of conjugate lines, the network of orthogonal lines, the network of principal curvatures. Any surface
can be attributed to curvature lines, which are defined uniquely.
The equations of shell theory can be established in the simplest form if the network of principal
curvature is set as coordinate lines of the shell midsurface. The problem is to find analytically curvatures of
the surface given. There are some surfaces, which can only be set in curvilinear non-orthogonal nonconjugate coordinate systems.
The classical Kirchhoff-Love thin elastic shell theory is based on the assumptions, the similar to the
beam theory. Three-dimensional problem of the theory of elasticity can be reduced to two-dimensional
problem because of these assumptions. Stress-strain state of the shell can be presented by functions of
two variables, which are coordinates of point on shell midsurface. In this study the non-linear effects are
not considered, components of elastic displacement vector and their derivatives are supposed to be so
small that the members nonlinear with respect to them, should be neglected.
A.L. Goldenveizer suggested a full system of equations of the thin elastic shell theory, this theory is
recognized as a classical [31]. The theory contains several groups of equations: the equilibrium equations,
the stress-strain relations, the geometrical relations and continuity equations, (which are not of necessity in
the current case). The positive directions of the following inner forces and moments are presented on Fig. 1.

Figure 1.The axis, inner forces and moments.
Equilibrium equations in non-conjugate non-orthogonal (most general type) coordinate system u, v:

( (

1 ∂
B Nu + cos χ Su
sin χ ∂u

))

−

B2 2
1 ∂
Г sin χ Su −
A Sv − cos χ N v
A 11
sin χ ∂v

2 sin χ N − sin AB  Qu − Qv
− BГ12
v
χ  Ru Ruv
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( (

))

( (

1 ∂
1 sin χ N + 1 ∂ A N − cos χ S
B Su + cos χ Nu − AГ12
u sin χ ∂v
v
v
sin χ ∂u
A2 1
AB  Qv Qu 
+
−
Г 22 sin χ Sv −
0,

 + AB (Y + cos χ X ) =
B
sin χ  Rv Ruv 
N
N
S − Su
AB  u + v + v

Rv
Ruv
 Ru

)) +

 ∂
∂
BQu +
AQv + AB sin χ Z =
0,
+
 ∂u
∂
v


(

)

(

)

1 ∂
B2 2
B M uv + cos χ M u −
Г si n χ M u −
sin χ ∂u
A 11
1 ∂
2 sin χ M + ABQ =
−
A M v − cos χ M uv − BГ12
vu
v 0,
sin χ ∂v

( (

))

( (

))

( (

1 ∂
B M u + cos χ M uv
sin χ ∂u
+

( (

1 ∂
A M vu − cos χ M v
sin χ ∂v

))

+

1 sin χ M +
) ) − AГ12
uv

A2 1
Г sin χ M v − ABQu =
0,
B 22

M
M
M − Mu
=
sin χ Su + Sv + uv + vu + v
0,
Ru
Rv
Ruv

)

(

where

Nu , Nv are axial forces along u, v respectively;
M u , M v are bending moments around u, v respectively;
M uv = M vu are twisting moments;

Qu , Qv are shear forces along u, v respectively;
Su , Sv are cutting forces along u, v respectively;
(see Fig. 1)
Strain-displacement relations:

u
1 ∂
A sin χ 2 1
εv =
uv + uu cos χ −
Г 22uu + z ,
B ∂v
Rv
B2

(

)

u
1 ∂
B sin χ 2 2
εu =
uu + uv cos χ −
Г11uv + z ,
A ∂u
Ru
A2

(

ωu =

)

sin χ ∂
1 ∂χ 
 sin χ 1
uv − 
Г12 +
u +
A ∂u
A ∂v  u
 B

 B sin χ 2 1 ∂χ 
1  1
cos χ 
+ cos χ 
Г11 +
u
−
+

u ,

A ∂u  v sin χ  Ruv
Ru  z
 A2
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ωv =

sin χ ∂
 sin χ 2 1 ∂χ 
Г +
uu − 
u +
B ∂v
 B 12 B ∂v  v

 A sin χ 1
1 ∂χ 
1  1
cos χ 
+ cos χ 
+
Г 22 +
uu − −

u ,

B ∂v 
Rv  z
sin χ  Ruv
 B2

ε uv= ω= ωu + ωv ,

(

)

u
u
1
1 ∂
ω − ωu ,
=
γu
u z − u + v=
,δ
2 v
A ∂u
Ru Ruv

1 ∂  γ u − γ v cos χ  sin χ 1
δ
−
Г12γ v +
,
κu =

−
A ∂u 
si n χ
B
Ruv

1 ∂  γ v − γ u cos χ  sin χ 2
δ
κv =
−
Г12γ u −
,

−
B ∂v 
si n χ
A
R

uv

τ

τ

1 ∂  γ v − γ u cos χ  B sin χ 2
(1) =
−
−
Г γ

τ

δ
1 ∂  γ u − γ v cos χ  A sin χ 1
( 2) =
−
Г 22γ u +

−
2


A ∂u 

A ∂v 

(1) =
κ −κ
uv

sin χ

sin χ

u cos χ +






A2

δ

11 u + R ,
u
Ru

B

,

ε uv cos χ  ε uv
1 
,
 ε v si n χ −
−
Ruv 
2
 2 Ru

ε uv cos χ  ε uv
1 
( 2) =
−κ uv + κ v cos χ −
,
τ  
 ε u sin χ −
−
Ruv 

where

εu
εv

2



2 Rv

is relative tension of middle surface along line u;
is relative tension of middle surface along line v;

ε uv

is alteration of angle between lines u, v;

( )
γ v is angle of rotation of vector r v towards vector n in plane ( r v , n ) ;
γu

is angle of rotation of vector

r u towards vector n in plane r u , n ;

ωu

is angle of rotation of vector

r u towards vector r v in tangent plane;

ωv

is angle of rotation of vector

r v towards vector r u in tangent plane;

Гijn are Christoffel’s symbols (with 3 indexes).
The two subscripts specify derivative variables for r = u ( u , v ) on the left side of the corresponding
equality, and the superscript indicates which derivative of r = u ( u , v ) is followed by this coefficient (the
digit 1 corresponds to the parameter u, and the digit 2 corresponds to the parameter v).
The stress-strain (physical) relations in accordance with Hooke’s law:
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Eh  ε v − ε uv ctgχ + νε u 
 ε u − ε uv ctgχ + νε v 

,

 , Nv =
sinχ
sinχ

1 −ν 2 

1 −ν 2 

Nu =

(

Eh

Eh
Su =
− Sv =
2 1 −ν 2

(

)

Mu = −

M uv =

(

)

)

 1 + cos 2 χ

Eh

ε uv − ε u − ε v ctgχ  −
ν ε uv − ε u − ε v ctgχ ,
2
 sin χ
 2 1 −ν 2



(

)

(

)

(

(

)

 κ u + νκ v 
Eh3  κ v + νκ u 

,

, Mv = −
12 1 −ν 2  sinχ 
12 1 −ν 2  sinχ 
Eh3

(

)

Eh3  κ uv − cosχκ v

12 (1 + ν ) 
sin χ

(

)

(7
)

)


Eh3  κ uv + cosχκ u
,
M
=
−


vu
12 (1 +ν ) 
sinχ



,


Where E is modulus of elasticity, h is shell thickness, ν is Poisson’s ratio.
These expressions form the system of 20 design equations, which makes possible to define twodimensional parameters of inner forces and moments.

2.2. Oblique helicoid stress-strain analysis
2.2.1 Theoretical base
The oblique helicoid is a surface arising by moving oblique line along helicoidal line (Fig. 2). The
much-used parametrical equation of this surface can be conceived of as [28]:

x = u ⋅ cos ( v ) , y = u ⋅ sin ( v ) , z = k ⋅ u + c ⋅ v,

(8)

where k is generator’s slope ratio.
This is the equation in cylindrical coordinate system (Fig. 2, a). Also the oblique helicoid surface
equations (5) can be established in oblique axis (Fig. 2, b):

x=
u ⋅ cos (ϕ ) ⋅ cos ( v ) , y =
u ⋅ cos (ϕ ) ⋅ sin ( v ) , z =
u ⋅ sin (ϕ ) + c ⋅ v,

(9)

v coordinate is generator rotation angle, like in cylindrical system, ϕ = const is the generator obliquity
angle.
This coordinate system is non-orthogonal and non-conjugate, but the expressions of quadratic forms
would be slightly simpler in comparison to those in cylindrical system:

A ==
u 2 ⋅ cos 2 ϕ + c 2 , F =
c ⋅ sin ϕ ,
1, B
−
M=


c ⋅ cos ϕ
u 2 ⋅ sin 2ϕ
c ⋅ sin ϕ
−
a ⋅ cos ± 
,N =
,χ =
 2
2
2
u 2 + c2
u 2 + c2
 u ⋅ cos ϕ + c
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a) In cylindrical coordinate system

b) In curvilinear coordinate system

Figure 2. Oblique helicoids.
To simplify the task, assume that the helicoid has many coils, and the stress-strain state does not
depend on the boundary conditions along the straight borders, and, consequently, does not depend on v
coordinate.
The methodology is well known in shells and plates theory, it is quite straightforward, like brute-force
solution. Substituting the strain-displacement relations (6) into the stress-strain equations (7), and after that
the forces and moments expressions into the equilibrium equations (5), finally we can obtain a system of 3
ordinary differential equations in displacements. Actually, all parameters are expressed by displacements
to get rid of other unknown variables, except three displacements and their derivatives. The main
computational problem is to obtain and simplify the coefficients before them, because they are quite
cumbersome. The full system of equations is not quoted in this article because of excessive volume, all
procedure of dealing with those cumbersome coefficients and their’s simplification is computerized. Modern
smart software provides an opportunity to process huge symbolic expressions and exclude mistakes of
“human element”.
The general form of the differential equation system is given below:

d 2uu
du
du
d 2uu
du
du
= K10uu + K11 u + K12uv + K13 v + K14u z + K15 z + K16 z + K17
+ K1X X ,
du
du
du
du
du 2
du 2
d 2uv
duu
duv
d 2uu
du z
du z
= K30uu + K31
+ K32uv + K33
+ K34u z + K35
+ K36
+ K37
+ K3Y Y ,
2
2
du
du
du
du
du
du
4
d 2uu
duu
duv
du z
du z
d uz
+ K76
+ K77
+ K7 Z Z .
= K70uu + K71
+ K72uv + K73
+ K74u z + K75
du
du
du
du
du 2
du 4

(11)

The system can be reduced into the first-order system of 8 differential equations by the substitution:

d 2u z
d 3u z
duv
duu
du z
= y6 ,
= y7 .
uu = y0 ,
= y1, uv = y2 ,
= y3 , u z = y4 ,
= y5 ,
du
du
du
du 2
du 3

(12)

This is a routine procedure of reduction of order of ordinary differential equation system.
Finally, we can obtain the first-order system of ordinary differential equations
other terms

y′ = f ( x, y ) where:
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 y0  
  
 y1  
  
 y2  
y  
3 
=
y =
y  
 4 
 y5  
  
 y6  
  
 y7  



uu 

' 
uu

uv 

' 
uv 

, yi )
u z  , f (u=

' 
uz

'' 
uz 

''' 
uz 


( )
( )

( )
( )
( )

 f0 
 
 f1 
f 
 2
f 
3
=
f 
 4
 f5 
 
 f6 
 
 f7 

 y1 
 
 f1 
y 
 3
f 
3
=
y 
 5
 y6 
 
 y7 
 
 f7 

 (uu )′ 


 (uu )′′ 


 (uv )′ 
 (u )′′ 
 v ,
 (u )′ 
 z 
 (u z )′′ 


 (u z )′′′ 


(u z )′′′′

(13)

f1 = k10 y0 + k11 y1 + k12 y2 + k13 y3 + k14 y4 + k15 y5 + k16 y6 + k17 y7 ,

f3 = k30 y0 + k31 y1 + k32 y2 + k33 y3 + k34 y4 + k35 y5 + k36 y6 + k37 y7 ,
f7 = k70 y0 + k71 y1 + k72 y2 + k73 y3 + k74 y4 + k75 y5 + k76 y6 + k77 y7 .
The full system of 8 differential equations is not presented in the article because of excessive volume.
The boundary conditions were considered as that: The shell was fixed rigidly along the whole contour.
Its calculation model’s boundary conditions with this support were supplemented by conditions:

'
' u
u=
( u2 ) u=
( 2 ) 0, where u1
u ( u1 ) u=
v ( u1 ) u=
z ( u1 ) u =
z ( u1 ) 0, uu=
v ( u2 ) u=
z ( u2 ) u z=

and

u2

are the coordinates of inner and outer curvilinear edges.
These ordinary differential equation systems can be solved by numeric methods [32, 33], particularly
by means of sweep method, which is constantly improving and being modified [34, 35]. Differential sweep
method of the most simple modification let solve such systems in case of the most simple boundary
conditions, that is demonstrated in the present job. Through the sweep method algorithm execution the
corresponding Cauchy’s problems are solved by Runge-Kutta-Fehlberg 5’th order method, that is realized
by Giac/Xcas software package for symbolic calculations. In prospect of this job, modified methods of
orthogonal successive substitution will make possible to solve similar systems with more complex boundary
conditions ensuring the calculation stability.
So that, this method can be called numeric-analythical or semi-analythical, because the faithful and
obvious in their physical meaning differential equations are solved by approximate numeric method. With
some initial modifications and assumptions the methodology can be applied to shallow or non-shallow
shells (the non-shallow variant is more universal, but demands more resources of computer). In the present
article the modification for shallow shells was applied.
After calculating the deformations and their derivatives we can calculate internal axial and shear
forces and bending and twisting moments.

2.2.2 Numeric experiments
Modern computers and software have high potential for either numerical or symbolic computations,
and provide wide opportunities for processing cumbersome expressions. Thus, computational complexities,
like stress-strain analysis of thin shells in non-orthogonal non-conjugate system, can be fulfilled and
realized. The series of numeric experiments were conducted for helicoidal shells with variable geometrical
parameters. Both shallow and non-shallow shells were investigated. In the first series of numeric
experiments the influence of the generator obliquity angle on the stress-strain state was analyzed.
The series of numeric experiments were conducted for helicoidal shells with variable geometrical
parameters. In the present job the shallow shells were investigated.
The calculation example for the methodology is given for the shell of reinforced concrete material
Tupikova, E.M., Rynkovskaya, M.I.
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(Fig. 3). Both edges are fixed, an equally distributed vertical load is applied. The generators obliquity angle
𝜑𝜑 = 5°, contour radius R1 = 2 m, R2 = 4 m; thickness of 12 cm and pitch of 0.01·2π. The material
characteristics: modulus of elasticity Е = 32500 MPa, Poisson’s ratio ν = 0.17. Load intensity is 10 kPa (Fig.
4). The approach is performed by Giac/Xcas software. The test results are shown in Fig. 5.

Figure 3. The model scheme.

Figure 4. The loading.

Figure 5. Inner axial forces.

Figure 6. Inner bending moments.

Figure 7. Deflection.
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2.3. Right helicoid stress-strain analysis
The right helicoid (Fig. 5) is a surface arising by moving a straight line along helicoidal line when the
angle between the straight line and the axis of the surface is equal to 90º. The much-used parametrical
equation of this surface can be conceived of as:

Figure 8. Right helicoid.

x ucosv b2 − 4ac , y = u sin v , z = cv ,
=

(14)

where c is displacement of the generator upon its rotation by 1 radian, or the ratio of the translational
velocity to the circular velocity;

u, v are curvilinear coordinates of the point C of helicoids;
u is the distance from point C to axis z;
v is the rotation angle of generator AB from the plane zOx to the point C.
For right helicoids

f (u ) = 0

and coefficients of the first and second quadratic forms are

2 u 2 + c 2 , F = 0 , χ = π 2 , cos χ = 0 ,
A2 = 1 , B=

L = 0, M =
−c u 2 + c 2 , N = 0 .
If input the first and second quadratic form coefficients into

A2 du + Fdv
Ldu + Mdv

Fdu + B 2 dv
=0
Mdu + Ndv

It can be found

2
du=

(u2 + c2 ) dv2

(15)

,

du dv =
± u 2 + c 2 ,.
The angle between direction du dv and direction dv = 0 is

cos α

A2 du + Fdv
=
A2 du 2 + 2 Fdudv + B 2 dv 2
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du
2du 2
du
=
du 2 + u 2 + c 2 dv 2

(

)
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(16)

Magazine of Civil Engineering, 106(6), 2021

It means that the angle between every direction and generator dv = 0 is 45º.
Main curvatures may be found by the equation

1
Ldu + Mdv
=
R A2 du + Fdv

λ=
and for the right helicoid

1
R1, 2

=

c
u 2 + c2

, k = k1k2 = −

(

c2

(17)

)

2
u 2 + c2

, kcр = 0 .

The third equation of (17) shows that right helicoid is a minimal surface, the second equation of (17)
shows that the torsion of a helical line passing through a given point of a straight helicoid can be expressed
by quantity

с
.
−k =
u 2 + c2

l

R

Shell is considered to be shallow if the following conditions are satisfied: min ≥ 5, min ≥ 20 .

f

Where

h

lmin is minimum size of the shell projection f is shell depth, h is shell thickness, Rmin is

minimum radius.
For shallow shells equilibrium equations can be reduced, and geometrical and physical relations can
be essentially simplified. After the transformations finally one equation from equilibrium group and one
equation of continuity base the system of mixed-mode method.
Differential operators

1
u 2 + c2

=
∇ 2 ...

∇ 2k ... =
−

(

∂ 
∂... 
1
∂ 2 ... 
  u 2 + c2
,
+
2
∂u 
2
2
 ∂u 
v
∂
u +c



∂  ∂...
u... 
−
.

3 2 ∂v  ∂u u 2 + c 2 
2
2
u +c
2c

(18)

)

In the case of shallow helicoid analysis c
second quadratic forms coefficients will be:

2 can be neglected in comparison to u 2 , and the first and

A = 1 , B = u , F = 0 , L = 0 , M = −c u , N = 0 ,
1  ∂  ∂...  1 ∂ 2 ... 
2
 u
,
=
∇ ...
+
u  ∂u  ∂u  u ∂v 2 



(19)

2c ∂  1 ∂... 
H 1 ∂  1 ∂... 
,
∇2
=
−
=
−
...


k
π u 2 ∂u  u ∂v 
u 2 ∂u  u ∂v 
where H = 2π c . The calculation equations for the shallow helical shells:

∇ 2∇ 2ϕ =− E ⋅ h ⋅
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⋅ 
,
π r 2 ∂r  r ∂v 

H

⋅

(20)
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∇ 2∇ 2ϕ =− E ⋅ h ⋅

1 ∂  1 ∂u z 
⋅ 

π r 2 ∂r  r ∂v 
,

H

⋅

which were derived by E. Reissner on the basis of K. Markever's equations for round plates having large
deformations. They are solved for a number of particular cases

u z = u z ( u ) and φ = φ ( u ) , u z = kv and

some others. V.G. Rekach and S.N. Krivoshapko proposed more general cases of solving equations (20).
The methodology was developed in [23] and some numeric results were obtained.
Equations (20) are equations of Eulerian type and are reduced to equations with constant coefficients
by substitution

u = et or t = ln u .
While using the following relations

d ... 1 d ...
=
,
du u dt
d 2 ... 1  d 2 ... d ... 

,
=
−
2
2
2


dt
du
u  dt

d 3... 1  d 3...
d 2 ...
d ... 

,
=
−3
+2
3
3
3
2


dt
du
u  dt
dt

d 4 ... 1  d 4 ...
d 3...
d 2 ...
d ... 

,
=
−6
+ 11
−6
dt 
du 4 u 4  dt 4
dt 3
dt 2


(21)

Homogenous operators can be obtained:

1  ∂ 2 ... ∂ 2 ... 

,
+
u 2  ∂t 2 ∂v 2 
1  ∂ 4 ...
∂3...
∂ 2 ...
∂3...
∂ 4 ...
∂ 2 ... ∂ 4 ... 

,
∇ 4 ...
=
−4
+4
−4
+2
+4
+
4
4
3
2
2
2
2
2
4

∂t
∂t
∂t ∂v
∂t ∂v
∂v
∂v 
u  ∂t
2 ...
∇
=

(22)


1 ∂  ∂
− 1 ... .,

u 4 ∂v  ∂t 2 
If switching from coordinates u, v to u, t the (20) will become:
=
∇ 2k ...

H 2
Z
∇k ( t , v ) φ =
e4t ,
πD
D
EhH
∇4 ( t , v ) φ +
∇ 2k ( t , v ) u z =
0,
π

∇4 ( t , v ) u z −

where

(23)

∇ 4 ( t , v ) ... =
u 4∇ 4 ..., ∇ k 4 ( t , v ) ... =
u 4∇ k 4 ...,
 EhH
 π

In the case of determination: φ = 

4
 2
 ∇ k ( t , v ) Φ ( t , v ) , and u z = −∇ ( t , v ) Φ ( t , v ) equations


(17) can be combined into one equation of eight order:

∇8 ( t , v ) Φ ( t , v ) + p 2∇ k4 ( t , v ) Φ ( t , v ) =
− e 4t Z ( t , v ) D ,
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EhH 2
where
=
p2 =
π 2D

(

)

12 1 −ν 2 H 2
.

