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Abstract. Expansive soils in construction pose significant challenges due to their low strength, high 
compressibility, and potential for swelling. The article is dedicated to assessing the effectiveness of using 
lime and brick dust as additives to enhance the properties of highly plastic soils. Various tests were 
performed on soil samples treated with different lime and brick dust concentrations, including moisture 
content, maximum dry density, unconfined compressive strength, yield strength, plasticity, and swelling 
index. The results indicate that the addition of 5 % lime improved the soil's strength properties, resulting in 
a significant increase in its compressive strength. With increased lime concentration, a decrease in plasticity 
was observed, indicating that the soil became less plastic. Scanning electron microscopy analysis revealed 
changes in the surfaces and pores of the treated soil samples, suggesting structural changes induced by 
the lime and brick dust treatment. Furthermore, adding lime significantly reduced the plasticity index of the 
soil, and brick dust reduced the soil's swell index, with the lowest index of 8 % observed in the sample 
treated with 5 % lime and 30 % brick dust. The study's findings suggest that lime and brick dust can improve 
the stability of expansive soils, rendering them more suitable for construction purposes. 
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1. Introduction 
Soil stabilization is a crucial process in civil engineering involving additives to enhance soil properties, 

such as compressive strength, shear strength, and settlement problems. Soil stabilization is essential to 
enhance the problematic geotechnical properties of soil. Various soil stabilization techniques exist 
worldwide. Each method has its advantages and limitations [1-7]. The effect of nano-silica fume on 
gypseous collapsibility and shear strength was studied by [8,9]. The additives used for soil stabilization 
include Portland cement, lime, rice husk ash, asphalt, and rubber, among others. Some additives are 
combined with others to create substances with superior and well-controlled properties. Proper procedures 
are followed to replace the natural soil content with these additives, which are often less expensive, 
pozzolanic, and environmentally friendly. 

Expansive soils are a common geological hazard that causes severe damage to structures, roads, 
and other infrastructure [10,11]. Lime stabilization is a popular and effective method to reduce the swelling 
potential of expansive soils [12,13]. In addition, adding brick dust to the soil-lime mixture can further 
enhance its stabilizing properties [14,15]. 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-3154-8207
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Previous research has shown that lime and brick dust can improve expansive soil's mechanical and 
geotechnical properties, including increased strength and reduced swelling potential [16,17]. Furthermore, 
researchers have also investigated the optimal mixture proportions of lime, brick dust, and expansive soil 
to achieve the best results [6,18,19]. 

Various techniques have been used to evaluate the effectiveness of the soil stabilization methods, 
including laboratory tests such as unconfined compressive strength, California Bearing Ratio, and Atterberg 
Limits, as well as field tests such as plate load tests and pavement performance evaluations [20]. However, 
it is essential to consider the stabilized soil's long-term performance; therefore, long-term monitoring and 
evaluation are also crucial . 

Research in this field has explored various combinations of additives for soil stabilization. For 
instance, Kamon and Nontananandh [21] combined lime and industrial waste to stabilize soil, while Atom 
and Al-Sharif [22] evaluated burned olive waste as a soil stabilizer. Before initiating the stabilization process, 
it is essential to accurately assess the soil's characteristics [23], as locally available soil may differ from soil 
tested elsewhere. Climatic factors and soil types also require different technical stabilization techniques 
[24]. The rate of curing, for example, can be affected by temperature, while a wet climate may affect the 
stabilization process. 

Agricultural nations face challenges related to agricultural waste, which contains minerals and 
silicates that plants ingest as they grow. Some plants, such as rice, wheat, sunflowers, and tobacco, contain 
higher concentrations of silicates in their bodies, while inorganic materials are present in plants in the form 
of free salts and particles that combine cationic and anionic groups from fibers [25]. In light of these issues, 
this study aims to investigate the effects of lime and industrial waste, specifically brick dust, on natural soil's 
strength, consistency, and density. 

2. Materials and Methods 
2.1. Materials 

2.1.1. Soil Collection 
This study aimed to investigate the effectiveness of soil stabilization techniques using lime and brick 

dust on a representative soil sample found in various locations. A soil sample weighing 60 kg was collected 
for this study. The sample was obtained at a depth of 1.5 to 2 meters, as shown in Fig. 1. The studied 
physical and chemical properties of the investigated soil are summarized in Tables 1 and 2. 

 
Figure 1. Collection of Undisturbed Soil Sample at 2-meter depth. 

2.1.2. Brick Dust 
In recent years, various additives have been used to improve the properties of expansive soils. 

However, many of these additives have adverse environmental effects. Brick dust, for example, can 
increase soil salinity, which affects plant growth. Researchers have suggested using this waste product to 
address this issue to create stable soil for construction foundations and road subbases. For this study, 10 
kg of class B brick dust was collected from the kiln industry. 