π 2h2

The solution of equation (24) can be found in trigonometric Fourier series

Φ (t, v ) =

∞
∑ Φ m ( t ) sin mv where coefficients of the series may be obtained from differential
m =1

equations

EhH 2
where
p2 =
=
π 2D

∇ 4 ( t , m ) ... =

(

∇8 ( t , m ) Φ ( t ) − p 2∇ 4k ( t , m ) Φ ( t ) =
0,

)

12 1 −ν 2 H 2

π 2h2

.

(

)

(

)

d 4 ...
d 3...
d 2 ...
d ...
−4
+ 2 2 − m2
+ 4m 2
+ m2 m2 − 4 ...
4
3
2
dt
dt
dt
dt
d

∇2
t
,
m
...
=
±
m
(
)
 − 1 ... .
k
 dt 

(25)

In this case inner forces and moments are obtained from the following formulas:

EhH 1 ∞  d m2  2
1 ∂φ 1 ∂ 2φ
 ∇ ( u , m ) Φ ( u ) sin mv ,
=
±
Nu = +
∑  −
m
π u m = 1 du u  k
u ∂u u 2 ∂v 2


∂ 2φ
EhH d 2 ∞
2
Nv =
=
±
∑ ∇ k ( u , m ) Φ m ( u ) sin mv ,
2
2
π
∂u
du m = 1
∂  1 ∂φ  EhH 1  d 1  ∞
2
− 
S=
 =  −  ∑ m∇ k ( u , m ) Φ m ( u ) sin mv ,
∂u  u ∂v 
π u  du u  m = 1
d 1 ∞ 6
∂
Qu =
D
− D ∇ 2u z =
∑ ∇ ( u , m ) Φ m ( u ) sin mv ,
∂u
du u 2 m = 1
D ∂ 2
D ∞
6
Qv =
−
∇ uz =
±
∑ m∇ ( u , m ) Φ m ( u ) sin mv ,
3
u ∂v
u m =1
 ∂ 2u
2 

ν  ∂u z 1 ∂ u z  
z

−D
+
+
=
Mu =
 ∂u 2 u  ∂u u ∂v 2  


 
∞  d 2 ν  d m2   4
  ∇ ( u , m ) Φ ( u ) sin mv ,
= D ∑ 
+  −
m
2


u
du
u

m = 1  du


2 
  ∂u
∂ 2u z 
1  z 1 ∂ uz 

=
Mv =
−D
+
+ν
2
 u  ∂u u ∂v 2 
∂u 

 

∞  1  d m2 
d2  4
 ∇ ( u , m ) Φ ( u ) sin mv ,
 +ν
= D ∑  
−
m
2


u
du
u


du 
m = 1 
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M uv =
− (1 −ν )

=
 (1 −ν )

D ∂  ∂u z u z
−

u ∂v  ∂u
u


=


D d 1 ∞
4
 −  ∑ m∇ ( u , m ) Φ m ( u ) sin mv .
u  du u  m = 1

 d

− 1 ... ,
 du 

where ∇ 2 ( u , m ) ... =m  u

k



d2
d
∇ 2 ( u , m )=
+u
− m2  ... .
...  u 2
 du 2

du


In

order

to

find

particular

solution,

it

is

possible

to

use

Fourier

series



d2
d
∇ 2 ( u , m )=
...  u 2
+u
− m2  ... , expand the right part of the equations (20) in trigonometric
 du 2

du


series:

e4t
e4t ∞
−
Z (t, v ) =
−
∑ Z ( t ) sin mv ,
D
D m =1 m

(27)

and obtain the solution m member of series

4t
∇ 4∇ 4 ( t , m ) − p 2∇ 2 ∇ 2 ( t , m )  Φ ( t ) =− e Z ( t ) ,
k k


D m
2
4
where ∇ ( t , m ) ... and ∇ ( t , m ) ... are the same as for a general solution
k
In the case of the loading applied only along

(28)

4q
Z axis, two cases can be considered: Z m =
for
πm

m +1
π
π
4q
0 < v < π or Z m =
−
( −1) 2 for − < v < , when m = 1, 3, 5, …, and equation (28) can be
2
2
πm
rewritten as follows:

4t
∇ 4∇ 4 ( t , m ) − p 2∇ 2 ∇ 2 ( t , m )  Φ ( t ) =− 4q e for 0 < v < π ,
k k


πm D
m + 1 e4t
4q
π
π
∇ 4∇ 4 ( t , m ) − p 2∇ 2∇ 2 ( t , m )  Φ (=
t)
for − < v < ,
( −1) 2
k k


D
πm
2
2

(29)

and finally

Φm (t ) =
Ae4t for 0 < v < π ,

m +1
π
π
Φm (t ) =
− A ( −1) 2 e4t for − < v < ,
2
2

(30)

where

A=

−4q
Dπ m  46 + m8 − 40m6 + 528m4 − 2560m2 − 9 p 2 m2 



.

This method can be considered purely analythical, such solution became possible because of the
simplicity of right helicoid quadratic forms. This solution results are precise and so that can be used as a
benchmark for comparison to numeric and numeric-analythical solutions.
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According to the methodology suggested in part 2.2, it is possible to analyze the stress-strain state
of a shallow right helicoid. Several test examples are represented in comparison with results obtained by
another methodology (part 2.1) for oblique helicoid in the case when the angle between the plane and the
generator is equal to zero.

3. Results and Discussion
The numeric experiments were carried out in present investigation to verify and compare the
methodologies given and also to define the border between shallow and non-shallow models.
The first comparison was made for method from chapter 2.1 and finite element method.
The comparison demonstrates close agreement of results, obtained by the numeric-analytic method
and those obtained by finite element analysis.
The model is identic to model in example in 2.1.2.
The series of calculations were conducted for shells with different φ angle in limits from 0º to 15º.
Table 1. The results comparison for different angles.
φ

0

3

5

10

15

Maximum deflection along z axis
method 1*, m
The same, method 2*, m
Maximum bending moment Mu,
method 1*, KN·m/m

8.69·10–5

8.45·10–5

8.43·10–5

7.99·10–5

4.67·10–5

8.7·10–5
3914/
–1663
3711/
–1667

8.6·10–5
3805/
–1614
3689/
–1656

8.0·10–5
3593/
–1524
3639/
–1636

7.4·10–5
2853/
–1191
3428/
–1532

6.6·10–5
2076/
–852
3108/
–1374

The same, method 2*, KN·m/m

* method 1, – numeric- analytical, method 2 – finite element method

The finite element calculations were carried on by ANSYS APDL 15 software application. The finite
element model represents a shell segment of 45º. It was proved that such a segment is sufficient to get the
representative deflection and stress shape in the middle section [36]. The finite element SHELL181 was used
for the calculation, quadrilateral finite elements were used according to the recommendations of official
guideline [37], mesh size of 10 cm was sufficient to obtain the stable results. The loading was applied as
gravity (dead load).

Figure 9. Finite element model.
Because of these results the boundary between shallow and non-shallow model can be determined
near 10º generator obliquity angle for shells with a small pitch. This angle approximately corresponds to
shell ratio of rise to plane size of 1/5.
The second comparison was made for right helicoid shell, calculated by numeric-analytic method
and purely analytic method. The method from chapter 2.1 (for oblique helicoid) is also suitable for stressstrain analysis of shells with middle surface of special and degenerated cases of helicoid: if ϕ = 0 then
oblique helicoid degenerates into right helicoid, if simultaneously c = 0 into flat plate; if c = 0 , ϕ ≠ 0 into
conus. So we can compare results for right helicoid, calculated as a special case of oblique one, and
analytically, directly as it was shown in chapter 2. Thus, the numeric-analythical methodology can be called
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the handiest one, combining the advantages of analytical approach and universality of numeric RungeKutta solution.
The results obtained by the numeric-analytic method also have close agreement to those obtained
by analytical method for right helicoid. The next examples illustrate this.
The shell of right helicoid form is analyzed below. The material characteristics: Young modulus E is
2∙105 MPa, Poisson’s ratio is 0.3. The thickness is 0.02 m, the inner radius R1 is 5 m, the outer radius R2 is
6.708 m, the pitch H = 0.314 m (or c = 0.05), load intensity is 10 KPa. All edges have fixed support.
The results are presented in the Fig. 10.
The maximum deflection is 1.51 mm, analytical method result is 1.48 mm.
The comparison with the results, got by analytical method is given in Table 2.
The results were obtained for analythical and numeric-analythical methodiques. First calculation was
carried on for right helicoid as a special case of oblique helicoid by the numeric-analythical metodique,
described in 1.1. The second one was conducted for the right helicod by the analytical methodique,
described in 1.2. The graphs were plotted by means of free computer algebra system Giac/Xcas software.
The result graphs are overaid on each other compare them visually.
The graphs from Fig. 9 (a-d) were obtained for the central section of long shell, remote enough from
the fixed edge, that is considered by one-dimentional model of the corresponding methods The plots below
illustrate that while deflection compared the difference between the values for 2 methodiques is about
0.03 mm, that means the discrepancy is about 2 % (Fig. 9 a). While bending moments M or shear forces

u

Qu compared, the difference is about 1 %, for it M v is 2.5 %. All these results can be considered close
or almost identical with technicall accuracy.

Figure 9 a. Deflection uz

Figure 9 b. Shear force Qu
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Figure 9 c. Bending moment Mu

Figure 9 d. Bending moment Mv
All forces, moments and displacements except those which are represented on the graphs are close
or equal to zero for shallow shells. These close matching results (see Table 2) show that the numericanalythical methodology from 1.1 is more universal and can be used for any oblique helicoids including
special cases, but the analythical methodology is certainly more accurate.
Table 2. The results comparison for two methods.
Quantity
Bending moment Mu ,

Method 1

Method 2

kN m

2,57/–1,21/2,289

2,57/–1,20/2,28

kN m

0,77/–0,36/0,68

0,77/–0,37/0,68

–9,208/8,00

–9,208/8,03

m

First support/midspan/second support
Bending moment Mv ,

m

First support/midspan/second support
Shear force kN
First support/second support

Short finite element analysis was also conducted (see Fig. 11) by means of finite element software
ANSYS APDL. The analogous calculation for another shell with different parameters was conducted in [38].
The finite element model is represented by one quarter of helicoid coil, because it is sufficient to neglects
boundary effects [39]. The model is meshed by quadrilateral elements of 5 cm side length of ‘shell 181’
type, the element which behavoiur is based on Kirghoff-Love linear elastic model. This element size is
sufficient for results convergence and appropriate accuracy of the calculation. The distributed load was
applied, like own weight. All edges have fixed support. Finite element test also shows close agreement:
deflection is 1.516 mm. The isofields of deflections are shown on Fig. 11. Only deflection were compared
to avoid coordinate systems mismatch while comparing the inner force factors, because ANSYS has only
Cartesian, cylindrical or spherical coordinates, but for corrects comparison curvilinear coordinates needed.
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Figure 11. The deflection uz by FE analysis.

4. Conclusion
In this paper two methodologies of analytical and half-analytical stress-strain state analysis for thin
shallow helicoidal structures in the shape of right and oblique helicoids are represented. The analytical
approach which is suitable for a right helicoid structure is compared to the half-analytical methodology
which is developed by authors for an oblique helicoid structure when the inclination angle of generator is
equal to zero (in this case the oblique helicoid turns into the right helicoid). The results which are obtained
by two approaches give the appropriate accuracy if compared with each other, as well as if compared with
the finite element method results.
The analytical approach for calculation of a right helicoidal structure is realized by the means of
computer software based on analytical solutions obtained, while the half-analytical approach for calculation
of an oblique helicoidal structure is performed by Giac/Xcas software. The finite element analysis was
carried out by the means of Lira SAPR and ANSYS APDL software. The obtained results are also similar
to the results obtained by analytical and numeric-analytical methods.
Both methodologies are written in the compact ways and are convenient for a practical engineering
application as a means for a preliminary calculation or a deep stress-strain analysis of right and oblique
helicoidal structures.
The boundary between shallow and non-shallow model was established approximately at 100 of
generator obliquity, that corresponds to classical recommendations to apply shallow model when h/l (shell
depth to span) ratio is less than 1/5.
All test calculations in this paper are made for cases with simple boundary conditions, mostly fixed
supports (rigid restraints), because such cases need less computing time. In prospect this difficulty can be
avoided with implementation of superior modifications of sweep method [40]. Another application of the
methodology proposed is testing finite element model with the most simple load case and boundary
conditions by comparison with the similar analytical model and following application of real loads on it.
To sum up, it may be said, that analytical methodology for right helicoid and numeric-analytic
methodology for oblique and right helicoid have an advantages, as transparent physical meaning. The
results are valid, the accuracy is appropriate, range of use is defined.
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Abstract. Material availability and economic price make bamboo a viable option for soil reinforcement.
Grids made of split bamboo rods require reinforcement with concrete piles, which are known to have a good
bearing capacity under the embankment. The combination of these materials allows reducing the
settlement and deflection of the bamboo grid as a subgrade on peat. However, research is needed to get
the distance and length of a pile that can provide significant performance in supporting the embankment
load. In this research, the pile system with diameters of 2 cm was driven into the peat layer to a certain
length and distance. The piles have a length of 15 cm and 25 cm in peat soil layers. The piles were
connected monolithically with a bamboo grid using a wire. The pile’s distance was 5–20 cm. The peat soil
was compacted layer by layer with a total thickness of 50 cm close to the field density. The embankment
load was applied in three stages over one day with pressure of 3.02 kPa at each stage. The reinforcement
proved to reduce the settlement and the deflection of the bamboo grid. The results showed that the
combination of grid bamboo with concrete piles can be used for reinforcement purposes on peat soils on
the following conditions: if L/H = 0.3, the ratio s/d ≤ 2.5; if L/H = 0.5, the ratio s/d ≤ 7.5.

1. Introduction
Peat soil has high water content, low specific gravity, low density, and low bearing capacity. Fibrous
peat has low ash content, and very high compression. Improvement on peat soils is commonly performed
using cement columns, cement, other pozzolanic materials, and preloading method [1–5]. The applying
embankment on the peat layer can reduce the compression [6]. The embankment load can lead to lower
high and uniform layer of peat. The reinforcement contributes in increasing the stability of the embankment,
while strengthening and peat soil shear strength will withstand lateral forces that work [6].
The concrete slab can be used as a reinforcement to the peat to generate uniform settlement under
embankment [7]. In addition to a concrete slab, other materials that can be used as soil reinforcement is
bamboo. The bamboo is a renewable material and is spread around the world including the Asia-Pacific
region, American region as well as African region [8]. The settlement due to embankment load can be
reduced with the installation of bamboo grids on the layer of peat [9]. Bamboo grids in the peat soil
settlement are able to reduce, increase the modulus of subgrade, and shear modulus. Reinforcement
bamboo grids on top of two layers are quite effective in increasing the bearing capacity and reducing the
settlement [10]. The use of bamboo grid is effective if the number of layers on top is of two layers, so that
it is necessary to consider to use a bamboo grid [11]. Reinforcement bamboo grid is difficult to implement
if the peat layer is thick, because it requires the dismantling of the land prior to the installation of the bamboo
grids. For that, it needs a combination of mini piles from concrete to increase the stiffness of soil
confinement system and inter pile. The reinforcement by sheet pile combined with the nailing is effective
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method to reduce the lateral and vertical displacements of clay soil under embankment [12]. The same
thing is obtained as a reinforcement for concrete slab on peat soil. The settlement pattern of the concrete
slab under embankment on peat soil is similar to that of punching shear [7]. The use of mini piles under the
reinforced soil abutments can meet the required bearing capacity value and reducing the settlement [13].
The piles serving to keep the base slab must remain in good contact with the subgrade. Installation
of poles on the plate influence the controlling and minimize the damage caused by heave at the ground
[14]. Pile foundation system is an effective way to support the pile with minimal reduction in total [15].
There are several advantages of piles as a drag heap of which implementation of embankment
construction can be completed in a short time, the pile supporting the embankment can reduce total
settlement and the differential settlement was not significantly [16]. Pile on peat soil is able to increase the
modulus of subgrade reaction [17]. Installed piles under the slab can increase slab stiffness [18]. The pile
under the slab in the nailed slab system is used to resist load, reduce settlement, increase stiffness, and
increase stability [19]. Bamboo pile with diameter of 2 cm and a length of 20 cm was used as reinforcement
in the bottom of the grid of bamboo on peat soil [20–21]. Pile spacing influences downward pressure and
deflection on the ratio s/d ≤ 7.5. Closer pile distance provides reduction downturn and large deflections.
Maulana, et al., [20] stated that bamboo pile and grid are able to reduce settlement and deflection, so that
stability of embankment maintained. The ratio of grid bamboo width to pile spacing (B/s) of 15 provides
reduction settlement approximately 60 % [21]. Some types of mounting pile as reinforcement on peat soil
is end bearing piles, friction piles, settlement reducing piles, tension piles, laterally loaded piles, and piles
in fills [7]. The efficiency factors of pile group depend on the distance of piles, number of piles, and the
length of the pile [22]. The pile length affects vertical and lateral displacement, and a longer pile shows
smaller vertical and lateral displacement [23].
Many researchers investigated the soil reinforcement methods including the use of geosynthetic,
geogrid, bamboo grid, concrete-grid, and pile [24–28]. Generally, reinforcement used to support the
embankment load is geosynthetic. In this research, reinforcement pile used was bamboo grid combined
with the piles from the concrete material. There has been limited research on the model of a small scale in
the laboratory. Therefore, this paper is concerned with the performance of bamboo grid-concrete pile
system related to the effectiveness of the length and pile spacing to settlement and deflection. This research
is part of an ongoing investigation on model of the grid combination of bamboo and concrete piles to support
the embankment on the ground. The specific objectives are to determine the ratio of pile spacing to diameter
based on the ratio of pile length to peat layer depth and bamboo grid width. In addition, the compression
behaviour and the deflection distribution of bamboo grid have been observed. Future work will include the
effect of bonding piles with bamboo grids and addition of pile cap to ensure connection with bamboo grids
on the behaviours of reinforced concrete pile and bamboo grid.

2. Methods
The research was conducted on peat soil using test box measuring 120 cm×90 cm×90 cm, but with
the thickness of peat soils of only 50 cm and this layer was followed by solid layer of 50 cm (Fig. 1). The
peat soil was compacted layer by layer as thick as 10 cm with a total thickness of 50 cm. The density of
each layer is known from core cutter test with a density close to the field density. The same thing was done
to achieve the required thickness of the peat (Fig. 2). To facilitate the drainage of water into the peat layer
it is necessary to install pipes in each corner and bottom of the test basin. Ground water levels are modeled
to the ground level.
Peat soil used was a fibrous peat soil type and classified as soft soil because it has an undrained
shear strength (Cu) value of 6.15 kPa less than 12.5 kPa [24]. Reinforcement of peat soils used 2 cm in
diameter (d) concrete piles and 60 cm×30 cm bamboo grids (Fig. 3). The concrete pile was distinguished
by the length and distance of the pile. The length of the pile (L) used was 15 cm or L/H of 0.3 and 25 cm
or L/H = 0.5 with a distance (s) of 5-20 cm or s/d of 2.5-10. The piles were installed in a layer of peat at
certain distances and on top of it was laid a bamboo grid.
Embankment load was modeled using the iron bars having dimensions of 1.9 cm×1.9 cm×4 cm as
research [12–16]. Load was given gradually every day and each stage was composed of two layers as high
as h of 3.8 cm equivalent to the pressure (σ) of 3.02 kPa and a total of three layers of 9.08 kPa (Fig. 4).
The settlement of each stage of the load is read at certain times using a dial gauge. In addition to testing
the model on a small box, testing was also conducted on a box sized of 2 m×1.5 m (Fig. 5). The lengths of
the piles used include 10 cm, 20 cm, 30 cm, and 40 cm with a diameter of 2 cm and a distance of 10 cm.
Stages of load are the same as for small box.
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Figure 1. The model test of experimental [24].

Figure 2. Photographs of (a). Test box with water drainage pipe; (b). Compacted peat soil.

Figure 3. Photographs of (a). Arrangement of piles; (b). Bamboo grid.
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Figure 4. Photographs of embankment load test.

Figure 5. Photographs of embankment load test for box sized of 2 m × 1.5 m.

3. Results and Discussion
The results of embankment load on peat soil reinforced by bamboo grid with and without piles can
be seen in Fig. 6 and Fig. 7. Load-settlement curves of the study [25], using concrete-grid for reinforcement
of subsoil base under foundation, generally reduces the settlement and increases the bearing capacity of
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the soil. The piles that reinforced the bamboo grid are seen to influence the peat compression. The longer
piles (L of 25 cm) showed a significant effect on behavior change compression of peat (Fig. 7). The shorter
piles (L of 15 cm) with a ratio of pile length to peat layer thickness (L/H < 0.5) shows relatively small
changes in peat compression except for piles with spacing (s) of 5 cm (Fig. 6).
The significant decrease occurs in the ratio of the distance of the piles to the diameter (s/d ≤ 2.5).
This is different if the pile used is longer (L of 25 cm) or equivalent to half the thickness of the peat layer
(L/H ≥ 0.5), as shown in Fig. 7. The friction capacity of the longer pile is noticeably higher than the shorter
pile. Long piles showed relatively smaller settlement compared to short piles. Thus, the length of the pile
used as a bamboo reinforcement grid on peat soil requires a minimum of half of the thickness of the peat
layer (L/H ≥ 0.5) with the ratio of the distance of the pile to the diameter of the pile (s/d ≤ 7.5). Relation
between pressure and settlement for box sized of 2 m×1.5 m is shown in Fig. 8.
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Figure 6. Relation between pressure and settlement for L of 15 cm.
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Figure 7. Relation between pressure and settlement for L of 25 cm.
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Figure 8. Relation between pressure and settlement for box sized of 2 m×1.5 m.
The results of the embankment load model test conducted in a test box sized of 2 m×1.5 m can be
seen in Fig. 8. The compression behavior due to the embankment load shows the same behavior as the
load test results from the test box sized 1.2 m×0.9 m (Fig. 6 and Fig. 7). Thus, the size of the larger test
box does not have a significant effect on the behavior of the relationship between pressure and settlement.
However, the settlement in the box sized of 2 m×1.5 m was relatively higher than the box sized of
1.2 m×0.9 m, this was influenced by the restraint of the test box wall. Further reviews will be made of the
furher research that is being carried out this year and next.
The load test consists of embankment load modelled from the iron bars having dimensions of
1.9 cm×1.9 cm×4 cm and it is not the form of a plate load test. The result of the embankment load test
shows a high compression curve at the beginning of loading and decreases with increasing loading time.
The results of this study indicate high compression at the beginning of the study, this is shown that primary
compression on peat soil is fast enough at the beginning of the loading. The results of the research of
Waruwu, et al. [19] using a test box sized of 7 m×3.5 m, obtained a compression behavior similar to the
results of this study.
The relationship of time and settlement of embankment load test can be seen in Fig. 9 and Fig. 10.
The addition of the load is done every day both for grid bamboo with pile reinforcement L of 15 cm and L
of 25 cm. The relationship of time and settlement on the pile with the length of 15 cm are shown in Fig. 9,
while the pile with the length of 25 cm is shown in Fig. 10. The relationship of time and settlement is
approaching the same results of research by Waruwu, et al. [24].
Peat soil is known as a soil type with a dominant consolidation settlement and a rapid period of time.
Waruwu, et al. [6] stated that the primary consolidation of the peat soil is about 5 minutes and secondary
consolidation is about 253 hours. Based on the results of the research model test on a small laboratory
scale, it was found that the time of primary consolidation was the first 10-15 minutes. For this reason, the
study used one additional load every day for each stage. The results obtained showed that the increase in
the settlement after 15 minutes had very little changes. The settlement in a longer time can be analyzed
using the hyperbolic method [9].
The shorter pile with spacing of 10-20 cm shows the settlement that is relatively the same as a
bamboo grid without piles. This can be caused by the frictional capacity of the pile which does not
significantly support the embankment load. The peat compression with bamboo grid looks better compared
to short pile at a spacing of 20 cm, which means that the pile does not contribute to bearing the embankment
load. To reach a design level it is sometimes necessary to combine reinforcement with stage construction
so that the subgrade can have sufficient bearing capacity for the final embankment load [26]. The deduced
differential settlement also increased with an increase in the height of the embankment [16].
The longer pile (L of 25 cm) showed a reduction of the settlement better than the shorter pile (L of
15 cm). The spacing of pile affects the settlement, the spacing of pile that is close shows a small settlement
[27]. Peat compression is generally greater at the beginning of loading. This can be caused by the primary
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compression that occurs in the early minutes and is followed by secondary compression [6]. The
compression is becoming lighter along with the length of the pile with a closer distance. Thus, the bamboo
grid with the strengthening of the pile has an impact on reducing peat compression.
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Figure 9. Relation between time and settlement for L of 15 cm.
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Figure 10. Relation between time and settlement for L of 25 cm.
Effects of embankment load on the behaviour of the deflections of bamboo grid can be seen at Fig. 11
and Fig. 12. The relationship of distance from center of embankment and deflections is approaching the
same results of research by Waruwu, et al., [24]. The bamboo grid reinforcement with concrete piles can
reduce the deflection of bamboo grid. Longer and denser piles show smaller deflection of bamboo grid
compared to shorter piles with longer spacing.
The effect of pile spacing on deflection of bamboo grid for pile with the length L of 15 cm is shown in
Fig. 11, while pile length L of 25 cm can be seen in Fig. 12. The deflection of bamboo grids looks smaller
at shorter pile spacing, both for shorter pile and for longer piles. But the long piles showed more significant
reduction of deflection than the shorter pile. It can be seen that the deflection of a bamboo grid with a short
pile spaced 10-20 cm is almost the same as a bamboo grid without a pile except that the pile L of 15 cm
with spacing of 5 cm showed deflection that is relatively smaller than a pile with a longer spacing. Whereas
on the relatively long pile L = 25 cm shows a significant reduction in deflection of the bamboo grid.
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Figure 11. Deflection for L of 15 cm.
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Figure 12. Deflection for L of 25 cm.
The effect of the length of the pile on the deflection of bamboo grid for a pressure of 9.08 kPa can
be seen in Fig. 13. Pile with L of 15 cm – spacing of 10-20 cm and pile with L of 25 cm – spacing of 20 cm
showed deflection similar to a bamboo grid without a pile. Pile L of 25 cm spacing of 20 cm showed similar
deflections to pile L of 15 cm – spacing of 10 cm. The use of bamboo grid and pile concrete reinforcement
can increase embankment stability and reduce deflections. Usually, the other reinforcement can increase
embankment stability, reduce deformations, improvement of embankment behaviour, cost savings,
increase in the feasibility of embankment construction, and the elimination of stage construction [26].
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Figure 13. Comparison of deflection L of 15 cm and L of 25 cm.
The performance of concrete pile with bamboo grid as reinforcement on peat soil showed a significant
effect on the pile ratio L/H = 0.3 with the ratio s/d ≤ 2.5 and the pile L/H = 0.5 with a ratio s/d ≤ 7.5. This
approach is the same as the results of the study Oh and Sin [27], it can be estimated that the geogrid
reinforcement is practically ineffective at s/d ≈ 6-7. The pile with ratio s/d ≈ 5 gives a significant effect on
the settlement reduction [20]. The relationship between L/H and s/d can be described in Fig. 14. This
relationship can be approximated by Equation (1). Where s of pile spacing, d of pile diameter, L of the pile
length, and H = peat layer thickness. If the soil layer is relatively thick, then the ratio = pile spacing to the
pile diameter can be determined from the ratio of the length to the width of the bamboo grid with piles (L/B)
as shown in Fig. 15 and Equation (2). This relationship is a maximum limit to obtain the influence of the
installation of pile on a bamboo grid. Better results are obtained at a relatively longer pile with a shorter
spacing.
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Figure 14. Relation between L/H and s/d.
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Figure 15. Relation between L/B and s/d.

4. Conclusion
The following conclusions are based on the results and discussions of this study:
1. Changes in peat soil compression behavior are found on piles with a length of more than half the
thickness of the peat layer. Short piles exert less influence on peat compression. Long piles have a higher
friction capacity so that decreases are smaller.
2. All types of tests show high peat compression in the initial minutes of loading and are followed by
constant compression changes. Compaction of peat becomes smaller as the length of the pile grows closer.
Bamboo grids reinforced with concrete piles have an impact on reducing peat compression.
3. Deflection of the bamboo grid is found to be getting smaller at a tight pile spacing, both for the
short and long pile. However, the longer pile shows more significant reduction of deflection than the shorter
pile. Piles with a length of more than half the thickness of the peat showed a significant effect on reducing
the deflection of the bamboo grid.
4. Performance of bamboo grids with concrete piles as reinforcement on peat soil showed a
significant effect on the pile ratio L/H = 0.3 or L/B = 0.25 with a ratio of s/d ≤ 2.5 and pile L/H = 0.5 or
L/B = 0.42 with a ratio s/d ≤ 7.5. Performance of reinforcement is influenced by the ratio of the length of
the piles to the thickness of the peat, the ratio of the length of the pile to the width of the bamboo grid, and
the ratio of the pile spacing to the diameter of the pile. The length and spacing of the pile affect the
settlement, compression, and deflection.
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Abstract. Reducing the structures’ weight is one of the basic approaches to improving the efficiency of
construction. There are many developments in this area, especially with lightweight concretes. One of the
problems for structural lightweight concrete is a fairly low modulus of elasticity and increased plastic
deformations in extreme conditions due to the high porosity of the lightweight aggregates. Therefore, the
assessment and prediction of the deformative properties of lightweight concretes is an urgent scientific task
on a par with heavy concretes. Our previous work proved the performance of the layer calculation model
for heavy concretes. In this research, we attempted to test the layer model when calculating the deformative
properties of concretes containinglightweight aggregates.

1. Introduction
Developing a calculation model of the heavy concretes deformative properties, the dependence of
the elastic modulus on the layer model with the number of layers i=n, the elastic modulus of the layer Ei
and the relative thickness of the layer δi was proposed

Ec =

E1E2 ... En
.
E1... En
n
1 ∑ δi
Ei

(1)

Consideration of the graphic dependence of the heavy concrete elastic modulus with strength class
B25 (Fig. 1) allows us to assess the non-additivity of the elastic modulus of concrete.It depends on the
moduli of structural layers and the fundamentally high importance of both the elastic modulus of the
aggregate and the elastic modulus of the contact zone "cement paste-aggregate" (ITZ) in the formation of
the composite structure modulus. As seen in Fig.1 modulus calculated as the weighted average of the
modulus of the layers is significantly higher than the actual one, which indicates that a decrease or increase
in the elastic modulus of one of the layers leads to a disproportionate decrease or increase in the modulus
of the entire structure. Therefore, the low modulus of elasticity of porous light aggregates leads to an intense
decrease the modulus of elasticity of structural concrete. For example, the elastic modulus of
heavyconcrete class B15 is about 2.3*104 MPa, and the elastic modulus of light concrete D1600 of the
same class B15 is 1.4*104 MPa.
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Figure 1. Relations of the concrete B25 elastic modulus to the elastic modulus of layers.
In heavy concretes, hydrated cement paste [1–2], aggregate [3–6], and the contact zone between
them were used as layers [6–8]. In concretes with lightweight aggregate, at the initial stage of the hardening
process, capillary pumping out the closing water from the binder layer, the structure of the cement hydrated
paste in the layer and the contact zone is compact due to the above effect [9–12]. This is confirmed by the
features of deformation under a load of heavy concretes in comparison with light ones on porous
aggregates. If heavy concretes have significant plastic deformations when sustained at loading stages,
then concretes on porous aggregates have almost no such plastic deformations [13–21]. As shown in
previous studies, the main cause of plastic deformation of heavy concrete when withstood at loading stages
is increased porosity and deformability of the cement hydrated paste and aggregate contact zone ITZ. Selfsealing of the contact zone with a light aggregate, leads to the absence of such plastic deformations.
In this regard, and connection with the different density and, as a consequence, the different modulus
of small and large aggregates in the calculated layer model of concrete on a light aggregate, we propose
to consider cement hydrated paste, fine and coarse aggregates as layers (Fig. 2).

Figure 2. Calculated layer model of concrete deformability on a light aggregate.
A special feature of light concretes can be the use of both lightweightaggregate, and a combination
of heavy and light aggregates, often fine heavy and coarse light. In the case of a combination of heavy and
light aggregates, it is theoretically necessary to evaluate the modulus of the mortar part using the heavy
concrete model, followed by an additional calculation using the two-layer "mortar–coarse aggregate"model.
At the same time, it is possible to assume that in the process of pumping out the mix`s water with a coarse
light aggregate, the contact zone ITZ in the heavy mortar part is also compacted and its influence on the
module is disappeared. Therefore, we will test the proposed model "cement hydrated paste–aggregate1–
aggregate2".

2. Materials and Methods
The analytical method was used to select and evaluate the composites layer model calculation
method.
Standard methods of Russian State Standards GOST 24452-80 “Concretes. Methods of prismatic,
compressive strength, modulus of elasticity and Poisson's ratio determination” and GOST 22690-2015
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“Concretes. Determination of strength by mechanical methods of nondestructive testing”were used to
determine the modulus of elasticity and compressive strength of concrete of various classes. Each classes
series of 3 samples were tested under compression on the Matest press with determination of longitudinal
elastic and plastic deformation using digital deformation sencors on every sides of sample. Compression
was made by 10 % of cracking stress stages to the 40 % of cracking stress (Fig.2). The elasticity modulus
has been determined as a relation of 30 % cracking stress to the sum of elastic relative deformation except
plastic on stages delay by standard. Compressive strength was determined on 6 samples series by
standard.
To define the fact concrete elasticity modulusin our experiment, we used local producers’ materials:
1. The keramzite gravel with an elastic modulus of Eag2=5*103 MPa;
2. The perlite sand with the Eag1=7*103 MPa;
3. The granite coarse aggregate and quartz sand with a strength of
modulus of Eag1=50*103 MPa;

Ragg=1000 MPa and an elastic

4. The Portland cement B42.5 CEM I with a water requirement of normal density of 25 % and the
compressive strength of hydrated cement paste with W/C of normal density in standard age
Rcem=100 MPa and an elastic modulus of Ecem=50*103 MPa;
5. The Portland cement B27.5 CEM III with a water requirement of normal density of 27 % and the
compressive strength of hydrated cement paste with W/C of normal density in standard age
Rcem=700 MPa and an elastic modulus of Ecem=30*103 MPa.
The contents of various classes mixture components are presented in Table 1.

Figure 3. Concrete sample modulus of elasticity under compression testing.

3. Results and Discussion
Existing calculations of lightweight concrete elasticity modulus by M.Z Simonov, G.D. Zhiskrely,
O.Y. Berg, A.L. Ambartsumyan and others used as a factors: concrete strength, aggregate elasticity
modulus, average density, but not all components modulus together. It makes difficult to use these equation
for modulus definition depending on mix components containing. Our calculation is determining the relative
thicknesses of layers in first case, and these factors are most important in elasticity forming.
According to the proposed calculation model [22], the light concrete elastic modulus equation is

Ec =

Ecem Eag1Eag 2
cemEag1Eag 2 + ag1Ecem Eag 2 + ag 2 Ecem Eag1

Ecem is the modulus of elasticity of the cement hydrated paste layer;
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Eag1 is the modulus of elasticity of the layer "fine aggregate”;
Eag2 is theelastic modulus of the layer "coarse aggregate”;
cem, ag1, ag2 are the relative thickness of the layers of cement, fine and coarse aggregates.
The relative thicknesses are determined from the condition of surface areas in the contact zones
between the layers Sitz with the thicknesses δequality

=
cem

δcem
Sits δcem
Vcem
V
=
=
= cem ,
Vcem + Vagg
Vc
δmv Sits δcem + δagg

(

)

(3)

Vcem is a volume of cement paste;
Vc is a volume of concrete.
The relative thickness of the aggregate layers is determined by the same principle

ag1 =

ag 2 =

Vag1
Vc
Vag 2

Vc

;

.

For testing the model lightweight concrete was produced in different versions:
1. Сoarse aggregate is the keramzite gravel, fine aggregate is the quartz sand;
2. Сoarse aggregate is the keramzite gravel, fine aggregate is the perlite sandwitnPotland cement
B42,5 and B27,5;
3. Сoarse aggregate is the granite,fine aggregate is the perlite sand.
Working compositions of light concrete mixes of our own concrete mixing plant of classes B5…B15,
D800…D1600 were used for testing. Table 1 shows data for the sequential calculation of the elastic
modulus of light concretes by the layer model based on the parameters of the modulus of components and
composition of the light concrete mix-relative thicknesses cem, ag1, ag2. To assess the accuracy, the
standard values of the elastic modulus for classes according toRussian Building Norms SNiP 2.03.0184*(1996) “Concrete and reinforced concrete structures” were used.
Table 1. Calculated and standard characteristics of the lightweight concrete elastic modulus.

Ag1

Quartz

Perlite
Perlite/
PC
B27.5
Perlite/
Granite

B

D

7,5

1200

10

1400

15

1600

Еcem, Eag1, Eag2,
MPa,
103

50

MPa,
103

40

MPa,
103

5

С,

Ag1, Ag2, cem Ag1 Ag2
3
3

Eс,
MPa,
103

Еst,
MPa,
103

Еfact,
MPa,
103

kg/m3

kg/m

kg/m

330

650

250

0.18

0.32

0.50

8.9

8.7

9.0

360

720

210

0.24

0.35

0.41

10.5

11.0

10.9

540

940

100

0.28

0.45

0.27

14.1

14.0

15.1

440

55

110

0.15

0.65

0.20

7.3

6.3

6.9

520

50

130

0.18

0.60

0.22

7.5

7.2

7.5

880

35

165

0.30

0.40

0.30

8.8

9.5

9.0

5

800

7,5

1000

10

1200

5

1000

30

7

5

520

50

130

0.18

0.60

0.22

7.4

7.2

7.2

10

1400

30

7

50

540

55

510

0.18

0.65

0.17

10.0

11.0

9.5

50

7

5

As can be seen from the data in Table 1, the method provides good convergence in predicting the
modulus of elasticity, calculated and actual values difference is not more than 15 %.
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It is noticeable that with equal density classes, the moduli of elasticity of concretes on heavyand
lightfine aggregates with the very different elasticity moduliare the same but strength of perlite concrete is
higher.It causes due to the greater relative thickness of the layer of the most modular component that is
cement hydrated paste.
If, in order to economical efficiency, a part of the cement is replaced with micro additives, the
subsequent decrease in the activity and elastic modulus of this cement hydrated paste slightly affects the
light concrete elastic modulus. In this case, the more significant factor is the thickness of the cement
hydrated paste layer. As can be seen from the dependence (Fig. 4) of lightweight concretes elastic modulus
on hydrated cement paste elasticity modulus, even over 50 % decrease of cement paste modulus result in
less than 10 % modulus decrease.
The task of structural lightweight concrete D1400…D1800 producing can be equally achieved by
using of heavy fine/light coarse and light fine/heavy coarse aggregates. Second version surprisely provided
homogeneous structure of concrete. This method realizing made possible to test additively layer model, but
also it’s useful in technology. Method’s choose depends on composition’s economical parameters.
Providing and improving the deformative properties of structurallightweight concrete can result in
characteristics close to the levels of heavy concrete. With the slightly lower level of the elasticity modulus
(15…18*103 MPa) plastic deformations of lightweight concrete under prolonged loading are much less, and
the weight of structures can be reduced by 30…50 % and more with a significant economic effect on the
level of the entire building or structure.

Ligtweight concrete elasticity modulus Ес
12

MPa, 10³

10
8
6
4
2
0

0

20

40

60

Hydrated cement paste modulus of elasticity, MPa, 10³
D1400 with quartz sand
D1000 with perlite sand

Figure 4. Lightweight elasticity modulus relation in cement hydrated paste elasticity modulus.
Analysis of the layer model result in principles of lightweight concrete elasticity modulusregulation:
1.The thickness of the layer of the binder component with the lowest content in the structure is of
greater significance in the lightweight concrete deformation properties than the activity and modulus of its
elasticity. It makes a great reserve of cement saving by cement class decreasing with elasticity level
providing. Thus to increase the elastic modulus of lightweight concrete more efficiently increase the
consumption of cement while reducing its activity and cost than increasing cement’s activity.
2.Elastic modulus of aggregates, components with the highest content in light concrete, are
determining for the concrete modulus of elasticity.And compositioning of light and heavy fine and coarse
aggregates provides great possibilities for lightweight concrete modulus of elasticity regulation and
providing.

4. Conclusion
As a result of analytical and experimental work, the suitability of the layer model for estimating the
elastic modulus of lightweight cement composites was confirmed. The calculation model based on the layer
Korolev, A.S., Vatin, N.
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model operates on 6 factors: elastic modules and relative thicknesses of the structural layers "cement
hydrated paste", "fine aggregate","coarse aggregate".
On the base of this model received the method of lightweight cement composites elasticity modulus
calculation depending on mix components properties and containing. The method allows to solve two basic
technological problems: 1) to ensure the normative deformability of the given density class concrete; 2) to
identify ways to increase elastic properties within a given composition and raw materials.
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Abstract. Elevated temperatures (beyond 500°C) severely deteriorate concrete structures due to vapor
pressure, decomposition of cement hydration products, inhomogeneous volume changes of concrete’s
ingredients. Carbon fiber-reinforced polymer (CFRP) composite materials provide the most significant
retrieval of the structural performance to severely heat-damaged structural concrete members. Therefore,
an experimental study investigated the influence of elevated temperatures on the flexural behavior of
reinforced concrete (RC) beams strengthened externally with CFRP. For this purpose, thirty-two reinforced
concrete beams were cast. Twenty-four beams were externally strengthened with CFRP, and eight beams
were unanchored and left as a control. The beams then were tested under four-point bending to assess
their structural performance in terms of failure modes and load-displacement relations. The experimental
results have clearly shown that the control beams suffered from ductile failure. The CFRP strengthened
beams failed by debonding the CFRP sheets after yielding the flexural steel reinforcement. The
strengthened beams showed an increase in the ultimate load-carrying capacity accompanied by an
enhancement in mid-span deflection in different percentages concerning the control beam. The CFRP
sheets’ ability in the bridging of the crack increased with the increase of CFRP length by providing more
development length in catching the two sides of the major flexural crack. The load-deflection curve can be
divided into two stages; the first portion is nearly a straight line, and the second stage with slope
experienced a slight increase in the load with a large increase in deflection. The second stage formed after
the yielding of steel reinforcement and formation of the main flexural crack where the applied load was
carried by the CFRP sheet. Finally, the influence of the exposure temperature on the ductility, energy
absorption, and ultimate load reduction percentage increases with the increase of temperature.