2.1.3. Lime 
In this research, lime was employed as an optimizing agent to minimize the maximum amount of 

brick dust required while enhancing the strength of the soil. For this purpose, a quantity of 5 kg of lime was 
prepared. 
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2.2. Methods 
Mixing lime and brick dust for soil stabilization in the laboratory was carried out in several key steps. 

Soil samples were obtained from the site, and their properties, including plasticity, density, and moisture 
content, were tested to determine the appropriate amount of lime and brick dust to be added to the soil. 
The additives were weighed and thoroughly mixed to ensure a homogenous mixture, with the percentage 
of lime and brick dust calculated based on the soil properties. The resulting mixture was gradually added 
to the soil while being constantly mixed.  

The optimum levels of lime are prepared for soil samples at 2 %, 4 %, 5 %, and 6 %. According to 
test results, the hydration reaction for high plastic clay is almost finished at 5 % lime. Therefore, 5 % is 
chosen as the optimized value. Further, Brick dusts were added at 5 % and 15 %, 20 %, and 30 % to the 
optimized lime.  

After the preparation process, the stabilized soil was tested to determine its properties. The 
properties of the stabilized soil were compared to those of the original soil to evaluate the effectiveness of 
the stabilization process, with the percentage of lime and brick dust used is a critical factor in determining 
the results. 

The investigation involved testing the prepared soil reference and treated samples using various 
methods, including sieve analysis, liquid Limit, plastic Limit, shrinkage limit, standard Proctor test, and 
unconfined compression strength test. The particle size distribution of the soil samples was determined 
through a wet sieve analysis in accordance with the ASTM D 7928-16 standard, with soils that passed 
through a #200 sieve classified as clayey. The liquid limit and plastic limit of the samples were determined 
using ASTM D422-63 and ASTM D4318-00 standards, respectively. The shrinkage limit was determined 
following the guidelines outlined in ASTM-D4943 standard. The samples' maximum dry density and 
optimum moisture content were determined through the standard Proctor test as per ASTM D698. Finally, 
the unconfined compression strength test was performed as per ASTM D2166 to evaluate the strength of 
the treated samples.  

Unsoaked curing of samples was performed at different lime and binder dosage levels (2, 4, 5, and 
6 percent) to optimize the lime treatment process for seven days. Both lime and BD were used as binders 
in the curing process. Unsoaked curing was reported up to 28 days at intervals of (2, 4, 7, 14, and 28 days).  

Furthermore, SEM (Scanning Electron Microscope) analysis was conducted on reference and 
treated soil samples to evaluate their physical and chemical properties at a microscopic level. 

Table 1. Summary of properties of the reference soil samples. 
SAMPLE №. PROPERTIES VALUE 

1 Liquid Limit (%) 55.3 
2 Plastic Limit (%) 28.02 
3 Plasticity Index 25.78 
4 Shrinkage Limit (%) 22.82 
5 % age Passing #200 95 
6 Soil Type (USCS) CH 
7 Soil Type (AASHTO) A-6-7 
8 MDD (g/cm3) 1.58 
9 OMC (%) 20.49 

10 Unsoaked UCS (MPa) 0.5 
11 Swell Index (%) 29.63 

 

Table 2. Summery of chemical properties of the reference soil samples. 
SAMPLE №. PROPERTIES VALUE 

1. pH value >7(Alkaline) 
2. Organic content 0.4 to 204 % 
3. CaCO3 5 to 15 % 
4. SiO2 50 to 55 % 
5. SiO2, Al2O3 3 to 5 % 
6. Montmorillonite mineral 30 to 50 % 
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3. Results and Discussion 
3.1.  Sieve Analysis 

The fine particle gradation of the reference soil is given in Fig. 2. 

 
Figure 2. Fine Particle Gradation of the reference soil. 

3.2. The moisture content and maximum dry density for Different Lime Content 
Four tests were carried out by adding 2, 4, 5, and 6 % lime by the weight of the soil. A standard 

Proctor test was conducted on all soil-lime samples at the given 2, 4, 5, and 6 % of the soil to determine 
the moisture content and maximum dry density for each sample.  

The maximum dry density and moisture content relationship of the reference and treated samples 
were determined and presented in Fig. 3. This figure illustrates the effect of the added lime content on the 
soil's maximum dry density and moisture content. 

 
Figure 3. The maximum dry density and moisture content at different Lime contents. 
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3.3.  Optimization of lime using unconfined compression test UCS 
Unconfined compression tests were conducted in this study to determine the strength properties of 

the investigated high plastic soils. The soil samples were treated with different levels of lime, namely 2 %, 
4 %, 5 %, and 6 % by weight of the soil, to improve their strength characteristics. Based on the gained 
results, it was observed that the hydration reaction of the high plastic clay was almost complete at 5 % lime 
concentration, which resulted in the maximum strength improvement. Consequently, 5 % was chosen as 
the optimal lime content for the soil samples. 