1. Introduction
Nowadays, the primary rehabilitation and strengthening composite materials of flexure or shear
deficient reinforced concrete (RC) structures are carbon-fiber-reinforced polymer materials (CFRP). The
CFRP external strengthening of the concrete structure increased the shear or flexural capacity. This
composite material's integrity depends on the bond condition and how it can transfer stress from the
concrete debonding surface to CFRP composite materials. The reliability of the bond between the concrete
surface to CFRP composite materials determines the accomplishment of externally strengthening of
deficient RC members. The significant considerations consist of CFRP composite material type, the number
of CFRP composite, surface preparation, bonded length, laminate, and epoxy quality application.
CFRP materials are frequently used in structural engineering applications for the repair and
strengthening of existing concrete structures. Externally bonded FRP composite is used to strengthen
concrete beams in flexure and shear. Many experimental observations indicated that the debonding at the
interface between concrete and FRP is a typical failure mode of reinforced concrete beams strengthened
with externally bonded CFRP [1, 2]. CFRP composite materials have come to the forefront as promising
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Civil Engineering. 2021. 106(6). Article No. 10612. DOI: 10.34910/MCE.106.12
© Al-Rousan, R., 2021. Published by Peter the Great St.Petersburg Polytechnic University.
This work is licensed under a CC BY-NC 4.0

Magazine of Civil Engineering, 106(6), 2021

materials and systems for structural retrofit. Glass fiber reinforced polymer (GFRP) and carbon fiber
reinforced polymer (CFRP) have higher tensile strength but its strength is not fully utilized due to debonding
problem and brittle tensile behavior. The general influence is clearly an increase in the peak loads of the
specimens [3, 4].
Elevated temperatures cause severe damage for reinforced concrete (RC) structures, such as RC
beams. RC beams have been reported to loss strength and stiffness with relatively large permanent
deformations because of exposure to high temperatures [5]. These harmful effects could be attributed to
the deterioration of mechanical characteristics of concrete and steel rebars and the redistribution of stresses
within the beam due to the elevated temperatures [5, 6]. Currently, the most commonly used technique to
repair the heat-damaged RC beams is using CFRP composites. These sheets are advanced materials that
can be easily applied to the structures and characterized by outstanding mechanical and corrosion
resistance characteristics. Various studies were performed to investigate the flexural behavior of RC beams
wrapped with CFRP. The results showed that externally bonded CFRP sheets and laminates enhance the
beams' flexural behavior and recover, to a specific limit, the flexural strength of heat-damaged beams.
Strengthening level of recovery depends on several factors such as fire resistance [7], elevated temperature
[8, 9], fiber type [10–13], analysis type [14–18], energy integrity resistance [19], anchored system [20],
heating condition [21, 22], degree of beam's damage and geometry and type of fiber sheet [23], and safety
factors for CFRP strengthening of bridges [24].
Reinforcing concrete structures are often subjected to heating cycles–cooling such as in chimneys,
concrete foundations for launching rockets carrying spaceships, concrete near to the furnace, clinker silos,
and nuclear power plants, or those subjected to fire then extinguished using water. Temperature cycles are
critical to the stability of concrete structures and require considerations upon design [25, 26]. As well
stipulated, the mechanical properties of concrete are preserved for exposure temperatures below 300 °C,
yet are decreased considerably as the temperature exceeds 500 °C [27]. Additional damage results from
rabid cooling such as in the case of distinguishing of fire with cool water due to creation of temperature
gradient between concrete core and its surface. This results in tensile stresses on the concrete surface that
are high enough to crack concrete, and this is considered as another source of damage results from
incompatible expansion and contraction of aggregate and surrounding cement paste. The magnitude of
damage is influenced by many factors such as the size of concrete members, the type of cement and
aggregate, the concrete moisture content, and the predominant environmental factors, those are
represented in heating exposure time, and rate, type of cooling, and maximum temperature attained [28].
Different types of materials and techniques were used in strengthening and retrofitting existing concrete
structures, such as steel plate bolting, reinforced concrete jackets, prestressed external tendons, and most
recently, CFRP composite which has been used on a large scale in different countries. CFRP composites
have many advantages over conventional methods represented in ease of application, high strength-toweight ratio, excellent mechanical strength, and good resistance to corrosion, especially that most
structures are damaged due to dynamic loads, corrosion of steel, and freeze-thaw cycles as well as the
CFRP composites have disadvantages such as the low ductility of CFRP compared to steel, low fire
resistance, problematic bonding to the structure [29–31].
This research will be useful for retrofitting the existing buildings, mainly for buildings exposed to
elevated temperatures. Furthermore, the ACI 440 guideline [30] concluded that the behavior and endurance
of FRP-reinforced concrete structures under exposure to high heat is still not well understood. Therefore,
essential issues to produce effective, economical, and successful CFRP strengthening were needed. Also,
the impact of CFRP external strengthening on the behavior of flexural deficient reinforced concrete beams
exposed to elevated temperature must receive miniature consideration. The scientific problem considered
in the study is indeed one of the problems in the modern theory of flexural deficient reinforced concrete
beams. A lack of literature regarding flexural behavior of deficient beams exposed to elevated temperature
necessitated conducting the present investigation. In this study, experimental program was carried out to
find the improvements in the strength and ductility behavior of RC beams confined externally with CFRP.
The main parameters studied were the length of CFRP sheets (400, 600, and 800 mm) and elevated
temperature (23 °C, 150 °C, 250 °C, and 500 °C).

2. Methods
2.1. Experimental Work
Thirty-two (two beams were made from each type) beams were casted and tested as simply
supported under four points' loading, as shown in Fig. 1. The tested beams were 1100 mm long with crosssectional dimensions of 150×250 mm. The investigated parameters in this study are the length of CFRP
sheets (400, 600, and 800 mm) and elevated temperature (23 °C, 150 °C, 250 °C, and 500 °C) as shown
in Table 1. The designation and steel reinforcement (yielding stress of 420 MPa) of the tested beams are
summarized in Table 1 and Fig. 1, respectively.
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Figure 1. Setup and reinforcement details of the beams.
Table 1. The details of failure of tested shear beams.
Group

T,

Specimen

oC

FBT23-0
FBT23-400
1

23

FBT23-600
FBT23-800
FBT150-0
FBT150-400

2

150

FBT150-600
FBT150-800
FBT250-0
FBT250-400

3

250

FBT250-600
FBT250-800
FBT500-0
FBT500-400

4

500

FBT500-600
FBT500-800

∆u ,

εf ,

mm

µε

101.1

10.8

---

---

113.8

12.5

4685

0.28

121.7

14.0

5750

0.34

132.2

15.8

6858

0.41

95.3

10.5

---

---

108.7

11.6

4279

0.26

117.4

12.1

5285

0.32

128.8

13.2

6326

0.38

82.7

9.9

---

---

95.5

10.7

3817

0.23

103.1

11.2

4323

0.26

113.1

12.1

5163

0.31

62.7

9.3

---

---

72.6

9.9

3334

0.20

79.6

10.4

3890

0.23

87.3

10.6

4343

0.26

CFRP Configuration

Pu , kN

None
CFRP sheet (length of 400 mm and width of
50 mm)
CFRP sheet (length of 600 mm and width of
50 mm)
CFRP sheet (length of 800 mm and width of
50 mm)
None
CFRP sheet (length of 400 mm and width of
50 mm)
CFRP sheet (length of 600 mm and width of
50 mm)
CFRP sheet (length of 800 mm and width of
50 mm)
None
CFRP sheet (length of 400 mm and width of
50 mm)
CFRP sheet (length of 600 mm and width of
50 mm)
CFRP sheet (length of 800 mm and width of
50 mm)
None
CFRP sheet (length of 400 mm and width of
50 mm)
CFRP sheet (length of 600 mm and width of
50 mm)
CFRP sheet (length of 800 mm and width of
50 mm)

Note: The values between parentheses are normalized with respect to the control, T: Temperature,
: Ultimate deflection, ε

f

= CFRP strain, εCFRP is the strain in CFRP strips and ε

fu

ε f / ε fu ,%

Pu : Ultimate Load, ∆
u

is the ultimate strain in CFRP strips of 16700 µε.

2.2. Mix design
Table 2 shows the design of concrete mixture with the proportions by weight of water to cement ratio
(w/c) of 0.59:1.00(cement (Ordinary Type I Portland cement)):2.98(Crushed limestone coarse aggregates
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with the absorption of 2.3 %, a maximum aggregate size of 12.5 mm, and a specific gravity of 2.62)):2.62
(fine aggregates with the absorption of 1.9 %, fineness modulus of 2.69, and specific gravity of 2.65). The
superplasticizer as a percent of the cement weight was used to improve the concrete mixture's workability
and result in a slump of about 50 mm.
Table 2. Mix design proportions.
Ingredient

Quantity (kg/m³)

Cement
Water
w/c
Super- plasticizer
Coarse aggregate
Fine aggregate

269
158
0.59
8
891
834

The beams are casted using a tilting drum mixer with a capacity of 0.15 m³ (Fig. 2). Firstly, the tilting
drum mixer inner surface was wetted. During the tilting drum mixer running, all the crushed limestone
coarse aggregates with portion of the used water were added (Fig. 2). After that, the fine aggregates,
cement, and water were added gradually. Finally, the superplasticizer with the last amount of used water
was added to the concrete mixture. Lastly, all the concrete mixture ingredients were mixed for five minutes
before pouring into wooden molds with inner dimensions of (100×150×1100 mm) and compacted with an
electrical vibrator (Fig. 2). After twenty-four hours from the beams casting, all beams were de-molded and
then cured in lime-saturated water tank for 28 days (Fig. 2).

Preparing the ingredients
of mixture

Mixing concrete
by tilting drum mixer

Wooden mold
for casting beams

Casting concrete
into molds

Casting concrete
into cylinders

Water-cured tank
for 28 days

Figure 2. The mixing, casting, and curing of reinforced concrete beams.
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Figure 3. The time-temperature schedule.

2.3. Heat treatment Method
The average 28-day splitting compressive and tensile strengths of the tested cylinders were
25.0 MPa and 3.0 MPa, respectively. Cylindrical specimens and blocks were subjected to heat treatment
for two hours at temperatures from 150-500 °C before allowing them to cool inside the special electrical
furnace. The furnace is equipped with an electronic panel to automatically control the time of exposure and
the temperature (maximum of 1200 °C). Fig. 3 shows the time-temperature schedule for the furnace. The
expected temperature inside the beam during the heat treatment method is 28 % of the applied temperature
on the exposed surface [30].
The effect of exposing specimens to elevated temperatures is demonstrated in Fig. 4, which depicts
the residuals for compressive and slitting strength versus temperature. The curves followed almost similar
trend behavior represented in a slight decrease at a temperature of 150 °C followed by a significant
reduction at higher temperatures. The detrimental effect of high temperatures greater than 250 °C on both
strengths can be referred to as thermally induced cracks and/or decomposition of cement binding materials
(beyond 250 °C) [27]. The damage by heating caused map type cracking, which increased with elevated
temperature without being accompanied by an apparent surface alteration. The reduction in residual
strengths (compressive, splitting) which is (98 %, 97 %) at 150 °C to (61 %, 60 %) at 500 °C, are similar to
reported values by Haddad et al. [27] as can be deduced from Fig. 4.
1.1

1.00

Residual Strength

1.0

0.98
0.95

Compressive
Tensile

0.97

0.9

0.91

0.8
0.7

0.61
0.6

0.60

0.5
0

100

200

300

400

500
o

Exposture Temperature, C
Figure 4. Residuals for compressive and splitting strengths versus exposure temperature.

2.4. Bonding of CFRP sheets to the concrete beams
The concrete beams were demolded after 24 hours of casting and cured in a lime-saturated water
tank for 28 days. Firstly, the concrete bonded area was roughened and brushed with steel wire cup brush
to provide leveled contact between CFRP sheets and concrete (Fig. 5). Secondly, any dust and loose
particles were removed from the bonded area by using the air vacuum cleaner, and then the bonded area
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was marked while the un-bonded area was covered with plastering tape to be free of epoxy (Fig. 5). Based
on investigated parameters, the CFRP composite sheets are cut into sheets with a width of 50 mm and
different lengths. Thirdly, the epoxy compounds (parts A and B) were prepared using a low-speed electric
drill for at least 3 minutes to get a homogenous epoxy mixture. Fourthly, the epoxy first layer was applied
uniformly over the bonded area and then the CFRP composite sheet (the tensile strength of 4900 MPa,
thickness of 0.166 mm, elongation at break of 2.1 %, elastic modulus of 230 GPa) was placed onto the
epoxy. Plastic roller was used along the fiber direction in order to remove any entrapped air bubbles. Finally,
the epoxy second layer was applied over the CFRP sheet bonded area to make sure epoxy homogeneous
distribution (Fig. 5).

Marking the area of CFRP sheets bonded
using plastering tape

Concrete bonded area were roughened
and brushed with steel wire cup brush

Applying the first layer of epoxy
onto CFRP sheets surface

Applying the two layers of epoxy
onto CFRP sheets surface

Figure 5. Bonding of CFRP sheets to reinforced concrete beams.

2.5. Testing Setup
All beams were tested under four-point loading with a simply supported span of 1000 mm (Fig. 1).
The two supports are one roller, and the other one is a hinge, as well as the loading points were made from
steel to make sure zero deformation. A hydraulic testing machine is used to apply the load with a
displacement loading rate of 0.1 mm/sec. The vertical linear variable displacement transducer (LVDT) is
used to record the mid-span deflection which is placed at the bottom of the beam (Fig. 1). Also, one strain
gauge was placed in a position such that to record the CFRP tensile strain. The tested results (loaddeflection curves and the CFRP strain) were collected using the data acquisition system, while the failure
modes and cracks pattern were obtained visually.

3. Results and Discussion
3.1. Failure Mode
The crack patterns and mode of failure developed during testing of all RC beams are shown in Fig. 6.
In control beam, the first crack appeared in the middle of the constant moment region followed by formation
of additional nearby flexural cracks (Fig. 6(a)). In all beams, the first flexural crack developed in the middle
of the beam and at the tension side (within the constant moment region) (Fig. 6(b)).
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23 °C

150 °C

250 °C

500 °C
(a) Effect of elevated temperature

0 mm (Control)

400 mm

600 mm

800 mm
(b) Effect of CFRP bonded length

Figure 6. The typical failure mode of tested beams.
The failure in the control beams (conventionally reinforced) occurred by yielding steel reinforcement
followed by the crushing of the concrete in the beams' compression zone in the constant moment region.
As load approached failure, local concrete crushing under the loading points was observed, as shown in
Fig. 6(a). The strengthened beams failed by debonding the CFRP sheets after yielding the flexural steel
reinforcement except the ductile flexure failure shown in Fig. 6(b). Upon yielding the steel reinforcement,
the CFRP sheet picked up more strains and contributed to the beams' further load carrying capacity. After
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failure, the CFRP sheet partially delaminated and it was observed that the sheet had adhered well to the
concrete. The additional strength provided by the CFRP sheet delayed cracking and increased the load
carrying capacity of the beams after yielding of steel occurred. It was noticed that the cracks numbers,
distribution and length visibly depends on the CFRP sheet length (Fig. 6(b)). Inspection Fig. 6 reveals that
crack distribution and numbers increased with the increase of elevated temperature (Fig. 6(a)) and length
CFRP sheet length (Fig. 6(b)). As a matter of fact, Ahmed et al. [32] reported all the beams failed by ﬂexural
failure mode and the tested beams reveal a dramatic eﬀect and spalling in the concrete cover, especially
at temperature of 500 °C and more as well as at the end of the testing some crushing cracks caused by
compression failure appeared at the top surface. But the crack from the tension side up to top of the cracking
section neutral axis decreased with the increase of the elevated temperature (Fig. 6(a)) and length CFRP
sheet length (Fig. 6(b)). The increase in crack width and the reduction in beam capacity after the elevated
temperature is due to the residual concrete strength after elevated temperature exposure, which is much
lower than that at room temperature [32]. This is due to the CFRP sheets ability in the bridging of the flexural
cracks by providing adequate development length in catching the two sides of the major flexural crack.

3.2. CFRP strain
Fig. 7 shows the typical load-CFRP strain curve for all tested beams. Fig. 7 reveals that the tensile
stresses develop in the CFRP composites after the yielding of the steel reinforcement. Furthermore, the
maximum tensile stresses occurred close to the middle of the CFRP composite that intersects the first
flexural crack to the beam's mid-span, as shown in Fig. 7. Also, it is noticed that all tested beams had CFRP
strain below the maximum value of 16700 µε as shown in Table 1 as the percentage of CFRP ultimate
strain. Inspection of Table 1 reveals that the length of CFRP sheets had a substantial immct on the
efficiency of CFRP sheets for beams exposed to 23oC with a percentage concerning ultimate strain of
CFRP sheet of 28 %, 34 %, and 41 % for 400 mm, 600 mm, and 800 mm, respectively. While, the
percentage of beams exposed to 150oC with a percentage concerning the ultimate strain of CFRP sheet of
26 %, 32 %, and 38 % for 400 mm, 600 mm, and 800 mm, respectively, and this equivalent to 0.93 of the
beams strains exposed to 23 °C. The percentage of beams exposed to 250 °C with a percentage for the
ultimate strain of CFRP sheet of 23 %, 26 %, and 31 % for 400 mm, 600 mm, and 800 mm, respectively,
and this equivalent to 0.76 of the beams strains exposed to 23 °C. Finally, the percentage of beams
exposed to 500 °C with a percentage for the ultimate strain of the CFRP sheet of 20 %, 32 %, 26 % for
400 mm, 600 mm, and 800 mm, respectively, and this equivalent to 0.63 of the beams strains exposed to
23 °C.
160

23 C
FBT23-800

Load, kN

80
60

80
60
40

20

20

0

FBT150-600
FBT150-400

100

40

0

0

2000

4000

6000

8000

0

2000

CFRP strain, µε

8000

500oC

140

The yielding of the
steel reinforcement

120

FBT250-800
FBT250-600
FBT250-400

Load, kN

Load, kN

6000

160

250oC

100

4000
CFRP strain, µε

160

120

FBT150-800

120

100

140

150oC

The yielding of the
steel reinforcement

140

FBT23-600
FBT23-400

120

Load, kN

160

o

The yielding of the
steel reinforcement

140

80
60

FBT500-800
FBT500-600
FBT500-400

80
60

40

40

20

20

0

The yielding of the
steel reinforcement

100

0

0

2000

4000
CFRP strain, µε

6000

8000

0

2000

4000
CFRP strain, µε

Figure 7. Typical load-CFRP strain curve.
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CFRP strain development was less than 2000 µε (12 % of the ultimate strain of CFRP sheet) before
the steel reinforcement yielding. After the steel reinforcement yield, the CFRP strain increased rapidly and
continued to increase until the beam failure, as shown in Fig. 7. It can be observed that the strain in the
CFRP developed at a high rate as the applied load increases.

3.3. Load-deflection behavior
The load versus mid-span deflection curves for typically tested beams are shown in Fig. 8. The midspan deflection curves are plotted in a way that allows for comparing the effect of CFRP sheet length for
beams in terms of elevated temperature. Inspection of Fig. 8 reveals that the load-deflection curve can be
divided into two stages; the first stage is from zero loadings up to yielding of steel reinforcement
(Stabilization of the behavior) with nearly a straight line with rapidly increasing in load and slightly increasing
in deflection. Then after the yielding of steel reinforcement (indicating a reduction in the beam stiffness and
the CFRP sheets handled the applied load), the slope of the curve experienced a slight increase in the load
with a large increase in deflection, and this is based on investigated parameters. At ultimate load, the load
was dropped suddenly to zero after crashing of the compression zone. The load versus mid-span deflection
curves for control and damaged beams showed similar trend behavior, as depicted in Fig. 8: curves were
linear up to a certain point before became nonlinear. A limited linear portion can be clearly noticed for
damaged beams because of concrete's thermal cracking. Similar trend behavior was noticed by Haddad
and Almomani [33] in which the curves showed linear behavior at the initial stages of loading before turned
nonlinear behavior thereafter. The degradation in mechanical properties and softening in damaged beams
is referred to as the reduction in (a) the yield strength of steel reinforcing bars; (b) bond strength between
steel reinforcement and concrete; and (c) concrete compressive strength, which was reduced by about
61 % of its intact value. Inspection of Fig. 8 reveals that the load-deflection curve was extensively affected
by elevated temperature and CFRP bonded length in terms of ultimate load, ultimate deflection, toughness,
and stiffness reflected either limited improvement and even degradation in the mechanical response of
strengthened damaged, as compared to un-damaged control beams, as depicted in Fig. 8. In addition, the
larger CFRP bonded length showed better performance than those with a small CFRP bonded length.
Besides, the curve's performance decreased with the increase of exposed temperature, as shown in Fig.
8.
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Figure 8. Load-deflection curves for the tested beam.
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3.4. Ultimate load capacity and corresponding deflection
Table 3 shows the characteristics of the load-deflection curves for tested beams. The assessment of
beams for load capacity and corresponding deflection shows the excellent performance of RC members.
For strengthened RC members, deflection and ultimate load capacity can be related to the serviceability,
and ultimate load limit states, respectively, as shown in Table 3. The load capacity and deflection
percentages 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 (undamaged beam)
as shown in Fig. 9. The strength ratio also predicts the increase of load that the model can sustain.
Inspection of Fig. 9 reveals that the strength percentage increased significantly with the increase of the
length of CFRP sheets. The average ultimate load enhancement percentage (Fig. 9) for tested beams with
respect to the control beam is 14 %, 24 %, and 35 % for 400 mm, 600 mm, and 800 mm, respectively.
Whereas, the average ultimate load reduction percentage (Fig. 9) for tested beams with respect to beams
exposed to 23 °C is 4 %, 16 %, and 36 % for 150 °C, 250 °C, and 500 °C, respectively. Thus, it is possible
to regain the 96 %, 84 %, and 64 % of the initial capacity of un-damaged beam (23 °C) 150 °C, 250 °C, and
500 °C, respectively. Therefore, the regaining percentage of the initial capacity is decreased with the
increase of exposed temperature.
Table 3. Characteristics of load-deflection behavior.
Group

1

2

3

4

Specimen
FBT23-0
FBT23-400
FBT23-600
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Figure 9. Normalized ultimate load capacity for control beam.
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The deflection indicates how much the strengthened RC beams can sustain deformations without
failure. The deflection percentage is defined as the ratio of the strengthened beam's ultimate deflection to
the ultimate deflection of the control beam (undamaged beam), as shown in Fig. 10. Fig. 10 shows that the
ductility percentage also significantly increased with the increase in the length of CFRP sheets and
decreased with exposed temperature. The average ultimate deflection enhancement percentage (Fig. 10)
for tested beams with respect to control beam is of 10 %, 18 %, and 27 % for 400 mm, 600 mm, and
800 mm, respectively, and this equal to 0.71 times the enhancement percentages in ultimate load.
Whereas, the average ultimate deflection reduction percentage (Fig. 10) for tested beams with respect to
beams exposed to 23 °C is 10 %, 17 %, and 23 % for 150 °C, 250 °C, and 500 °C strips, respectively, and
this equal to 0.64 times the reduction percentages in ultimate load.
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Figure 10. Normalized ultimate deflection for control beam.