A comparison of the compressive strength results of the reference (untreated) and the soil samples 
treated with 5 % lime showed a significant improvement in the strength of the treated soil samples (Fig. 4). 
The data showed that the soil samples stabilized with 5 % lime had a compressive strength of 3.335 MPa, 
which was considerably higher than the strength of the reference samples (0.488 MPa). 

 
Figure 4. The average strength of the reference and treated samples at the given lime percentage. 

3.4. 'Atterberg's Limits of Soil Treated with Lime and Brick Dust 
In this study, testing was carried out on optimized lime, i.e., 5 % and 15 %, 20 % and 30 % BD, to 

observe how the liquid Limit and plasticity of high plastic soil changed while shrinkage limits increased. The 
liquid Limit of soil was measured using the Casagrande apparatus. The Atterberg's Limits Test was run on 
optimized lime and various BD percentages in this phase. The liquid Limit of the treated soil is given in 
Fig. 5-8. Table 3 summarizes ' 'Atterberg's limits of reference and treated soil. The results indicate the 
change in the liquid Limit of the treated soil with increasing BD and lime concentration. The addition of lime 
had a significant effect on the plasticity of the soil. The plasticity index decreased as the lime concentration 
increased, indicating that the soil became less plastic. The study also showed that adding lime significantly 
affected the plasticity of the soil—the plasticity index decreased, indicating that the soil became less plastic. 
The plasticity index was found to be 26 % for the reference sample, while it decreased to 22 %, 21 %, 19 %, 
and 16 % at 5 % lime and 15 %, 20%, 25 %, and 30 % brick dust, respectively. 

 
Figure 5. Liquid limits of treated soil. 
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Figure 6. Plastic limits of treated soil. 

 
Figure 7. Plasticity index of treated soil. 

 
Figure 8 Shrinkage limits of treated soil. 

Table 3. Summary of the 'Atterberg's limits of untreated and treated soil. 
'ATTERBERG'S 

LIMIT 
UNTREATED 

SOIL 
5%LIME, 
15%BD 

5%LIME, 
20%BD 

5%LIME, 
25%BD 

5% LIME, 
30%BD 

LIQUID LIMIT 54% 47% 43% 39% 35% 
PLASTIC LIMIT 28% 25% 22% 20% 19% 

PLASTICITY 
INDEX 

26% 22% 21% 19% 16% 

SHRINKAGE LIMIT 22.82% 23.5% 25.1% 26.72% 27.2% 
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3.5. Free Swell Index 
Fig. 9 represents the relationship between the percentage of lime and brick dust and the swell index 

of the soil. The results clearly show that the swell index decreases as the percentage of lime and brick dust 
increases. As shown in Table 4, the untreated soil had a swell index of 29 %, which is significantly higher 
than the treated soil samples. Adding 5 % optimized lime and increasing amounts of brick dust reduced the 
swell index, with the lowest swell index of 8 % observed for the sample treated with 5 % lime and 30 % 
brick dust. 

 
Figure 9 Swell potential of treated soil. 

Table 4. Summary of Free Swell Index (FSI). 
FSI % UNTREATED 

SOIL 
5%LIME, 
15%BD 

5%LIME, 
20%BD 

5%LIME, 
25%BD 

5%LIME, 
30%BD 

SWELL% 29 21 18 13 8 

 
3.6. SEM Analysis 

Various SEM tests were carried out on the reference and treated samples. The SEM analysis results 
are shown in Fig. 10–13. Fig. 13 displays the SEM images of the treated sample, which was cured for 28 
days with 5 % lime and 25 % BD. Comparing the images at scales of 10, 20, and 100 micrometers reveals 
various variations in faces (shape, size, homogeneity), and holes (size, open or closed). 

  
Figure 10 Untreated Sample (10 micrometer). Figure 11 Treated Sample (10 micrometer). 
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Figure 12 Untreated sample (20 micrometer). Figure 13 Treated sample (20 micrometer). 

4. Conclusion 
The study investigated the effects of lime and brick dust additives on the shear strength and limits of 

expansive soils at an optimized percentage. The main findings are: 

1. The addition of 5 % lime concentration improved the maximum shear strength for the soil samples. 

2. Adding lime significantly reduced the plasticity index of the soil, with a decrease observed as the 
lime concentration increased. The plasticity index decreased from 26 % for the reference sample 
to 22 %, 21 %, 19 %, and 16 % at 5 % lime and 15 %, 20 %, 25 %, and 30 % brick dust, respectively. 

3. Adding lime and brick dust reduced the swell index of the soil, with the lowest swell index of 8 % 
observed for the sample treated with 5 % lime and 30 % brick dust. 

4. The SEM analysis revealed variations in the faces and holes of the treated sample, indicating the 
effectiveness of lime and brick dust as stabilizers. 

5. The study suggests that the optimized 5 % lime by the soil weight is the optimum percentage for 
stabilizing the investigated soil type. This percentage significantly improves the soil's shear strength 
and physical properties, enhancing stability and reducing plasticity. 

5. Future Recommendations 
1. BD used in this research was taken from only one source and one class, i.e Class B only. As 

composition and properties of BD varies with class and region so efforts should be made to 
compare the effect of brick dust taken from various sources and classes of all over the country. 

2. To determine the swell potential of soil, this research focused on determining one dimensional swell 
potential. The overall free swell potential of soil should also be determined. 

3. In this research, only lab testing was taken into consideration, field investigations should be done 
to implement the suitability of BD and lime as a stabilizing agent for high plastic clays. 

4. Stabilization projects should be planned at ideal temperature conditions for trials in the field. The 
temperature is around 30 °C. 

5. Compaction effort should commence as soon as possible after mixing. 

6. Soil should be cured for at least 28 days at ambient temperature before subsequent construction. 
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Abstract. Concrete face rockfill dam (CFRD) located on soil foundation has a composite structure of the 
seepage control facility. It includes three elements: the dam concrete face, the seepage control cuttoff wall 
(CW) in the foundation and the concrete apron connecting them. There is an urgent task to study workability 
and stress-strain state (SSS) of the seepage control facility as a whole structure as well as each element 
separately. Method. The SSS analysis of an abstract dam with the aid of numerical modeling was conducted 
to solve this task. A 100 m high CFRD located on a 100 m thick foundation layer was considered. Analyses 
were conducted for several alternatives of foundation soils with deformation modulus from 40 to 5000 МPа. 
Results. The analyses showed that the SSS of the dam on the soil foundation drastically differs from the 
SSS of the dam on the rock foundation. The concrete face and the cuttoff wall are subject to considerable 
compressive longitudinal forces. Due to bending deformations in CW and the concrete apron, considerable 
tensile stresses may occur. Conclusions. A number of recommendations was formulated for providing 
strength of the elements of the composite seepage control facility of the dam on soil foundation. To provide 
strength of the concrete face it is necessary that the deformability of the dam soil be close to the foundation 
soil. To provide CW with strength, it is recommended use the material with rigidity of no more than by 2–3 
times greater than the foundation soil rigidity. The most vulnerable element of the structure of the composite 
seepage control facility is the concrete apron. To avoid cracking in it, it should be cut by transversal joints 
to form separate slabs.  

Citation: Sainov, M.P. Concrete face rockfill dam located on deformed foundation: stress-strain state. 
Magazine of Civil Engineering. 2023. Article no. 12402. DOI: 10.34910/MCE.124.2 

1. Introduction 
Concrete face rockfill dam (CFRD) is one of the embankment dam types, which may be used 

practically in any conditions, where stone is available for the dam body. 

The classic structure of CFRD used from the end of the 20th century is built on rock foundation. It 
includes 2 elements: a concrete face and a concrete apron. A concrete face (CF) covering the upstream 
face is made thin-walled and is uncut vertically. A short concrete apron is located on the foundation surface 
from where the grout curtain in rock foundation is fulfilled. CF and the apron are separated from each other 
by a perimeter joint. It has a movable connection; it is made in a way of providing potential deflections and 
other displacements of the face relative to the apron. 

If a CFRD is located on soil (deformed) foundation, its structural design is similar to the classic one, 
however, it has its specific features. The main difference is the presence of the cutoff wall (CW) in the 
foundation to prevent seepage. CW joins the upstream face of the apron forming a unified seepage control 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-1139-3164


Magazine of Civil Engineering, 124(8), 2023 

contour (Fig. 1). Thus, a CFRD on soil foundation has a seepage control facility (SCF) of a composite 
structure. It includes not two but already three elements. 

 
Figure 1. Diagram of the interface of the seepage control facility elements: 1 – reinforced concrete 

face; 2 – rockfill dam shell; 3 – supporting zone; 4 – foundation layer; 5 – concrete apron;  
6 – cutoff wall in the foundation; 7 – lean concrete layer. 

CFRDs located on a foundation deformed layer are rather popular. Parameters of such dam 
structural designs are listed in [1–6]. Alto Anchicaya dam 154 m high built on soil foundation may be 
considered the first ultra-high CFRD of modern structural design. This dam was constructed in 1983 in 
Columbia on a 34 m thick layer of sand and gravel. 