3.5. Elastic stiffness
The elastic stiffness determines the crystal's response to an externally applied strain (or stress) and
provides information about the bonding characteristics, mechanical and structural stability. The elastic
stiffness represents the first stage of the load-deflection curve's slope before initiation of the first main
flexural crack. For comparison, each strengthened beam's elastic stiffness with CFRP sheets was
normalized for the control beam without CFRP sheets, as shown in Fig. 11. Fig. 11 reveals that the elastic
stiffness percentage increased significantly with the increase of length of CFRP sheets. The average elastic
stiffness enhancement percentage (Fig. 11) for tested beams with respect to control beam is of 21 %, 32 %,
and 44 % for 400 mm, 600 mm, and 800 mm, respectively. Whereas, the average elastic stiffness reduction
percentage (Fig. 11) for tested beams with respect to beams exposed to 23 °C is 7 %, 15 %, and 37 % for
150 °C, 250 °C, and 500 °C strips, respectively.
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Figure 11. Normalized stiffness for control beam.

3.6. Toughness
In materials science and metallurgy, toughness is the ability 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. Toughness is calculated as the entire area under the load-deflection
curve. In addition, the toughness of each strengthened beam with CFRP sheets was normalized with
respect to the control beams without CFRP sheets as shown in Fig. 12. Inspection of Fig. 12 reveals that
the toughness percentage increased significantly with the increase of length of CFRP sheets. The average
toughness enhancement percentage (Fig. 12) for tested beams with respect to control beam is of 30 %,
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79%

51 %, and 79 % for 400 mm, 600 mm, and 800 mm, respectively. Whereas, the average toughness
reduction percentage (Fig. 12) for tested beams with respect to beams exposed to 23 °C is 15 %, 33 %,
and 53 % for 150 °C, 250 °C, and 500 °C strips, respectively.
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Figure 12. Normalized toughness with respect to control beam.
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Figure 13. Normalized performance factor for control beam.

3.7. Evaluation of Performance of Experimental Results
The terms deformability factor (DF) and strength factor (SF) can then be defined as the deflection
and the ultimate load capacity, respectively, of the strengthened beam, compared with the control beam.
The strengthened composite beam's overall structural performance can thus be evaluated by a
performance factor (PF), defined as DF multiplied by SF. Performance factor is a combination of the
strength factor and the deformability factor to generate an overall structural performance as shown in Table
3 and Fig. 13. Based on Fig. 13 the PF increased as the length of CFRP sheets (bonded area of CFRP)
increased and decreased with elevated temperature. Inspection of Fig. 13 reveals that the performance
factor percentage increased significantly with the increase of the length of CFRP sheets. The average
performance factor enhancement percentage (Fig. 12) for tested beams with respect to the control beam
is 28 %, 44 %, and 75 % for 400 mm, 600 mm, and 800 mm, respectively. The average performance factor
reduction percentage (Fig. 12) for tested beams for beams exposed to 23 °C is 12 %, 24 %, and 33 % for
150 °C, 250 °C, and 500 °C strips, respectively.

3.8. Comparison of experimental results with the ACI model
For comparison, the experimental results are compared with the ACI model [30]. The general design
guidance is derived from the experimental data and is only applicable to external FRP reinforcement. Fig.
14 shows a comparison of the results predicted by the ACI model (Pf, experimental /Pf,ACI [30]). Note that
the ACI model was calibrated for CFRP should be used with caution for other types of composites, as
shown in Fig. 14. The overall predictions by ACI model [30] appear to be overestimated for beams
strengthened with 400 mm, 600 mm, and 800 mm with a mean Pf, experimental /Pf,ACI value of 1.02, 1.06
and 1.09, respectively, and a coefficient of variation (COV) of 13 %. It is also important to consider that all
the ACI model are semi-empirical, with important governing parameters derived from test data for beams
strengthened with FRP sheets. In contrast, the ACI model cannot be applied in certain cases. Also, a careful
inspection of Fig. 14 will show that the ACI model [30] has a much more comprehensive range of
experimental/theoretical failure load ratios of 1.02 to 1.09.
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Figure 14. The normalized experimental FRP flexural force with respect to ACI model [30].

4. Conclusions
1. The CFRP sheet bridged the flexural cracks by providing adequate development length in
catching the two sides of the major flexural crack.
2. The load-deflection curve can be divided into two stages; the first portion is nearly a straight line
and the second stage with slope experienced a slight increase in the load with a large increase in deflection.
The second stage is formed after steel reinforcement and the primary flexural crack formation, where the
CFRP sheet carries the applied load.
3. The influence of the number of CFRP strips on the ductility, energy absorption, and ultimate load
improvement percentage is significant.
4. The influence of the exposed temperature on the ductility, energy absorption, and ultimate load
reduction percentage is significant and increased with the increase of temperature.
5. It is encouraging advantage of using the CFRP sheets along the bottom face of the beam to
enhance the beam integrity before and after cracking (ductile failure mode), external arresting the flexural
cracks, and improving the structural performance and serviceability of tested beam.
6. The ACI model [30] appears to be overestimated with a coefficient of variation (COV) of 13 %.
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Abstract. Increasing the corrosion resistance of low-alloy steels containing less than 2.5% of doping
components (except carbon), which are actively used in the construction of various buildings and structures,
is one of the priorities in the development of the modern construction industry. This problem becomes
especially urgent during operation of stressed elements of various structures, which are used in the
conditions of possible surface exposure to moisture. As part of the research, the results of which are
presented in this article, we have examined the possible reduction in the rate of electrochemical corrosion
of low-alloy steels in a natural corrosive environment. The purpose of the study was to establish the effect
of the composition of steels on their corrosive properties. The main method chosen was a method of
thermodynamic potentials, used in conjunction with model ideas about ideal gas and free energy of diffusion
of liquid, solid and gaseous solutions. The present study analyzes the process of formation of ideal binary
alloy, based on which the relationship between the thermodynamic characteristics of its original
components and the corrosive behavior of the alloy was established. In order to verify the detected
corrosion mechanism, the process of amalgam anode dissolution was considered, which fully confirmed
the results obtained earlier. Based on the analysis conducted, it can be concluded that the equilibrium
potential of the ideal binary alloy in the electrolyte in no way depends on the process of its formation from
the pure original components. It is determined solely by the ratio of energy characteristics of metal ions
actually in the alloy, as well as the energy characteristics of the same ions in the solution of electrolyte,
which comes into contact with the alloy.

1. Introduction
Buildings, with the exception of temporary ones, are designed for a very long service life in the
presence of significant adverse conditions associated with simultaneous effects of various aggressive
factors. Such factors include: mechanical load, solar radiation, as well as chemical, electrochemical and
microbiological activity of the environment, etc. [1–4], which in turn contribute to the intensification and
localization of corrosive processes that occur to varying degrees on the metal parts of almost all modern
architectural objects. Hence, there is a need for long-term forecasting of the behavior of the materials used,
especially metals and their alloys. A significant role in this case is played by their corrosive resistance, in
the water solutions of electrolytes in particular, as that is where soil and atmospheric corrosion,
characteristic of such structures, occurs.
Due to the fact that in modern industrial construction we almost always use only alloys (not pure
metals), the study and prediction of their corrosive behavior is a priority for the relevant construction industry
and the part of material science that serves it, as well as the study of metal corrosion, which shows the
extreme relevance of this problem in the realities of today.
The main method used to solve the problem of corrosion of alloys in active state is the analysis and
synthesis of methods of chemical kinetics and thermodynamics. Here the key role is played, on the one
hand, by the method of thermodynamic potentials, and on the other hand, by the theory of electrochemical
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kinetics. We should note that thermodynamic research methods are in high demand today. References to
them are found not only in articles in academic publications, but also in books and journals specializing in
publications of pronounced applied nature. In this case, it is appropriate to recall a series of articles related
to metal corrosion in electrolyte (soil) in the presence of an additional factor of aggressiveness due to the
presence of an alternating stray current in the system. Thermodynamic analysis of the corrosion process
of such objects is usually carried out using the Pourbaix diagrams [5–7]. The second area where
thermodynamics techniques are actively used is the cathode protection of underground metal structures
from corrosion [8–11]. In this case, it is appropriate to recall the technique for measuring potentials
(stationary and polarization), which is based on the theory and practice of using non-polarizable reference
electrodes [12], usually copper-sulfate ones.
In all these cases, kinetic methods for studying anodic dissolution of metals are also used. However,
almost all of these works do not analyze the process of obtaining alloys, and, consequently, its effect on
their corrosive behavior. This fact speaks about the extreme relevance of research devoted to this subject.
The exception to this rule is the works of I.K. Marshakov [13]. We need to note that the traditional approach
to thermodynamic analysis of corrosive behavior of alloys considers the process of their formation, primarily,
as ideal solid solutions and connects this phenomenon with the corresponding change in free energy and
entropy. Due to the fact that the formation of the alloy occurs spontaneously, it is automatically accepted
that this event is accompanied by a decrease in Gibbs free energy (at constant pressure and temperature)
of the system [13, p. 89], which, it its turn, can be transformed into the appropriate amount of electrical work
described by the following formula:

GiM =−
Gi Gi0 =
RTlnNi =
− zi FEiM ,
where

(1)

GiM is relative partial molar free energy of the ith component; Gi is partial molar free energy of the

Gi0 is molar free energy of the ith component (pure matter); R is the Universal gas constant;
T is absolute temperature; Ni is molar fraction of the ith component in a solid solution; zi is valence of

ith component;

the ith component (ith metal); F is the Faraday constant;

EiM is potential difference corresponding to

electrical work due to the presence of the relative partial molar free energy of the ith component.
From the last formula, I.K. Marshakov [13, p. 89] has obtained the value of the partial relative
electrode potential of the ith component for standard conditions, namely

EiM :

RT
EiM =−
Ei Ei0 =
−
lnNi ,
zi F
where

(2)

Ei is equilibrium partial electrode potential of the ith component in the alloy, determined by the

equilibrium between the component in the alloy and the ions of this component in the electrolyte solution;
Ei0 is equilibrium standard potential of the pure ith component.
Since the molar (atomic) fraction

N i < 1 , then EiM > 0 always. Thus, alloy formation leads to a shift

of potential in a positive direction ( Ei

> Ei0 ). Therefore, if the anode dissolution of the alloy occurs in

conditions close to equilibrium, then there should be an inhibition of the anode reaction for any component
[13, p. 89]. We should note that this view is broadcast by a number of subsequent authors, for example,
N.I. Isaev.
However, based on the article of one of the co-authors of this publication [14], it is possible to show
some illogicality of the last thesis stated by I.K. Marshakov and supported by a number of his followers. In
the last paper listed [14], on the example of the ideal gas it was shown that the mixing process (the formation
of the ideal solution) is indeed accompanied by a change in Gibbs (Helmholtz) energy. However, this
change in no way affects the energy state of the components of the alloy (ideal solution), in other words,
the energy of the substance molecules' communication with each other is the same, both in the alloy, which
is an ideal solid solution, and in the pure matter. Indeed, as it does, however, directly follow from the
definition of the concept of the ideal solid solution, the following conditions should be observed in its
formation:
1. When pure components are mixed, there is no change in the volume of the system;
2. The heat of the mixing is zero, i.e. there is no interaction between the components of the solution;
Kiselev, V.G., Kalyutik, A.A.,
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3. The vapors of components above the solution behave like ideal gases and at all concentrations
of the solution the Raoult’s law is fulfilled:

Pi = Pi0 Ni ,
where

(3)

Pi is partial pressure of the ideal gas consisting of the ith component of the alloy above its surface,
0

and Pi is pressure of the ideal gas consisting of the ith component of the alloy above the surface of the
alloy.
This definition is enough to show the invariability of the energy state of individual molecules in the
formation of ideal solid solutions, which, however, is mentioned by I.K. Marshakov himself [13, pp. 41–44].
Moreover, in [14] this thesis is confirmed in various ways, including using the method of thermodynamic
potentials. Therefore, on the basis of these data, we can state that the process of forming an ideal alloy is
not accompanied by changes in the energy state of the molecules of substances involved in the process
under consideration and, therefore, at least some adjustment of the formulas (1) and (2) above is
necessary. Indeed, the ratio (2), due to the energy equality of molecules involved in the subsequent
electrochemical process of anode dissolution of the alloy, can no longer be recognized as fair, which leads
to its degeneration, which, in its turn, can be illustrated by the following:

EiM =Ei − Ei0 =0 .

(4)

However, the equation (1), at least, its left part, due to the spontaneity of the process of alloy
formation cannot be recognized as incorrect. This circumstance automatically raises the question of the
legality of its use to obtain the ratio (2). At the same time, there arises a problem of interpreting the physical
meaning of the equation (1), which, in particular, is the subject of this study. In other words, the purpose of
this work is to perform thermodynamic analysis of the process of binary ideal alloy formation and to establish
the mechanism of its effect on electrochemical corrosive processes occurring on their surfaces.
To achieve this goal, we will have to solve the following two problems:
1. Conducting a thermodynamic analysis of the process of ideal binary alloy formation.
2. Establishing a relationship between the thermodynamic characteristics of the original components
of the ideal binary alloy and its corrosive behavior.
In the following sections of this work, we will focus on solving these problems in some more detail.

2. Materials and Methods
The work uses one of the most widespread analytical methods of research in modern
thermodynamics, which is called the method of thermodynamic potentials (or characteristic functions). The
main advantages of this method include its suitability for analysis of non-cyclical processes, such as
chemical reactions, diffusion processes, mixing processes (formation of solutions), etc. Its essence is
included in almost any book on thermodynamics and lies in the fact that the basic thermodynamic equation
allows for a quasi-static thermodynamic system to derive some state functions, called thermodynamic
potentials, the change of which with a change in the state of the system is a complete differential. Based
on this circumstance, it is possible to write down the corresponding mathematical equations suitable for
describing the process under consideration, which we will demonstrate in this article.

3. Results and Discussion
3.1. The formation of the ideal solid solution
The main method that we will use to solve the problem outlined in the introduction to this article is
the method of thermodynamic potentials. To simplify the analysis of the process, let us assume that our
system consists of a number of ideal gases, which are to be mixed. Without loss of generality, we will
assume that there are two such gases (first and second). Replacing the ideal solid solution with the ideal
gas from a thermodynamic point of view is quite acceptable, as in this case all the energy characteristics
of the systems under consideration are equal to each other up to a constant. This fact for the ratios aimed
at studying the changes taking place in the quasi-static systems under consideration practically indicates
their equivalence.
A more detailed examination of the stated thesis will be based on a specific example. For greater
visibility, the analysis will be carried out using the energy characteristics of this object, which include, first
of all, the free energies of Gibbs and Helmholtz. In addition, without loss of generality, let us accept that the
Kiselev, V.G., Kalyutik, A.A.,
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V1 and V2
accordingly, and the total volume of the mixture, after their mixing is equal to V =V1 + V2 =1 . However,
volume in which each of the two types of ideal gas to be mixed is originally located, is

the invariance of the initial pressure P during mixing of two potions of ideal gases (identical or different)
directly follows from the thermal equation of the state of ideal gases [14].
Of course, the stated thesis is valid only if the mixture is still an ideal gas and the number of molecules
in it remains the same. After the introductory remarks have been made, we proceed to a direct examination
of the process of combining two generally different portions of different ideal gases.

3.2. Mixing two portions of different ideal gases
We will briefly return again to the system consisting of two generally different portions of different first
and second ideal gases, placed in two volumes, V1 and V2 respectively, so that the following ratio is
observed:

V =V1 + V2 =1 . At the same time, between them there is some partition, which can be removed,

and ideal gases differ from each other, for example, there can be a small difference in the size of molecules.
When this partition is removed, they are mixed in the volume V . Let us assume that the total amount of
first and second gases is equal to one mole, i.e. in other words, the following ratio is observed:

=
Gm N1 G1 + N 2 G2 ,

(5)

Gm is the Gibbs molar energy of the mixture of the ideal gases; G1 and G2 are the partial Gibbs
molar free energies, respectively, of the 1st and 2nd components of the mixture of two ideal gases; N1 and
N 2 are molar fractions of the 1st and 2nd components in a mixture of two ideal gases.

where

In addition, it is clear that, according to the conditions imposed, the following ratios must be satisfied:

where

N1 =

n1
,
n1 + n2

(6)

N2 =

n2
,
n1 + n2

(7)

n1 + n2 =
1,

(8)

n1 and n2 are the number of moles of the 1st and 2nd components in the mixture of two ideal gases.
We need to note that if the last ratio is satisfied, the following is also true:

N1 = n1 and N 2 = n2 .

When two identical ideal gases are mixed, there is no change in any macroscopic parameters of the system,
namely temperature, pressure and its total volume remain unchanged. In this case, for the Gibbs free
energy of the combined system [14], we can write the following ratio:

G=
G1 + G2 ,
m
where

(9)

G1 and G2 are the Gibbs free energies of the 1st and 2nd initial components of the two ideal gases.

Therefore, based on the latest formula, the change in the Gibbs free energy ∆G when mixing two
portions of the same ideal gas, provided the gas mixture is also ideal, will be equal to:

∆G = Gm − G1 − G2 = 0 .

(10)

However, in the system under consideration, consisting of n_1 and n_2 moles of two different ideal
gases located in two generally not in equal volumes, divided by an impenetrable partition, there is, at least
still one more energy component. It is the of Gibbs free energy of diffusion inherent in this system as a
whole. Its very existence in this case is inextricably linked to the fact that our object has some practical or
theoretical possibility of mixing existing different ideal gases. This mixing can occur in equilibrium (getting
third-party work using semi-permeable membranes) or nonequilibrium (removal of an impenetrable partition
between the two ideal gases) ways.
In this case, it is appropriate to recall the monograph of L.I. Antropov, in which he during
thermodynamic analysis of the properties of ideal and real solutions in particular considered the behavior
Kiselev, V.G., Kalyutik, A.A.,
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of the diffusion component of the Gibbs free energy. The fact that is relevant for us is that in his work he
used a differential from the Gibbs free energy of diffusion G , which was defined by him as follows:

dG = ∑ni d µi ,

(11)

i

where

ni is the number of moles of the ith substance participating in the process, and µi is the chemical

potential of this ith substance.
In the case of one mole of the ith ideal gas, its Gibbs energy

Gi , equal to its chemical potential µi ,

as we know [13, p. 20], equals:

G=
Gi0 + RT lnPi ,
i   

(12)

0

where Gi is the standard Gibbs energy value equal to a constant.
If there are two different ideal gases, based on the previous ratio, the equation (11) can be rewritten
as follows:
2

dG = RT ∑ni d (lnPi ) .

(13)

i =1

After differentiation and trivial transformation of the right part of the last ratio, we get

dG n1 RT
=

dP1
dP
+ n2 RT 2 .
P1
P2

At the same time, the Gibbs free energy of the original state of the system under consideration

(14)

Gn

is known to be an additive function of its constituent subsystems, namely:

G
=
G1n + G2 n ,
n
where

(15)

G1n and G2n are, respectively, the Gibbs initial free energies of the first and second ideal gas, which

in turn are determined by the following ratios [13, p. 20]:

0

=
G1n n1 (G10 + RTlnP1n ) ,

(16)

G2 n n2 (G20 + RTlnP2 n ) ,
=

(17)

0

where G1 and G2 are, accordingly, the standard values of Gibbs initial free energies of the first and second
ideal gases, which are known to be constant, but in general are not equal to each other, which is confirmed
by the presence of at least different values of heat capacities of different ideal gases; P1n and P2n are,
respectively, the initial pressures of the first and second ideal gases initially located in volumes V1 and V2 .
We will mix two original portions of ideal gases while maintaining the total volume of the system

V = 1 . In this case, the final free energy of each of these gases, G1k and G2k , by reducing their partial
pressures and lack of interaction between them, will be characterized by the following values of Gibbs
energy:

=
G1k n1 (G10 + RTlnP1k ) ,

(18)

=
G2 k n2 (G20 + RTlnP2 k ) ,

(19)

P1k and P2k are, respectively, the partial pressures of the first and second ideal gases after they mix
in the volume V = 1 .

where

Now we will determine the values

P1n and P2n , as well as P1k and P2k . To do this, we will use

thermal equations of the state of the ideal gas
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PV = nRT ,
where

(20)

n is the number of moles of the ideal gas.