In the 21st century, a number of CFRDs were constructed on soil foundation. At their listing we will 
indicate their height H and thickness of soil deposits layer T. The list contains the following dams: 
Dhauliganga (2006, India, H = 56 m, T = 70 m), Aertash (Turkey, H = 164.8 m, T = 94 m) [1], Limon (Chili, 
H = 82 m, T = 46 m) [7], Nalan (2005, China, H = 109 m, T = 24 m) [8], Jiudianxia (2008, China, H = 
= 136.5 m, T = 56 m) [9], Chahanwusu (2009, China, H = 107.6 m, T = 47 m) [10], Miaojiaba (2011, China, 
H = 111 m, T = 48 m) [2, 11]. 

The highest CFRD on soil foundation is Aertash dam in Turkey; it was constructed on a layer of 
alluvial soils [1]. Its CF is from 0.4 to 1 m thick, with the 1.2 m thick CW. The CW is made of reinforced 
concrete. 

In 2014, a dam received a CW providing water tightness not only of the foundation but also of the 
lower part of the dam for the first time [12, 13]. It is the 140 m high Arkun dam constructed in Turkey. Such 
a structure may be considered as a perspective type of CFRD refinement. 

However, in order to use the structural designs of the dams with composite seepage control elements 
it is necessary to be assured in their safety and tightness of the elements interface. At that, it is necessary 
to take into account that the composite seepage control facility works in other conditions as compared to 
the classic structure of CFRDs located on the rock foundation. 

A number of foreign publications are dedicated to stress-strain state (SSS) analyses of CFRDs 
located on deformed foundation. Some publications [8–10, 14] are dedicated to determination of the dam 
and foundation deformations, while neglecting the strength of the seepage control facility elements in them. 

A large scope of investigations was carried out by Chinese specialists [2, 3, 12]. With the aid of 3D 
numerical modeling of SSS and field observations over deformations and stresses at constructed Miaojiaba 
dam they studied SSS of CW integrated in the composite SCF. However, CF strength was not estimated. 
Besides, these investigations were conducted only on the example of one particular structure. 

In order to study workability of composite SCF of the dam on deformed foundation we carried out 
methodical investigation of the foundation properties’ effect on SSS. Some preliminary results have been 
published earlier in [15]. 

Assessment of workability of seepage control facility of CFRDs located on soil (deformed) foundation 
is an urgent issue. For this purpose, it is necessary to carry out SSS analyses of such dams. 

These analyses should solve the following issues: 

Issue No. 1. Workability of the elements of traditional CFRD structure at its location on the deformed 
foundation. How does the foundation deformation affect SSS and strength of the concrete face and the 
concrete apron? 

Issue No. 2. Workability of the CW interface with the concrete apron. Is the interface between CW 
and the concrete aprons still tight? 
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2. Materials and Methods 
In the study, we considered an abstract 100 m high rockfill dam located on a 100 m thick layer of the 

deformed foundation (Fig. 2). 

The structure of the dam is as follows. The dam slopes are 1:1.7. On the upstream slope of the dam 
there is a concrete face (CF) of variable thickness (from 0.3 m on the top to 0.8 m at the toe). The face is 
placed on the lean concrete supporting zone [16, 17], which is called “extruded curb” or “extrusion-sidewall” 
(SW). Deformation modulus of lean concrete is approximately 5000 MPa [18]. A thin layer of mastic is 
placed between the face and the supporting zone, which is intended for decreasing friction in compliance 
with the bond-breaking concept used for structures of modern CFRDs [19]. 

The wall in the foundation is 1.2 m thick. It is connected with the face by an apron 10 m long and 1 m 
thick. 

 
Figure 2. Diagram of concrete face rockfill dam located on deformed foundation layer:  

1 – reinforced concrete face; 2 and 3 – upstream and downstream parts of the shell of the rockfill 
dam; 4 – foundation layer; 5 – concrete apron; 6 – seepage control wall in the foundation. 

SSS analyses of the structure were carried out by the finite element method with the aid of the 
author’s computer program NDS_N. Analyses were conducted in 2D formulation. 

The dam and the foundation were divided into 1220 solid finite elements and 76 contact finite 
elements (Fig. 3). The contact elements modeled had non-linear character of the interface between soils 
and rigid constructions. In order to simulate a complicated character of SSS of rigid thin-walled 
constructions we used finite elements with cubic power of displacements approximation. The total number 
of freedom degrees of the finite element model amounted to 11852. 

 
Figure 3. Diagram of finite element discretization of the structure. 

The study was conducted for several combinations of the dam and foundation soil deformation 
properties. 

We considered two alternatives of the dam body rockfill (rock mass). In the first alternative 
(alternative A) the rockfill modulus of linear deformation Ed1 of the dam upstream was assumed to be equal 
to 120 MPa, and in the second (alternative B) it was 480 MPa. The modulus of linear deformation of rockfill 
in the downstream part of the shell was taken 2 times less than that of the upstream part. 

In addition, we considered four alternatives of foundation soil types and, accordingly, characteristics 
of foundation deformation. Alternatives “a” and “b” correspond to soils of gravel-pebble, alternatives “c” and 
“d” to rocks. Alternative “a” approximately corresponds to foundation soils of Aertash dam [1], and 
alternative “d” corresponds to soils of Karkhe dam [20]. 

Mechanical properties of foundation soils are presented in Table 1. The table also indicates the 
strength indices of foundation soils by Mohr-Coulomb model. For rockfill, the angle of internal friction was 
taken equal to 47°. 

The cutoff wall material was assigned depending on deformability of foundation soils. It was assumed 
that deformation modulus of the wall material should not exceed the deformation modulus of the foundation 
soil by more than 5 times (Table 1). We chose cast clay-cement concrete for alternative “a”; plastic concrete 
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for alternatives “b” and “c”; concrete for alternative “d”. The CW measurements data for Karkheh dam show 
plastic concrete has deformation modulus of approximately 500–2000 MPa and compressive strength of 
2–3.5 MPa [20, 21]. The CW measurements data for Kureika dam suggest the cast clay-cement concrete 
has deformation modulus 30–200 MPa, and its uniaxial compressive strength comprises 1–2 MPa [22]. 

In total, we considered eight design alternatives with various combinations of the dam and foundation 
material (Table 1). Alternatives “A.d” and “B.d” correspond to the case of using the traditional structural 
design of CFRD on rock foundation. 

Table 1. Mechanical properties of materials in design alternatives. 

Alternative 
No. 

Dam Foundation CW 
Ed1 [MPa] Ed2 [MPa] νп Eо [MPa] νо ϕо со [kPa] Ec [MPa] νc 

A.a 120 60 0.2 40 0.33 38 0 200 0.33 
A.b 120 60 0.2 200 0.33 40 0 1000 0.30 
A.c 120 60 0.2 1000 0.33 30 30 5000 0.25 
A.d 120 60 0.2 5000 0.25 33 50 29000 0.20 
B.a 480 240 0.2 40 0.33 38 0 200 0.33 
B.b 480 240 0.2 200 0.33 40 0 1000 0.30 
B.c 480 240 0.2 1000 0.33 30 30 5000 0.25 
B.d 480 240 0.2 5000 0.25 33 50 29000 0.20 

 
Designations: Ed1, Ed2 are rockfill modulus of linear deformation in the upstream and downstream 

parts of the dam respectively; Eо, Ec are module of linear deformation of the foundation soil and the wall 
material respectively; νп, νо, νс are Poisson’s ratios of rockfill, foundation soil and the wall material 
respectively; ϕо, со are the angle of internal friction and specific cohesion of foundation soil respectively. 

For the face concrete, the modulus of linear deformation was taken equal to 29000 МPa, Poisson’s 
ratio was 0.2. 

Computation was conducted for loads of dead weight and hydrostatic pressure acting on the 
upstream faces of seepage control facilities. It was assumed that SCF fully cuts through the impervious 
foundation layer and reaches headwater. Therefore, SCF is subject to total hydrostatic pressure from the 
upstream and downstream sides. 

SSS analyses were carried out with consideration of the dam construction and the reservoir 
impoundment sequence. The following staged diagram was assumed. At the first stage, we modeled the 
formation of the foundation SSS, then arrangement of SCF in it. During the following 15 stages, we modeled 
layered dam filling by horizontal layers. Only after that the face was “placed” for the full height. Then gradual 
reservoir impoundment was modeled with growth of hydrostatic pressure on the upstream part of the face, 
the apron and the wall. 

3. Results and Discussion 
The dam SSS analysis for all the considered alternatives was fulfilled until the level of the reservoir 

impoundment reached the elevation of 95 m. The analysis was conducted for the following parameters: 
displacement of the dam and the foundation, displacements of the upstream part of the face and CSF, 
stresses in the dam body and the foundation, stresses on the upstream and downstream faces of CF. The 
distribution of displacements and stresses is shown in Fig. 4–14, and their maximum values are in Table 2. 

Table 2. Parameters of the dam SSS for design alternatives. 

Alternative 
No. 