The last ratio for the first and second ideal gas taking part in the mixing process, characterizing their
initial state in the system, can be rewritten in the following form:

where

P1n V1 = n1 RT ,

(21)

P2 n V2 = n2 RT ,

(22)

P1n and P2n are initial pressures of the first and second ideal gas respectively.
In this case, for the characteristics

P1n and P2n , we obtain:
P1n = RT

n1
,
V1

(23)

P2 n = RT

n2
.
V2

(24)

The resulting values for the initial pressures of ideal gases in the system

P1n and P2n make it possible

to rewrite ratios (16) and (17) in the following way:

G1n n1 (G10 + RTlnRT
=

n1
),
V1

(25)

=
G2 n n2 (G20 + RTlnRT

n2
).
V2

(26)

Equations (21) and (22) characterize the system in question after the mixing process. In this case,
taking into account the fact that both gases will be in the same volume V = 1 , the following statement will
be fair for them:

P1k = n1 RT ,

(27)

P2 k = n2 RT .

(28)

The resulting final values of ideal gas pressures in the system

P1k and P2k make it possible to write

the ratios (18) and (19) as follows:

=
G1k n1 (G10 + RTlnn1 RT ) ,

(29)

G2 k n2 (G20 + RTlnn2 RT ) .
=

(30)

This allows to integrate the expression (14), which determines the change in free diffusion energy
when two different ideal gases are mixed, from the initial to the final value of that energy. Thus, the change
in the value of the Gibbs free energy of diffusion ∆Gd will be determined by the following:

∆Gd = G1k + G2 k − G1n − G2 n .

(31)

G1n , G2n , G1k and G2k , and making elementary
algebraic transformations, we can get the value of characteristic change of Gibbs free energy ∆Gd caused
After substituting previously obtained ratios for

by the diffusion process in the system under consideration, namely:

=
∆Gd n1 RTlnV1 + n2 RTlnV2 .
We need to note that in this equation both
to

(32)

V1 and V2 are less than one, which automatically leads

∆Gd < 0 , in other words, it indicates the spontaneity of the diffusion process, which is observed in
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practice. However, the diffusion equalization of chemical potentials has no effect on the energy of particle
interaction, as the ideality of the system in question (a mixture of ideal gases, ideal solid or liquid solutions)
does not get violated according to the definition of such systems above, which means that the energy of
their chemical interaction is invariable.
Thus, we can argue that the original state of the system in question is characterized by some integral
amount of free energy, including, among other things, free energy of diffusion Gd . The latter, as is obvious
from the previous text, does not refer to the individual components of the system under consideration, but
to it as a whole. This circumstance allows us to write the following equation:

Gn = G1n + G2 n + n1 RTlnV1 + n2 RTlnV2 .
When we include the values of

(33)

G1n and G2n and carry out elementary algebraic transformations,

we get:

Gn = n1G10 + n2G20 + n1 RTlnn1 RT + n2 RTlnn2 RT .

(34)

At the same time, we can argue that the final state of the system in question is characterized by the
following amount of free energy Gd (free diffusion energy in this case is zero):

G
=
G1k + G2 k .
k
When we substitute the values of

(35)

G1n and G2n , and perform elementary transformations

accordingly, we get:

Gk = n1 (G10 + RTlnn1  
RT ) + n2 (G20 + RTlnn2 RT ) .

(36)

So, for the change in the Gibbs free energy ∆G1,2 when mixing two different ideal gases, we get:

∆G1,2 = G1k + G2 k − G1n − G2 n .
Substituting the values

(37)

G1k , G2k , G1n and G2n , as well as making elementary algebraic

transformations, taking into account the comments made by us earlier, allows us to finally write down:

∆=
G1,2 n1 RTlnV1 + n2 RTlnV2 .

(38)

Concluding this subsection of the article, we need to emphasize that the latest formula describes the
change in the Gibbs energy when two not necessarily identical portions of different ideal gases are mixed.
This also takes into account the change of free energy of diffusion, inherent to the system under
consideration as a single whole.

3.3. Discussion of the results and their verification
The calculations carried out in the two previous subsections of this work allow us to draw a completely
unambiguous conclusion that when two portions of ideal gases are mixed, there is no change in their molar
characteristics. In turn, taking into account the free diffusion energy, inherent to the system in question with
two different ideal gases as a single whole, leads to a decrease in this type of energy. In other words, the
amount of change in the energy characteristics of the object in question, such as, for example, low-alloy
carbon steel, depends on their starting point of reference, i.e. the presence (or lack of) free diffusion energy,
inextricably linked to the system being considered as a single whole, and not its individual parts.
Now we will demonstrate that the results are well consistent, at least, with some features of corrosive
behavior of alloys. For this purpose, we will consider the process of electrochemical interaction of amalgams
of different metals with the environment. In this case, according to the ideas developed in particular by H.
Kaesche [15, pp. 36–49], the equilibrium potential of the liquid alloy is determined by the following ratios:
0
E=
EHg
+
/ Hg 2+
2

CHg 2+
RT
RT CMe z+
0
2
ln
EMe
ln
=
+
,
/ Me z +
zF
2 F 1 − γ Me
γ Me

(39)

0

where: E is the equilibrium electrode potential of the amalgam; EHg / Hg 2+ is the standard value of the
2

mercury electrode's potential;
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electrode, which is part of the amalgam in question;

CHg 2+ is the concentration of mercury ions in the
2

electrolyte solution; CMe z + is the concentration of metal (not mercury) ions in the electrolyte solution;

γ Me

is molar fraction of metal in the amalgam.
It is obvious that for the liquid binary alloy (metal amalgam) in question, the ratio between the molar
fraction of mercury γ Hg and metal γ Me in amalgam can be written as:

γ Hg = 1 − γ Me

(40)

A simple analysis of the equation (39) shows that the equilibrium potential of the amalgamated
electrode is achieved at a double equilibrium [15, p. 49]. In this case, with the set of molar and atomic
fractions γ Hg and γ Me in the amalgam, in the solution there is a fully defined ratio of activities or
concentrations of mercury ions and ions of the metal dissolved in it aHg / aMe . We can find similar equations
in the works of other authors, for example, L.I. Antropov, where he is considering the behavior of amalgam
electrodes. Thus, we should note that the change in the energy state of the system associated with the
formation of the alloy (ideal system), which is represented by ratios (1) and (2), in no way affects its
equilibrium potential and the speed of its anode dissolution. In general, this situation seems quite logical.
This is due to the fact that the thermodynamics of the transition of ions across the boundary of the phase
section of binary alloy–electrolyte, which is actually responsible for establishing a state of equilibrium in the
system in question, is determined solely by the strength (energy) of the connections of ions under
consideration in these systems, naturally, with equal energy of their solvation (hydration). We should note
that under ideal conditions, the process of alloy formation has no effect on the process of transition of ions,
i.e. a kind of "diffusion component of potential" presented by equations (1) and (2) of course should be
absent. However, this is indirectly confirmed by I.K. Marshakov himself. Indeed, he does not use the
conclusions of one of the sections of his monograph [13, pp. 89–91] dedicated to the thermodynamic
preconditions of alloy formation in any way. This fact indicates, at least, the lack of verification process. On
the other hand, the formation of real alloys, for example, high-alloy steels as opposed to ideal alloys, is
already associated with changes in the chemical energy. This becomes especially noticeable in the case
of the formation of new chemical bonds, for example, in the formation of intermetallic compounds, which is
usually accompanied by the release or absorption of heat in the process under consideration [16, p. 67].
This fact unequivocally will affect the strength of chemical bonds in a solid solution (alloy), which is noted,
for example, in the paper [14], and, consequently, will change the equilibrium potential of the real binary
alloy, which, in its turn, significantly affects the kinetics of electrochemical corrosion and, consequently, the
rate of its anode dissolution. A more detailed analysis of the problem under consideration can be conducted
based on the Terrace Ledge Kink model, which is used in practice during consideration of electrochemical
dissolution of metals, which, in particular, was successfully demonstrated by K. Fetter in his classic
monograph [17, pp. 313–354]. However, in our fairly simple case of anode dissolution of binary alloys, it is
quite possible to limit ourselves to the illustration of this process, given in the book by N.D. Tomasov and
G.P. Chernova.

Figure 1. Scheme of anode dissolution of cubic crystal lattice of binary alloy of the solid solution
type. Dark dots are the atoms of the doping component.
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In this case, within the framework of the scheme proposed by Kossel and Stranski, dissolution of
metals that make up, for example, the cubic crystal lattice of the binary alloy (the system forms a
substitutional solid solution) is carried out from different energy points of its crystal lattice, at the same time
[16, p. 69] "the lesser the number of the adjacent atoms with which the atom is associated, the bigger it is
energy opportunities, and therefore the more negative its electrochemical potential and the more likely its
ionization and transition into the solution." This picture becomes even more prominent if we have, for
example, a binary substitutional solution illustrated in Fig. 1, where the dark dots represent the atoms of
the doping component. In this case, during dissolution according to the scheme presented by the arrow in
the mentioned figure, more resistant atoms (the doping component) will gradually appear "in more active
places", namely in the corners of the edges of the crystal lattice and thus slow down the overall rate of
anode dissolution of the alloy. On the other hand, if we assume that the energy characteristics of all atoms
are identical and in the formation of the ideal solid solution remain unchanged, which, however, directly
follows from its definition, then the only changing parameter, in addition to the existing concentration
changes in the alloy, is the energy of solvation (hydration) of the atoms of the system in question. Thus,
the kinetic analysis of the process of anode dissolution of low-doped binary alloys in the approximation of
ideal solid solutions clearly demonstrates the independence of its electrochemical behavior (the rate of
anode dissolution) from the process of its formation from the pure original components. However, taking
into account the experimental data on the reduction of free energy in the formation of non-ideal alloys such
as solid solutions [16, p. 67], the value of which is estimated to be about a thousand calories (4187 joules)
per gram-atom, "which corresponds to a change in the electrochemical potential of the components in a
positive direction by about 20 mV." We should note on our own that it is fair for divalent metals, for
monovalent metals this value will already equal approximately 40 mV. At the same time, it is known that
"The decrease in free energy during corrosion reactions for technical (base) metals can amount to tens and
hundreds of thousands of calories per gram-atom, i.e. it will correspond to the EMF corrosion process of
about 200–2000 mV" [16, p. 67], which corresponds to approximately the interval from 41870–418700
joules. It would seem that the contribution of "ideality" in the formation of an alloy (approximately 20–40
mV) in its corrosive behavior, caused by the alloy-electrolyte relationship (200–2000 mV) is extremely small,
i.e. ranges from one to twenty percent. However, this impression is deeply misguided. Very often, especially
in atmospheric and soil corrosion, corrosive vapors are formed, EMF of which can be compared with the
values under consideration [18]. Figure 2 illustrates this statement.

Figure 2. Potential field over a flat short-circuited element with a steel anode and a nickel cathode
in tap water. The potential is related to the potential of corrosion of the anode.
It is appropriate to compare the given data on the "inediality" of a solid solution with the change in
the free energy, which is observed in the formation of ideal solutions. In this case, as we have established
earlier, the formula (38) "works", which for the case under consideration is more convenient to present in
the following form [13, p. 30–31].

∆=
G1,2 N1 RTlnN1 + N 2 RTlnN 2
Kiselev, V.G., Kalyutik, A.A.,
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Figure 3. Dependence of the Gibbs free energy (diffusion component) of the ideal binary alloy
from its chemical composition in the ideal solid solution approximation.

N1 and N 2 are molar fractions of respectively the first and second components of the alloy,
and ∆G1,2 , as before, refers to one mole of the solution (alloy); Accordingly, ∆G1 =
N1 RTlnN1 and
Where

∆G2 =
N 2 RTlnN 2 .
A respective graph of change of the "ideal" Gibbs free energy (diffusion component) is presented on
the Figure 3 and represents some curve with a minimum [13, p. 22].
Table 1. Changes in Gibbs free energy (diffusion component) in the formation of the ideal
binary alloy (solid solution) as a function of changing the molar fractions of the alloy components.
Indicators

1

2

3

4

5

N1

0.5

0.1

0.01

0.001

0.0001

N2

0.5

0.9

0.99

0.999

0.9999

∆G1.

- 844.20

- 561.01

-112.18

- 16.83

-2.24

∆G2

- 844.20

- 231.08

- 24.12

- 2.43

- 0.24

∆G1.2

- 1688.40

- 792.09

- 136.30

-19.26

-2.48

Values of the ∆G1,2 are listed in joules per mole of the alloy, and the partial molar values

∆G1 =
N1 RTlnN1 and ∆G2 =
N 2 RTlnN 2 , listed in joules, are normalized by their molar fractions in the
alloy.
However, due to the fact that this dependence shows only trends of changes in ∆G1,2 , and therefore
does not allow to determine the specific values of the change of free energy, for the subsequent
comparative analysis we will have to present them in a table form. We will do this for five different cases of
the ratio of the molar fractions of the initial components in the alloy, numbered from 1 to 5 (during the
calculations, the conventional temperature of the solution formation was chosen equal to 20 ℃).

The simplest analysis, of the both graphical dependence and table data, shows that firstly the change
in molar free energy formation of the ideal alloy even at its maximum absolute value (equal original alloy
components, column 1) is relatively small compared to the experimentally observed magnitudes of the
formation of real alloys and in this case the ratio is approximately equal to 0.04 (1688.40/41868 ≈ 0.04),
and secondly, when the molar fraction of one of the components (in our case, N1 ) begins to decrease even

more markedly in the absolute value of this indicator and, for example, for the column 5 it is already a small
fraction, namely 0.00006 (2.48/41868 ≈ 0.00006). We should note that for the calculations carried out in
the latter case, we used the minimum possible value of the "chemical" component of the free energy, equal,
Kiselev, V.G., Kalyutik, A.A.,
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as we have established earlier, to 41870 joules. The data obtained are undoubtedly an additional and very
strong argument in favor of the practical absence of the effect of the process of formation of the ideal binary
alloy on the nature of its possible further anode dissolution.
We should note that in the modern construction industry and the industries that serve it, a lot of
attention is paid to the actual problem of materials science [19–22], as well as the issues of preserving the
strength characteristics of the materials used. A logical continuation of this trend is the presented work on
the study of corrosive behavior of low-alloy steels. This material-scientific problem is also in the trend of
modern science, as evidenced by the numerous publications on this topic [23–30], which argues for the
relevance of the research presented in this paper. This article is, to some extent, a continuation and
development of previous publications [14, 31–36] devoted to the consideration of the process of mixing
ideal gases and in no way contradicts them. At the same time, it aims to address the very specific and
extremely important problem of increasing the corrosion resistance of carbon and low-alloy steels, which
play a very important role in almost every area of human activity, especially in the field of construction and
architecture. This research, focused primarily on the study of ideal binary alloys that are models of real
carbon and low-alloy steels, allows us to draw conclusions presented below.

4. Conclusions
1. The equilibrium potential of the ideal binary alloy in the electrolyte is by no means dependent on
the process of its formation from the pure raw components, but is determined solely by the ratio of energy
characteristics of the ions of metals located actually in the alloy, as well as the energy characteristics of the
same ions in the electrolyte solution that comes into contact with the alloy.
2. The presence of the Gibbs free energy, which characterizes the diffusion behavior of two
generally different portions of different components of the ideal binary alloy and, accordingly, the process
of its formation, in no way affects the speed of its anode dissolution.
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Abstract. This paper presents the development of a three-dimensional non-linear finite element model to
predict the moment-rotational response of partial depth endplate composite connections. A parametric
study is performed to evaluate the influence of utilizing various sizes (i.e., length, width, and thickness) of
external Carbon Fiber Reinforced Polymer (CFRP) laminates on the composite connection performance.
The numerical analysis reveals that the flexural resistance of the retrofitted CFRP strengthened composite
connection increases by up to around 20% and the rotation capacity decreases by approximately 60%.
Moreover, the results indicate that applying CFRP laminate to the tension face of the composite slab can
reduce the amount of rebar needed for the bending capacity of steel-concrete composite beam-to-column
connections.

1. Introduction
Steel and concrete are the two widely used building materials in the construction industry [1], [2].
Each of these materials imparts certain strengths and weaknesses. For example, concrete exhibits low
tensile strength and fracture toughness resulting in cracking [3], [4]. Structural steel elements, on the other
side, are susceptible to buckling and exhibits poor fire resistance performance. The undesirable properties
of these materials can be neutralized when they are combined to form a composite structure. The composite
connection may be perceived as the addition of a reinforced concrete slab to the bare steel connection by
providing an appropriate mechanism of shear transfer in between the concrete slab and the steel beams
[5]. This mechanism is provided using shear studs that are welded to the top flange of the steel beam and
embedded in concrete in order to act as a single unit. The key characteristics of composite connections
(i.e., moment capacity, rotation capacity and rotational stiffness) are considerably affected by many factors
such as joint type, slab depth, reinforcement bar ratio, the degree of shear interaction and load application
procedure [6]–[14].
In addition, to maintain the favorable performance of composite connections during their service life,
the flawless performance of the steel and concrete components should be continuously provided. In this
regard, steel and concrete need special modification and rehabilitation schemes to withstand their primary
properties for a long period of time when exposed to service environments. As for instance, it is estimated
that developed countries assign approximately 40% of their total construction industry budget for repair and
maintenance purposes of the existing infrastructures [15]. In case of a reinforced concrete (RC) structures,
the main detrimental factors are the increase in applied loads, corrosion of steel reinforcing bars and
unexpected events such as earthquakes. The retrofit of RC elements can be achieved by adding steel or
Fiber Reinforced Polymer (FRP) materials including rods [16], [17], plates [18] and innovative systems [19]
to the damaged RC element. In the case of retrofitting plates, steel or FRP plates are attached to the surface
of the concrete element in such a way that the slip between the connected materials is prevented and they
act compositely in carrying the load. The FRP materials are more attractive than steel, primarily due to
higher strength-to-weight ratio, resistance to many chemicals and metal-corrosive agents as well as easier
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handling and installation. Thus, external bonding of FRP plates has become a widely popular method for
the strengthening of different RC structural members such as beams, columns and slabs [20], [21].
An abundance of tests over the last two decades have shown that the bending capacity of flexural
members such as RC beams and slabs to be enhanced by applying FRP overlays to their tension face [22],
[23]. Parvin and Granata [24], Mosallam [25] and Gergely et al. [26] carried out experimental and numerical
studies on the behavior of RC joints strengthened with FRP laminates. The authors reported the increase
in the flexural capacity and decrease in the ultimate rotation of joints as a result of FRP strengthening of
RC connections. Esfahani et al. [27] and Almusallam et al. [28] examined the effect of reinforcement bar
ratio on the behavior of beams strengthened with FRP laminates. They pointed out the enhancement in
bending capacity and stiffness of the retrofitted beams. On the other hand, a significant absence of literature
exists on the behavior of endplate composite connections strengthened with FRP laminates.
The main objective of this study is to evaluate the moment-rotational response of endplate composite
connections including strengthening of the slab using different sizes and thickness of Carbon Fiber
Reinforced Polymer (CFRP) laminates attached to the tension face of the slab. To this end, a three
dimensional (3D) non-linear finite element model is developed in ANSYS software to perform a parametric
study. In addition, various values of reinforcement bar ratio in the slab is considered to investigate the
possibility of decreasing the rebar in the presence of the CFRP laminate. This will reduce rebar congestion
in the composite joint resulting in cost and time savings in rehabilitation projects.

2. Methods
The Finite Element Method (FEM) is a numerical technique that can be used to solve complicated
problems in engineering by breaking down a complex problem into a large number of simple problems. In
this section, a short description of the experimental program that was used as the calibration basis for the
numerical studies is initially presented. The finite element models are then used in parametric analyses of
partial depth endplate composite connections.
The specimen SCJ10 tested by Xiao [13], [14] at The University of Nottingham serves as the base
model (un-strengthened model) to compare with those finite element models strengthened with CFRP
laminates. The specimen SCJ10 is depicted in Figure 1. Two 305×165×UB40 (beam element) of 1.6 m in
length and one 203×203×UC52 (column element) of 1.2 m in height are connected to form the cruciform
configuration. The beams are connected to the column flanges at a height of 500 mm by means of partialdepth endplates (190×150×10 mm) welded to the steel beam and bolted to the column flange with two rows
of M20 Grade 8.8 bolts. A 120 mm deep slab with RMF CF46 profiled metal decking is used. The slab rebar
ratio is 0.8%. Two point loads of the same magnitude are applied symmetrically to each cantilever at 1.5 m
from the column flange.