Dam Foundation Dam SSS Concrete face SSS  Wall SSS  

Ed1 
[MPa] Eо [MPa] Ux 

[cm] 
Uy 
[cm] 

Un 
[cm] 

max σп 
[MPa]  

min σп 
[MPa] 

Ux 
[cm] 

min σy 
[MPa]  

max σy 
[MPa] 

A.a 120 40 179 311 186.8 – -9.6 161 -6.1 0.3 
A.b 120 200 50 72 47.3 – -7.6 35 -4.7 -0.2 
A.c 120 1000 23.8 41 24.8 – -3.1 9.6 -4.8 0.6 
A.d 120 5000 18.2 37 20.7 0.3 -2.0 3.1 -4.3 – 
B.a 480 40 185 307 172.8 2.1 -10.7 117 -6.4 0.4 
B.b 480 200 36 61 36.2 – -7.2 28 -4.9 -0.2 
B.c 480 1000 11.1 15.8 10.5 – -4.2 8.2 -4.9 -0.3 
B.d 480 5000 5.7 10.2 6.2 – -2.0 3.0 -4.5 0.2 
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3.1. Analysis of the dam and foundation displacements 
Displacements of the computational domain over the construction period for different alternatives are 

shown in Fig. 4 (settlements Uy) and Fig. 5 (horizontal displacements Ux). Displacements of the foundation 
from its dead weight are not taken into account. 

The analysis shows that the considered alternatives of the foundation and the dam properties greatly 
differ by value and character of the dam displacements’ distribution. 

In case of rigid rock foundation (Eо = 5000 MPa) the zone of maximum settlements Uy is located in 
the center of the dam body (Fig. 4, c, d), and in case of soil foundation (Eо = 40 MPa) it is located at the 
dam toe (Fig. 4, a, b). Maximum values of the structure settlements during construction in these alternatives 
differ approximately by an order of magnitude. 

Maximum horizontal displacements Ux in most of the alternatives are observed on the dam upstream 
face (Fig. 5). Only in case of deformed foundation (in alternatives of series “a”) the zone of high horizontal 
displacements is also located on the boundary between the dam and the foundation (Fig. 5, a, b). In this 
case the maximum dam displacement is approximately 30 times greater than that of rock foundation. 

 
a) Alternative A.a     b) Alternative B.a 

scale of settlements Uy [cm] 

 
–450  –400  –350  –300  –250  –200  –150 –100    –50      0       50     100    150    200    250    300 

 
c) Alternative A.d     b) Alternative B.d 

scale of settlements Uy [cm] 

 
–35    –25    –20    –15    –10     –8      –6     –4      –2        0         2       4        8       12      16     20 

Figure 4. Distribution of the structure settlements in different alternatives: a, b – at Eо = 40 MPa;  
c, d – at Eо = 5000 MPa; a, c – at Ed1 = 120 MPa; b, d – at Ed1 = 480 MPa. 
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a) Alternative A.a     b) Alternative B.a 

scale of horizontal displacements Ux [cm] 

 
–225  –200  –175  –150  –125  –100   –75   –50    –25      0        25      50     75    100     125   150 

 
c) Alternative A.d     b) Alternative B.d 

scale of horizontal displacements Ux [cm] 

 
–28    –24    –20    –16    –12     –8      –4      –2      –1      0        1        2        4        8      12      18 

Figure 5. Distribution of the structure horizontal displacements in different alternatives: a, b – at 
Eо = 40 MPa; c, d – at Eо = 5000 MPa; a, c – at Ed1 = 120 MPa; b, d – at Ed1 = 480 MPa. 

3.2. Analysis of stresses in the dam and foundation 

Distribution of axial normal stresses σy and σx is shown in Fig. 6 and 7 respectively. The stresses 
presented in the figures do not take into account the stresses from the foundation dead weight. 

The value and the character of distribution of vertical stresses σy slightly depend on the foundation 
deformation (Fig. 6). Stresses in the dam uniformly increase from the crest to the toe. In the upper part of 
the dam, the stresses σy are somewhat higher than in the downstream due to hydrostatic pressure on the 
face. In the foundation the compressive stresses actually do not vary depth wise. 

In the zone of SCF arrangement, the stresses σy are relatively not high. In the downstream part from 
the wall the compression level slightly increases and in upstream part the stresses σy actually drop to 0 
(Fig. 6). 

With respect to stresses σx, the soil from the upstream side of the wall has deficit of compressive 
stresses and from the downstream part, there is additional compression due to hydrostatic pressure on the 
wall (Fig. 7). 

The value and the character of distribution of horizontal stresses σx are greatly dependent on the 
ratio between deformation properties of the foundation and the dam body. The alternatives, where 
deformation moduli of the foundation and the dam considerably differ from each other, are characterized 
by considerable differences in the values of stresses σx between the dam body and the foundation. 

At Eо >> Ed1 (rigid rock foundation), a characteristic concentration zone of compressive stresses σx 
forms in the upper part of the foundation (Fig. 7,c,d); thus, the dam body soil has deficit of compressive 
stresses. 