Figure 1. Cruciform arrangement of partial depth endplate composite connection (SCJ10).
In this study, the advantage of the symmetry is used to model the composite connections in order to
reduce the problem size. Therefore, it is essential to address the problem with proper boundary conditions.
To define the support condition or to establish symmetry, appropriate restraints on nodes or node sets are
required. Regarding symmetry about two axes of the cross-section, the concrete-steel composite
connections are modeled with half-length (see Figure 2). All nodes on the line of symmetry are restrained
against both translation and rotation in the z-axis direction.
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The metal deck and beams are modeled with eight-node thin shell elements (SHELL281) and the
concrete slab is modeled using a solid element (SOLID185). The SOLID185 element has eight nodes with
three degrees of freedom at each node. The element has plasticity, hyper-elasticity, stress stiffening, creep,
large deflection and large strain capabilities. The reinforcement bars are modeled using the link element
(LINK8) and shear studs are idealized by twenty-node solid elements (SOLID95). The eight-node solid
elements (SOLID45) is used to model the column, endplate and bolts.

Figure 2. Typical finite element model with Boundary conditions.
The interaction between the metal deck and steel beams is not fully bonded. Thus, surface-to-surface
contact elements are used as the interface element between the metal deck and the steel beam to prevent
any penetration of steel decking into the steel beam. To model this behavior, the surface-to-surface contact
elements, CONTA174 and TARGE170 are superimposed on the surface of the solid or shell elements
which form the interface. Each of these “contact pairs” is also capable of representing the slide between
the two surfaces activated by defining a friction coefficient. The surface-to-surface contact model also
defines the complex interfaces between the endplate and the column flange, the shear studs and concrete
as well as the column flange and concrete. The coefficient of friction is assumed equal to 0.45 in this
research.
For the material properties, ANSYS requires input of the modulus of elasticity, yield stress and
Poisson's ratio. In this study, Poisson’s ratio values of 0.3 and 0.2 are used for steel and concrete,
respectively. The relationship between the compressive strength of concrete and its tensile strength and
modulus of elasticity is expressed as shown in Equations (1) and (2), respectively [29]:

where

f r = 0.632 f c'

(1)

Ec = 4700 f c'

(2)

f r , f c' and Ec are the tensile strength, compressive strength and modulus of elasticity of concrete,

respectively. The compressive uniaxial stress-strain relationship for concrete in the ascending branch to
compute the multi-linear isotropic stress-strain curve is calculated using Equations (3) to (5) [30]:

f =

Ecε

ε 
1+  
 ε0 
f'
ε0 = 2 c
Ec
f
Ec =

where

ε

is the strain, f is the stress at any strain and

ε0

2

ε

(4)
(5)

is the strain at the ultimate compressive strength.

The stress-strain behavior adopted for concrete is shown in Figure 3.
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Figure 3. Uniaxial stress-strain curve adopted for concrete.
The shear studs and metal deck are modeled using a bilinear stress-strain curve with the bilinear
isotropic hardening option (BISO). The bilinear stress-strain curve is capable of representing elasticperfectly plastic material behavior with equal yield stresses in tension and compression as well as with the
hardening option.
The steel reinforcement is modeled for nonlinear analysis as an elastic-plastic material using a three
linear stress-strain law symmetrical is tension and compression (see Figure 4 (a)). An increase of
deformation over the elastic limit leads to the exhibition of a yielding plateau phase. After the perfectly
plastic branch, strain-hardening behavior initiates. The plastic strain deformation at the end of the yielding
plateau ( ε st ) and the modulus of elasticity in the hardening phase ( Est ) for steel reinforcement bars are
obtained using Equations (6) and (7), respectively [31], [32]:

where

ε sy

and

ε st = 3ε sy

(6)

Est = 0.02 E y

(7)

E y are the yield strain and the modulus of elasticity, respectively.

Figure 4. Stress-strain curve for (a) steel reinforcement bars (b) beam, column, bolts and steel
deck.
In line with Gattesco [33], other structural steel parts are modeled using a stress-strain relationship
that incorporates multi-linear isotropic hardening (see Figure 4 (b)). Amadio and Fragiacomo [32] have
proposed Equations (8) and (9) for the plastic strain deformation at the end of ε st and Est , respectively.

ε st = 15ε sy

(8)

Est = 0.015 E y

(9)

In this research, a 3-D layered structural element (SOLID46) with three degrees of freedom at each
node is used to model the CFRP laminates. The element allows up to 250 layers and translation in the x,
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y, and z directions. The element is defined by eight nodes, layer thickness, layer material direction angles
and orthotropic material properties. This study assumes that the strength of the epoxy used to attach the
CFRP laminates to the surface of concrete was sufficiently high to support the full bonded assumption. In
line with similar studies [34], [35], the CFRP laminate "MBRACE® laminate 460/1500" with a 71% volume
fraction of carbon fiber is adopted for this research. The material properties of the CFRP material are given
in Table 1.
Table 1. Material properties of CFRP laminate.
CFRP laminate

Tensile modulus
(GPa)

Poisson's
ratio

Tensile strength
(MPa)

Elongation at
break (%)

Thickness (mm)

MBRACE ®
LAMINATE
460/1500

478.730

0.36

1607

0.36

1.45

3. Results and Discussion
In this section, the moment-rotation curves are plotted using the obtained numerical results. From
this curve, the ultimate moment and rotation capacities are determined and compared with the existing
experimental test data [13], [14] in order to validate the finite element results. Then, a direct comparison
between the strengthened and un-strengthened composite connections are made and the effect of
implementing CFRP external reinforcing laminates is studied.

3.1. Model validation
The experimental and numerical moment-rotation curves for the un-strengthened specimen (SCJ10)
are compared in Figure 5. The experimental values of ultimate moment and rotation capacities were
147.8 kN.m and 16.5 mRad, respectively [13], [14]. The ultimate moment and rotation capacities obtained
from FEM model for SCJ10 are 146.5 kN.m and 16.1 mRad, respectively, which are very close to the
experimental test data. Note that both the experimental and FEM curves follow a similar trend. In the initial
phase, the connection behaves linearly which is then followed by nonlinear behavior where the connection
gradually loses its rotational stiffness as rotation increases.

Figure 5. Comparisons between experimental and FEM results.
Also, The failure mode for SCJ10 using FEM shows good correlation with the experimental test
results [13]; both experimental and FEM models failed due to the column web buckling (see Figure 6 (a)
and 6 (b)). The deformation of the partial depth endplate due to the applied load can also be seen in Figure
6 (c). These confirm the accuracy of the developed finite element model.
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Figure 6. (a) FEM failure mode (b) experimental failure mode (c) deformation of partial depth
endplate after FE simulation.

3.2. Parametric study
3.2.1. Effect of CFRP length and width
To investigate the effect of the CFRP laminate dimensions, five models with different widths and
lengths are developed. Table 2 shows the configurations of these models. A composite connection without
a CFRP laminate is analyzed to serve as a reference model to comparison with those models reinforced
with CFRP laminates. In this research, the CFRP laminate have width values between 30% and 60% of the
slab width. The length of the CFRP laminate is varied from 20% to 40% of the length of the composite slab.
The thickness of the laminates is 1.45 mm.
Table 2. CFRP laminate dimensions.
Test ID

CFRP laminate configuration
Width (%slab width)

CFRP W30×L30

30

CFRP W45×L30

45

CFRP W50×L20

50

CFRP W60×L30
CFRP W60×L40

60

Length (%slab length)

Thickness (mm)

30
20

1.45

30
40

Figure 7 shows a typical FE model of a CFRP laminate applied to the tension face of the partial depth
endplate composite connection. A finer mesh is used around the shear studs due to the stress concentration
in their vicinities.
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Figure 7. Typical FE model of a composite connection strengthened with CFRP laminate.
The ultimate moments and rotation capacities for un-strengthened and strengthened models with
different CFRP laminate configurations is shown in Table 3. Also, the moment-rotation curves for the FE
models are presented in Figure 8. The results show that applying CFRP laminate to the tension face of the
composite connection will increase the ultimate moment and rotational stiffness of the connection compared
with the un-strengthened model. The rotation capacity of the CFRP strengthened connection is
considerably lower than the un-strengthened specimen (SCJ10). Moreover, it is clear that the length of the
CFRP laminate has greater influence on the moment capacity than its width. For example, the ultimate
moment and rotation capacity for test ID CFRP W60×L40 is increased by 8.2% and 9.5% compared with
CFRP W60×L30, respectively. In addition, test ID CFRP W50×L20 with the smallest length exhibits the
smallest moment capacity amongst all the FE models.
Table 3. FEM results of partial depth composite connections with and without CFRP laminate.
Test ID

Ultimate Moment (kN.m)

Rotation capacity (mRad)

Un-strengthened model (SCJ10)
CFRP W30×L30
CFRP W45×L30
CFRP W50×L20
CFRP W60×L30
CFRP W60×L40

146.47
150.34
158.10
149.08
162.63
175.92

16.05
6.910
6.747
7.573
6.631
7.264

Figure 8. Moment-rotation curves for un-strengthened and strengthened models.
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3.2.2. Effect of CFRP thickness
To investigate the effect of the CFRP laminate thickness on the moment-rotation curve of the
composite connection, CFRP W60×L40 is modeled with different sheet thicknesses. Table 4 shows the
configurations and moment/rotation capacities of the considered models. From the FE results, it can be
seen that by increasing the thickness of CFRP sheets, the moment capacity of the composite connection
is slightly increased. By increasing the CFRP laminate thickness from 2 mm to 5 mm, the moment and
rotation capacities are increased by only 5.5% and 4.5%, respectively.
Table 4. FEM results of various configurations of CFRP reinforced composite connections.
CFRP laminate configuration
Test ID

Width (%slab width)

Length (%slab
length)

Thickness
(mm)

Moment
capacity
(kN.m)

Rotation
capacity
(mRad)

60

40

1.45
2
5

175.92
176.16
185.82

7.264
6.378
6.665

CFRP W60×L40
CFRP W60×L40×T2
CFRP W60×L40×T5

3.3. Effect of reinforcement bar ratio
To investigate the influence of the reinforcement bars on the composite connection, test IDs
SCJ10×R0.2 and SCJ10×R0.4 with identical joint details but different areas of reinforcement bar from
SCJ10 are considered. The reinforcement bar ratios for SCJ10×R0.2 and SCJ10×R0.4 are 0.2 % and
0.4 %, respectively. The results obtained from these finite element models are shown in Table 5. The FEM
results indicate that by decreasing the reinforcement bar ratio, the moment capacity is decreased. The
moment capacity of SCJ10×R0.4 and SCJ10×R0.2 reduces by 13.6 % and 22.2 %, respectively, compared
with test ID SCJ10 (reinforcement bar ratio of 0.8%). However, the rotation capacity of SCJ10×R0.2 is
slightly higher than SCJ10×R0.4 (5.8% higher).
As stated previously, one of the main objectives of this study is to investigate the feasibility of
decreasing the reinforcing bars in the presence of CFRP laminate at the tension face of the composite
connection. Two models of CFRP W60×L40×R0.2 and CFRP W60×L40×R0.4 are therefore considered.
The specifications and moment/rotation capacities of these models are shown in Table 5. The moment
capacity of test ID CFRP W60×L40×R0.2 is increased by 25.3 % and the rotation capacity is decreased by
64.5 % (rotational stiffness is increased) compared with test ID SCJ10×R0.2. Also, the moment capacity of
test ID CFRP W60×L40×R0.4 is 18.5 % more than the moment capacity of its un-strengthened model
(SCJ10×R0.4). From the FEA results, it is obvious that CFRP laminate can reduce the amount of
reinforcement bars needed to provide the required bending strength of a composite connection.
Table 5. FEM results of various reinforcement bar ratios with and without CFRP laminate.
CFRP laminate configuration
Test ID

SCJ10×R0.2
SCJ10×R0.4
SCJ10
CFRP W60×L40×R0.2
CFRP W60×L40×R0.4

Width
(%slab width)

Length
(% slab
length)

-

-

60

40

Reinforcement bar ratio
(%)

Moment
capacity
(kN.m)

Rotation
capacity
(mRad)

0.2
0.4
0.8
0.2
0.4

113.93
126.60
146.47
142.77
149.97

9.110
8.612
16.05
3.233
3.688

4. Conclusions
The full scale testing of composite connections to obtain the mechanical properties such as the
strength and stiffness requires expensive and time-consuming experiments. A straightforward alternative
method is to use finite element analysis, yet the numerical results must be verified by available experimental
data. In this paper, a three-dimensional nonlinear finite element analysis is carried out using ANSYS
software to investigate the influence of various parameters on the moment-rotational response of partial
depth endplate composite connections. The comparison between the experimental and finite element
results proves that finite element analysis could precisely predict the complex behavior of composite
connections. The following conclusions can be drawn:

Ramezani, M.

Magazine of Civil Engineering, 106(6), 2021

• The results show that the application of CFRP laminate to the tension face of the slab leads to
significant enhancements in flexural strength and stiffness of the partial depth endplate composite
connections. Under identical loading conditions, applying external CFRP laminate exhibits 20.1% increase
in the ultimate moment and 58.7% decrease in joint rotation, compared with the un-strengthened case.
• Increasing the CFRP laminate thickness can slightly improve the performance of composite
beam-to-column connections by reducing the joint rotation and increasing the moment capacity. The
increase in the CFRP laminate thickness from 2 to 5 mm results in a slight increase in the flexural strength
of the composite connection.
• Applying CFRP laminate to the tension face of the slab can reduce the amount of reinforcement
bars needed for flexural capacity of the composite beam-to-column connections by contributing to the
tensile force. This will alleviate rebar congestion in the joint and make the whole structure more cost
effective.
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Abstract. The article covers issues connected to the justification of the relationship between gathering
characteristics of structure-modified materials and parameters of technological processes connected to the
materials’ production. On the basis of preliminary analysis of experimental data, the procedure has been
proposed for formation of analytical dependence of weight gain values for carbon nanotubes and nanofibres
on cement particles (with the use of gas-phase synthesis applied to carbon nanostructures) on time
parameters of reduction of iron oxide and synthesis of nanostructures directly on the matrix surface. As a
base of the mentioned-above dependence, it has been proposed to use a superposition of two components:
the linear component defined by the reduction parameter and a logistic component defined by the synthesis
parameter. It has been proposed to use optimization modeling tools for the determination of parameters of
analytical dependence. On the basis of the results of the procedure, the conclusion has been made about
the adequacy of the obtained results and, as a sequence, high practical importance of the proposed
analytical dependence. As part of the further stage of the research, it is planned to carry out laboratory
experiments and form the corresponding analytical dependences to assess the effect of synthesis modes
on the characteristics of the resulting product for alternative matrix cement materials, such as sulfateresistant cement, magnesia, slag Portland cement, alumina, pozzolanic.

1. Introduction
Modern conditions for the development of the construction industry define the need for the
development and application of innovative technologies for obtaining of more efficient construction
materials in terms of their operational characteristics [1–3], as well as the cost of manufacturing and
installation [4, 5]. At the same time, one of the most promising directions of operational properties
improvement for the materials of building structures is modification of cement structure by means of carbon
nanostructures integration [6, 7] into it to increase radar absorption capacity and strength of building
material [6–8]. In this regard, one of the most important tasks is to determine the relationship between the
operational characteristics of structurally modified nanocarbon cement and the parameters of the creation
process for the specified construction material. At the same time, the results of scientific works analysis in
the corresponding research field showed the limitations of existing tools used for the determination of
adequate forecast values of material’s operational characteristics on the basis of regulated values of the
technological parameters for the material’s creation process [9–11, 14–17].
That circumstance determined the feasibility of the research, which aim is to develop tools for
determination of the operating characteristics for structurally modified cement on the basis of the
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technological parameters of the material’s creation. To achieve the specified aim, the following tasks have
been formulated:
1. Carry out the analysis of the scientific works related to the justification of the relationship between
obtained characteristics of structure-modified materials and parameters of technological processes
connected to the materials’ production.
2. Conduct a series of laboratory experiments to obtain structurally modified cement M500D0 (CEM
I 42.5 N) with different characteristics of the technological process connected to the material’s creation.
3. Propose an analytical dependence of the acquired characteristics values of the structurally
modified material on the values of the technological process parameters connected to the material’s
production.
4. Propose and implement on the basis of conducted experiments results a procedure for formation
of the analytical dependence of acquired characteristics values of the structurally modified material on the
values of the parameters for the technological process connected to the material’s production.
In this case the research object is the process of creation of the structurally-modified cement (by
integration of carbon nanostructures on its particles) as the building material’s element providing the
improvement of corresponding physical and mechanical properties (in comparison with materials without
nanocarbon cement). The research subject is the relationship between the values of the acquired
characteristics of the structurally-modified cement and parameters of technological process connected to
the material’s creation.
The scientific novelty of the research is determined by the composition of considered parameters of
the material and technological process for its creation, and also by specific structure of the proposed
analytical dependence based on the superposition of linear and non-linear components.
At the initial stages of the research the analysis of the scientific works connected to the research field
has been carried out. Detailed description of the main scientific developments is presented in Table 1.
Table 1. The results of the review of scientific papers on the research topic
№

The name of development

The content and features of development

1

Determination of the
characteristics of the
thermal catalytic steam
decomposition (CVD)
system for the growth of
carbon nanotubes [14]

2

Determination of
characteristics for the carrier
gas to ensure the maximum
yield of carbon nanotubes
during synthesis with the
use of CVD method [15]

3

Analysis of the effect of
ferrocene on the structure of
carbon nanotubes
synthesized on the basis of
Si / SiO2 / Al2O3 [16]

4

Direct synthesis of carbon
nanofibers on cement
particles [17]

description of the process of synthesis of carbon nanofibers growth using the
Taguchi matrix design using nitrogen as a transport gas;
analysis of factors that have the influence on the growth of nanostructures;
identification of the factor that has the greatest influence on the growth of
nanostructures on the basis of the experiments’ results;
synthesis with medium temperature
analysis of the influence of the flow rate, the composition of the carrier gas (H2,
N2, and Ar), and the amount of benzene on the quality and yield of carbon
nanotubes created by catalytic vapor decomposition;
identification of the carrier gas variant that provides the maximal (most
preferred) values of the yield characteristics and the best qualities of carbon
nanotubes on the basis of the results obtained during conducted experiments
analysis of the growth process for multilayer carbon nanotubes under the
following conditions:
silicon aluminum substrate is used as the matrix base;
ethylene is selected as the gas used for nucleation of nanostructures.
identification of ferrocene as a catalyst that provides high purity characteristics
of carbon structures on the basis of the experiments’ results.
analysis of processes connected to the direct synthesis of carbon nanotubes
and nanofibers on cement particles; C2H2, CO2, and CO are used as carbon
carrier gases;
the method of low-temperature and high- performance synthesis that provides a
significant increase (in comparison with previously proposed methods) of the
characteristics of compressive strength and electrical conductivity for the
created structurally modified material.

On the basis of the information presented in Table 1, it has been concluded that scientific works do
not include mathematical description (approximation dependence, tendency, extrapolation formula, etc.) of
the patterns revealed within conduction of laboratory experiments. Therefore corresponding scientific
results cannot be directly used for more complex tasks connected to prediction and optimization. That
circumstance confirmed the necessity for the research being conducted.
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At the further stages of the research, a series of laboratory experiments assuming the analysis of the
operational properties of structurally modified cement of grade M500D0 (CEM I 42.5 N) (by integration of
carbon nanostructures on its particles) in conditions of different values of parameters of the technological
process connected to the material’s creation – growth of carbon nanostructures on the surface of cement
powder with the use of the gas-phase synthesis method [9, 14] – has been conducted. The mentionedabove technological process included the following main steps:
1. Preliminary heating of a certain volume of pure cement powder in the furnace in the atmosphere
of argon at the temperature of 650 °С.
2. Reduction of iron oxide in cement structure by addition of hydrogen [15] in the argon atmosphere
for a certain time – controlled value, hereinafter referred to as reduction parameter.
3. Synthesis of carbon nanostructures on the surface of cement powder by replacement of argonhydrogen atmosphere with acetylene-hydrogen mixture with ratio of hydrogen to acetylene 8.3:1 within a
certain time period [16] – controlled value, hereinafter referred to as synthesis parameter.
4. Creation of fine-grained concrete on the basis of pure cement in combination with nanocarbon
cement by mixing with fine aggregate and water.
5. Creation of prototype samples by the placement of produced concrete into mold with subsequent
holding of material for several days till its complete hardening and carrying out of physical and mechanical
tests with subsequent analysis [7, 13].
It’s necessary to note that during the described-above technological process the initial material’s
weight increase or IMWI (%), caused by the growth of carbon nanotubes and nanofibers, has been
considered as one of the key operational characteristics. The corresponding calculation formula is the
following:

y=
where

M1 − M 0
,
M0

(1)

M 0 , M1 are the masses of the sample obtained on the basis of pure and modified cement,

respectively (g).
The results of the experiments in the form of a three-dimensional plot (surface) of the IMWI value
dependence on the reduction and synthesis parameters’ values is shown in Table 2 and Fig. 1. It’s also
necessary to note that the mentioned surface is based on the results of 25 experiments performed with
various combinations of values for the reduction and synthesis parameters.

2. Methods
During the next stage of the research the procedure has been proposed for the formation of analytical
dependence [14–16] of the IMWI value on the reduction and synthesis parameters’ values. The main
provisions for the implementation of the procedure are the following:
1. The parameters of reduction and synthesis are considered as the most significant factors
determining the IMWI (the influence of the other parameters of the technological process connected to the
material’s creation on the specified increase value is either absent or negligible).
2. The two-dimensional dependence of IMWI value on the reduction and synthesis parameters’
values is monotonically increasing (confirmed by the data presented in Table 2 and Fig. 1).
3. The IMWI value is linearly depends on the reduction parameter value and nonlinearly depends
on the synthesis parameter value (confirmed by the data presented in Table 2 and Fig. 1); in the latter case,
the corresponding relationship in the Cartesian coordinate system "IMWI – synthesis parameter" is
described by an s-shaped curve containing an inflection point (argument values, that are smaller and larger
than the abscissa of the inflection point, indicate concavity and convexity, respectively).
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Table 2. The results of experiment, shown in analytical form
Experiment
number

Value of parameter of the process connected
to the creation of the structurally modified material

Initial material’s weight
increase (IMWI)

reduction parameter

synthesis parameter

1

5

5

0.87

2

10

5

0.88

3

15

5

1.04

4

20

5

1.03

5

25

5

1.08

6

5

10

1.05

7

10

10

1.12

8

15

10

1.37

9

20

10

1.55

10

25

10

1.64

11

5

15

1.68

12

10

15

1.79

13

15

15

2.11

14

20

15

2.42

15

25

15

2.62

16

5

20

2.51

17

10

20

2.73

18

15

20

3.28

19

20

20

3.60

20

25

20

3.74

21

5

25

2.78

22

10

25

3.02

23

15

25

3.50

24

20

25

3.85

25

25

25

4.03

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

Figure 1. The results of experiments (shown in graphic form).
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4. The analytical dependence of the IMWI value on the reduction and synthesis parameters’ values
is proposed to be described in the form of a superposition of two components: linear, determined by the
value of the reduction parameter, and so-called logistic, determined by the value of the synthesis parameter;
the corresponding formula is the following:

(

)

( )

( )

y x1, x2 = y1 x1 + y 2 x2 = a0 + a1 ⋅ x1 +

a2
,,
−c2 ⋅ x2
1 + b2 ⋅ e

(2)

where x is the value of reduction parameter (min);

1

x2 is the value of synthesis parameter (min);

y is the theoretical IMWI value determined by the reduction and synthesis parameters’ values (%);
y1 is the value of the linear component of the analytical dependence of the IMWI value on the
reduction and synthesis parameters’ values (%); the component value is determined only by the reduction
parameter value;

y 2 is the value of the logistic component of the analytical dependence of the IMWI value on the
reduction and synthesis parameters’ values (%); the component is determined only by the value of the
synthesis parameter;
Description of other elements of the formula is given in Table 2 (lines 2.1–2.5); the purpose of
parameters a , b , c of the logistics component of the analytical dependence is illustrated in Fig. 2.

2 2 2

5. The analytical dependence formation of the IMWI value on the reduction and synthesis
parameters’ values is based on the determination of values for parameters a , a , a , b , c of linear and

0 1 2 2 2

logistical components (see formula (2)) as part of the nonlinear approximation procedure and is performed
by building and implementation of the optimization model based on minimization of the sum of squares for
deviations of the calculated (theoretical) IMWI values from the respective actual (experimental) values.
6. In order to evaluate the adequacy of the formed analytical dependence, i.e. the degree of
compliance of calculated (theoretical) IMWI values obtained on the basis of the specified dependence with
the actual values obtained by experiments, it is proposed to use the determination index R ; formed
analytical dependence will be able to be used for the calculation of predicted IMWI values on the basis of
known values of reduction and synthesis parameters in case of fulfillment of the following condition [21]
(3)
R ≥ 0.9.
The description of the source data for the implementation of the proposed procedure, as well as
unknown variables of the corresponding optimization model (see paragraph 5 of the main provisions), is
given in Table 2. The description of the calculated characteristics enumerated during the procedure’s
implementation is given in Table 3.

y 1

0.8

y 1

a
y=
1 + b ⋅ e− c⋅ x
a= b= c=

0.8

1

0,5

0,1

1

0.5

0.1

0.75

0.5

0.1

1

1.5

0.1

0.5

0.5

0.1

1

5

0.1

0.6

0.6

0.4

0.4

0.2

0
− 100

a
1 + b ⋅ e− c⋅ x
a= b= c=
y=

0.2

x
− 50

0

50

100

a)

Cherkashin A.V., Radaev A.E., Olekhnovich Y.A., Sulatskiy K.S.

0
− 100

− 50

x
0

b)

50

100

Magazine of Civil Engineering, 106(6), 2021

y 1

y=
0.8

a=

a
1 + b ⋅ e− c⋅ x
b= c=

1

0.5

0.1

1

0.5

0.05

1

0.5

0.025

0.6

0.4

0.2

0
− 100

x
− 50

0

50

100

c)
Figure 2. Main parameters of the logistic function and their purposes:
a) – scale parameter; b) – offset parameter; c) – form parameter

Table 3. Source data required for the implementation of the procedure and unknown variables
of the corresponding optimization model
Measure
unit

Designation /
formula

units

m

-

∆1

-

∆2

1.2

Number of measurements
The share of the actual IMWI value determined by value of reduction
parameter*
The share of the actual IMWI value determined by value of synthesis
parameter*
Indexes

1.2.1

Index of experiment

-

i = 1, 2,..., m

№

Name of the initial data element / of the unknown variable

1

Initial data (input parameters)

1.1

Basic initial data

1.1.1
1.1.2
1.1.3

1.3

Characteristics of each experiment 𝑖𝑖 (𝑖𝑖 = 1,2, . . . , 𝑚𝑚)

1.3.1

Reduction parameter value

min.

x1i

1.3.2

Synthesis parameter value

min.

x2i

1.3.3

IMWI value

%

yi

1.4

Initial values of unknown variables
Value of the form parameter for the logistic component of the formed analytical
dependence**

min–1

c20

%

a0

1.4.1
2

Unknown variables*** (output parameters)

2.1

Value of the offset parameter for the linear component of the formed analytical
dependence

2.2

Value of the scale parameter for the linear component of the formed analytical
dependence

2.3

Value of the scale parameter for the logistic component of the formed analytical
dependence

2.4
2.5

Value of the offset parameter for the logistic component of the formed analytical
dependence
Value of the form parameter for the logistic component of the formed analytical
dependence

Note: * – the values of the source data elements must meet the following conditions:

_%_
min.

a1

%

a2

-

b2

min–1

b2

∆1, ∆ 2 ≥ 0 ; ∆1 + ∆ 2 =1 ; ** – the

value of the source data element is determined by the actual IMWI values depending on the values of the reduction and
synthesis parameters; *** – in the names of variables, the formed analytical dependence means the dependence of the
IMWI value on the reduction and synthesis parameters’ values.
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Table 4. Calculated characteristics enumerated during the proposed procedure’s
implementation
№
1
1.1
1.2
1.3

Name of calculated characteristic

Measure
unit

Calculated characteristics for each experiment
Actual IMWI value determined by the reduction
parameter value
Actual IMWI value determined by the synthesis
parameter value
Theoretical IMWI value determined by the
reduction parameter value

Formula

i ( i = 1, 2, ..., m )

%

y1i= yi ⋅ ∆1

%

y2i= yi ⋅ ∆ 2

%

y1i = a0 + a1 ⋅ x1i
y 2i =

a2

1.4

Theoretical IMWI value determined by the
synthesis parameter value

%

1.5

The total theoretical IMWI value

%

i y1i + y 2i
y=

1.6

The share of the calculated IMWI value (in total
theoretical value), determined by the value of the
reduction parameter*

-

y
∆ 1i =1i
yi

1.7

The share of the calculated IMWI value (in total
theoretical value), determined by the value of the
synthesis parameter*

-

y
∆ 2i =2i
yi

2
2.1

1 + b2 ⋅ e−c2 ⋅x2i

Generalized calculated characteristics for the entire set of experiments
Minimal reduction parameter value

min.

x1min = min{x1i }
max
1

i

= max{x1i }

2.2

Maximal reduction parameter value

min.

x

2.3

Minimal synthesis parameter value

min.

x2min = min{x2i }

2.4

Maximal synthesis parameter value

min.

2.5

Minimal actual IMWI value determined by the
reduction parameter value

%

i

i

x

max
2

= max{x2i }
i

y1min = min{y1i }
i

max
1

= max{y1i }

min
2

= min{y2i }

2.6

Maximal actual IMWI value determined by the
reduction parameter value

2.7

Minimal actual IMWI value determined by the
synthesis parameter value

%

y

2.8

Maximal actual IMWI value determined by the
synthesis parameter value

%

y2max = max{y2i }

%

y

i

i

i

m

2.9

2.10

3

The average (among the experiments) share of
the calculated IMWI value determined by the
reduction parameter value*

–

The average (among the experiments) share of
the calculated IMWI value determined by the
synthesis parameter value*

–

~
∆1 =

~
∆2 =

~

∑∆
i =1

1i

m
m
~
∑ ∆ 2i
i =1

m

Initial values of unknown variables

3.1

Value of the offset parameter for the linear
component of the formed analytical dependence**

3.2

Value of the scale parameter for the linear
component of the formed analytical dependence
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Measure
unit

№

Name of calculated characteristic

3.3

Value of the scale parameter for the logistic
component of the formed analytical dependence***

%

3.4

Value of the offset parameter for the logistic
component of the formed analytical dependence

–

Formula

(

)=

a20 = y2min ⋅ 1 + b20 ⋅ e − c2 ⋅ x2

(

0

= y2max ⋅ 1 + b20 ⋅ e

b20 = −

− c 20 ⋅ x 2max

min

)

y 2min − y 2max
e −c2 ⋅ x2 ⋅ y 2min − e −c2 ⋅ x2 ⋅ y 2max
0

min

0

max

The adequacy indicators for the formed analytical dependence of the IMWI value on the reduction and
synthesis parameters’ values

4
4.1

The sum of squared values of deviations of the
theoretical IMWI values from the actual IMWI
values

m

–

2
∆Σ = ∑ ( ~
yi − yi )
i =1

R = 1−
4.2

Determination index****

–

∆Σ
m


yi 

∑
m
 y − i =1 
∑
 i
m 
i =1





2

~

~

Note: * – the calculated characteristic is used to assess the deviations of the final share characteristics ∆ 1 и ∆ 2
(lines 2.9 and 2.10 of Table 3, respectively) for the theoretical IMWI values with the corresponding share
characteristics ∆ 1 и ∆ 2 (lines 1.1.2 and 1.1.3 of Table 2, respectively) for the actual IMWI values; ** – enumeration
of the calculated characteristic is based on the results of the calculation of the characteristic described in the line 3.2
of Table 3;*** – enumeration of the calculated characteristic is based on the results of the calculation of the
characteristic described in the line 3.4 of Table 3; **** – the calculated characteristic takes values in the interval 0;1
and is used to assess the adequacy of the formed analytical dependence of the IMWI value on the reduction and
synthesis parameters’ values: the closer the value of the characteristic to the value 1, the greater is the degree of
compliance for the actual and theoretical IMWI values.

[ ]

The structure of the proposed procedure is described by the block-scheme shown in Fig. 3 and has
the following distinctive features:
•

on the basis of the prepared source data (stage 1) and the generated characteristics (stage 2), the
optimization model is constructed and implemented (stage 4), which provides approximation of
experimental data (growth rates for carbon nanotubes / nanofibers by the weight of the initial
material for different combinations of the values of the reduction and synthesis parameters) on the
basis of component analytical dependence (expression (2)); since the mentioned-above
optimization model is nonlinear, its implementation with application of standard software (such as
“Microsoft Excel”, “Mathcad”, “Matlab”, etc.) assumes the use of the generalized reduced gradient
(GRG) method, which requires preliminary setting of the correct initial values for unknown variables
of the model – the corresponding operation is performed as part of stage 3 of the procedure;

•

based on the results of the optimization model’s implementation, the degree of compliance of the
theoretical IMWI values with the actual IMWI values is verified (stage 5) in accordance with the
condition (3). In case the calculated values are not adequate, the initial data are adjusted in terms
of the number of experiments and the corresponding results – the actual IMWI values.
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Preparation of source data, setting of
unknown variables

Table 3, paras. 1.1.1–
1.1.3, 1.2.1, 1.3.1–1.3.3 (initial
data) Table 3, paras. 2.1–2.5
(unknown variables)

Table 4, paras. 1.1–1.7,
2.1–2.10, 4.1–4.2

Formation of calculated characteristics

Table 3, paras. 1.4.1;
Table 4, paras. 3.1–3.4

Calculation of initial values of the unknown
variables of the optimization model

Building and implementation of the
optimization model

∆Σ (a0 , a1 , a2 , b2 , c2 ) → min;

a0 , a1 , a2 , b2 , c2 ∈ (− ∞; + ∞ ).

The
model
isn’t
linear,
implemented using the generalized
reduced gradient method in programs
«Microsoft
Excel»,
«Mathcad»,
«Matlab» и др.

Verification of
the compliance degree
for theoretical (calculated) and
actual values

Formation of analytical dependence

condition (3)

formula (2)

Figure 3. The block-scheme of the proposed procedure for the formation of the analytical
dependence of the value of initial material’s weight increase (IMWI) on the values
of the reduction and synthesis parameters.

3. Results and Discussion
During the final stage of the research, the proposed procedure has been implemented on the basis
of the experimental data obtained at the initial stage (see Table 1, Fig. 1). Corresponding process assumed
the use of the software “Microsoft Excel” (a workbook has been created, within which one worksheet has
been used) and the add-in “Solver” [24] for the direct implementation of the optimization model in
accordance with step 4 of the procedure (see the block-sheme in the Fig. 3). The general view of the
“Microsoft Excel” worksheet, as well as the principles for filling in the corresponding cells are presented in
Fig. 4 and Table 5, respectively. Values of “Solver” add-in parameters used for the implementation of the
optimization model are shown in Table 6. The resulting analytical dependence of the IMWI value on the
values of the reduction and synthesis parameters’ values is determined by the following expression:
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(

)

y x1, x2= 0.265 + 0.0454 ⋅ x1 +

2.5493
.
−0.3525 ⋅ x2
1 + 222.5493 ⋅ e

(4)

A graphical description of the dependence (for the experiments’ characteristics in terms of the values
of the reduction and synthesis parameters indicated in Table 1) is presented in Fig. 5.
The calculated value of the determination index is R ≈ 0.987 , which satisfies the condition (3) and
indicates a high degree of the theoretical IMWI values compliance with the corresponding actual values,
and, therefore, the high practical significance of the formed dependence as a tool.

Figure 4. General view of the worksheet of the "Microsoft Excel" workbook during the
implementation of the proposed procedure.
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Table 5. The principles of filling of the cells for the worksheet of the "Microsoft Excel"
workbook during the implementation of the proposed procedure
Worksheet cell
addresses

Formula / comment

Element of procedure

E8;F8

Table 1
Cells with the initial data values
Table 2

Table 2, para 1.1.2, 1.1.3

A21:A45
B21:B45
C21:C45
D21:D45
E21(:F45)
G21(:G45)
H21(:H45)
I21(:I45)
J21(K45)
B46[;C46;E46;F46]
D46
G46(:K46)
B47[;C47;E47;F47]
D47
G47(:K47)
J48(:K48)

Cells with the initial data values

Table 2, paras. 1.2.1
Table 2, paras. 1.3.1
Table 2, paras. 1.3.2
Table 2, paras. 1.3.3
Table 3, paras. 1.1–1.2
Table 3, para. 1.5
Table 3, para. 1.3
Table 3, para. 1.4
Table 3, paras. 1.6, 1.7
Table 3, paras. 2.1, 2.3, 2.5, 2.7
Table 3, paras. 2.2, 2.4, 2.6, 2.8
Table 3, paras. 2.9, 2.10

=$D21*E$8
=H21+I21
=$H$53+$H$54*B21
=$H$55/(1+$H$56*EXP(-$H$57*C21))
=H21/$G21
=MIN(B21:B45)
=MIN(D21:D45)
=MIN(G21:G45)
=MAX(B21:B45)
=MAX(D21:D45)
=MAX(G21:G45)
=AVERAGE(J21:J45)
Table 3
G53
=E46-G54*B46
Table 3, para. 3.1
G54
=(E47-E46)/(B47-B46)
Table 3, para. 3.2
G55
=F46*(1+G56*EXP(-G57*C46))
Table 3, para. 3.3
=-(F46-F47)/(EXP(-G57*C46)*F46G56
Table 3, para. 3.4
EXP(-G57*C47)*F47)
G57
the cell with the initial data values
Table 2, para. 1.4.1
cells with the values of variables into which the
H53:H57
calculated values from cells G53:G57 are copied
–
before launching the “Solver” add-in
Table 4
G61
=SUMXMY2(D21:D45;G21:G45)
Table 3, para. 4.1
=SQRT(1-G61/(VAR.P(D21:D45)*
G64
Table 3, para. 4.2
ROWS(A21:A45)))
Note: the designation with abstract addresses of cells X1 (:Y10) means that in the cell X1 it is necessary to enter the
formula indicated in the corresponding column of table 5, after which the result “stretch” to cell Y10; the designation
with abstract addresses of cells X1 [; Y2; Z3] means that in the cell X1 you need to enter the formula indicated in the
corresponding column of table 5, then copy the contents of cell X1 and paste it into cells Y2 and Z3 one by one.

Table 6. Parameters of the "Solver" add-in of the "Microsoft Excel" software for the
implementation of the optimization model assumed by the proposed procedure for the formation
of analytical dependence
No.
1
1.1
1.2
1.3
1.4
1.5
2
2.1
2.2
2.3
2.3.1
2.3.2
2.3.3
2.3.4

Parameter name

Parameter value
General parameters

Set Objective
To:
By Changing Variable Cells:
Make Unconstrained Variables Non-Negative
Select a Solving Method

$G$61
Min
$H$53:$H$57
[disabled]
GRG Nonlinear

Solving method options
Convergence
Derivatives
Multi-start Options for Global Optimization
Use Multi-start
Population Size
Random Seed
Require Bounds on Variables
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5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

Figure 5. Graphic description of the formed analytical dependence

{ 1i } for the calculated IMWI, determined by


However, it should be noted that the share indicators ∆

the reduction parameter value (Table 3, line 1.6), in comparison with the similar rate ∆ but for the actual

1

IMWI value, differ from each other by experiments and vary in a relatively wide range – from 0.164 to 0.955
(see Fig. 4). A similar statement (with a slight difference at the borders of the range) is true for share

{ 2i } and ∆2 , which are related to the synthesis parameter (Table 3 line 1.7 and Table 2 line


indicators ∆

1.1.3, respectively). That circumstance is connected to the nonlinear nature of the analytical dependence
(Expression (2)) with respect to the synthesis parameter and does not negatively affect the adequacy of
the results of the proposed procedure, since the values of fractional indicators ∆ and ∆ , fixed by

1

2

measurements, are used only to calculate the initial values of unknown variables of the optimization model
with a relatively simple structure of the objective function.
It’s also important to note that as there is no description of scientific developments (in published
literature related to the research topic) in the field of nonlinear two-dimensional approximation of the
experimental results on structurally modified cement in terms of the dependence of IMWI value on the
reduction and synthesis parameters’ values, the results of the study cannot be compared with the results
of other studies in the field of structurally modified building materials.

4. Conclusions
During the performed research the following results have been obtained:
1. Laboratory experiments have been carried out to create structurally modified cement of the initial
grade M500D0 (CEM I 42.5 N) with the measurement of the operational characteristics of the final material
for various values of characteristics for the technological process of the material’s creation.
2. The analytical dependence of the value of weight increase of the initial material from the values
of the time parameters connected to the reduction of iron oxide and synthesis of carbon nanostructures has
been formed; the dependence includes two components – linear, defined by the time parameter connected
to the reduction of iron oxide and logistic, defined by the time parameter connected to the synthesis of
carbon nanostructures;.
3. Based on the results of the experiments, the procedure for formation of analytical dependence of
the value of weight increase of the initial material from the values of the time parameters connected to the
reduction of iron oxide and synthesis of carbon nanostructures has been proposed and implemented on a
practical case. The obtained results of the procedure’s implementation indicate the high adequacy of the
formed analytical dependence, and, as a result, the high practical significance of the developed tool.
However, it is important to note that the formation of this dependence has been made on the basis
of initial data, which includes a relatively small number of weight increase measurements with unique
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combinations of the controlled parameters’ values ( m = 25 units) due to the difficulty of conduction of the
corresponding experiments. The specified amount of initial data was sufficient to assess the nature of the
dependence and correctly select the structure of the approximating function (Expression (2)). However, the
statement that the dependence obtained at the current stage of research (Expression (4)) is a reference for
all, without exception, brands of cement obtained by modification of the pure cement on the basis of carbon
nanostructures is incorrect due to the insufficient number of experiments.
At the further stages of the research the following measures are planned to be implemented:
•

carrying out of additional experiments to increase the number of corresponding measurements and
possible clarification of the values of the parameters of the final analytical dependence (formula (4))
based on the results of repeated execution of the proposed procedure for formation of the
dependence (block-scheme in Fig. 3).

•

analysis of changes in the adequacy of the formed analytical dependence when its structure
becomes more complex by adding an additional linear component determined by the value of the
synthesis parameter;

•

carrying out of laboratory experiments and formation of the corresponding analytical dependences
to assess the effect of synthesis modes on the characteristics of the resulting product for alternative
matrix cement materials, such as sulfate-resistant cement, magnesia, slag portland cement,
alumina, pozzolanic.
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