At Eо < Ed1 (deformed soil foundation), a characteristic zone of soil shear strength loss forms in the 
lower part of the dam (Fig. 7,a,b). If during the analysis the soil is considered to be elastic, the tensile 
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stresses σx appear in this zone. As our calculations allowed for the fact that the soils had tensile strength, 
the tensile stresses would not occur and the soil is subject to loosening deformations. Tensile deformations 
result in additional settlements and displacements of the structure. 

 
a) Alternative A.a     b) Alternative B.a 

 
c) Alternative A.d     b) Alternative B.d 

scale of horizontal stresses σx [MPa] 

 
–1.0   –0.9  –0.8   –0.7   –0.6   –0.5   –0.4   –0.3   –0.2   –0.1      0       0.1     0.2     0.3     0.4    0.5 

Figure 6. Distribution of horizontal stresses σx in different alternatives: a, b – at Eо = 40 MPa;  
c, d – at Eо = 5000 MPa; a, c – at Ed1 = 120 MPa; b, d – at Ed1 = 480 MPa. 

 
a) Alternative A.a     b) Alternative B.a 

 
c) Alternative A.d     b) Alternative B.d 

scale of vertical stresses σy [MPa] 

 
–2.0   –1.8  –1.6   –1.4   –1.2   –1.0   –0.8   –0.6   –0.4   –0.2      0       0.2     0.4     0.6    0.8     1.0 

Figure 7. Distribution of horizontal stresses σy in different alternatives: a, b – at Eо = 40 MPa;  
c, d – at Eо = 5000 MPa; a, c – at Ed1 = 120 MPa; b, d – at Ed1 = 480 MPa. 
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3.3. Displacements of cutoff wall (CW) 
In the same way as the displacements of the whole structure, displacements Ux of the wall are 

directed toward the downstream side. They have nearly uniform distribution heightwise and reach maximum 
at the wall head (Fig. 8). The displacements cause bending deformations at certain parts of the wall. Wall 
bending occurs at the section of thrust into the rigid apron and at conjugation with the rock foundation. 

    
a)                                                                     b) 

Figure 8 Displacements of the wall made in the foundation of variable rigidity.  
In the designation of the alternatives the first number indicates deformation modulus of 

foundation soil (MPa), the second number is deformation modulus of the dam soil (MPa):  
a – in logarithmic scale, b – in natural scale. 

3.4. Analysis of concrete face displacements 
Displacements of CF are shown in Fig. 9 in the form of its deflections, i.е. displacements in the 

direction perpendicular to the upstream face. 

For the rigid foundation (alternatives of series “d”) the non-uniform distribution of the face deflections 
height wise is typical (Fig. 9). It provides evidence of deformations of the face transverse bending. Actually, 
height wise the face deflects toward the downstream side except for the top most part. At rigid foundation 
the maximum of value displacements and settlements are observed approximately at ∇45 m. 

The higher the foundation deformation, the greater the face deflections. Deflections increase face 
height wise, but they are more intense near the dam toe (Fig. 9). In case of the soil foundation the face 
maximum deflections are observed specifically near the dam toe. 

         
a)        b) 
Figure 10. Height wise distribution of face deflections. 

In the designation of the alternatives the first number indicates deformation modulus  
of foundation Eo (MPa), the second number is deformation modulus of rockfill Ed1 (MPa): 

a – in logarithmic scale, b – in natural scale. 
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Analysis of maximum values of the face deflections Un,max (Table 2) permits making the following 
conclusions: 

• At rigid (rock) foundation (Eо > 1000 МPa) the maximum value of deflection slightly depends 
on deformation modulus of the foundation Eо and is mainly determined by deformation 
modulus of rockfill Ed. 

• At soil foundation (Eо < 200 МPa) the maximum value of deflection actually does not depend 
on the dam rockfill deformation and mainly depends on deformation modulus of foundation 
Eо. 

• At most deformed soil foundation (alternatives of series “a”) CF deflections amount to more 
than 1 % of the dam height. 

3.5. Concrete face stress state 
As it is known from the results of numerical modeling, CF stress state is formed not only due to 

deformations of transverse bending, but also due to longitudinal deformations [23, 24]. Analyses show that 
the lower part of the dam face on rock foundation may be subject to tensile longitudinal force. 

Similar results were obtained for the alternatives of series “d” (Eо = 5000 MPa). Figs. 11, 12 show 
CF heightwise distribution of stresses σE, directed along the slope, i.е. longitudinal stresses. Fig. 11 shows 
stresses on the upstream and downstream parts of the face, and Fig. 12 shows average values of stresses 
(axial stresses). 

As on the most part of the face length the bending is represented weakly, the stresses on its parts 
are close to each other. Only in the zone of conjugation with the apron, there is additional compression due 
to bending on the face upstream part, and on the downstream part, the compression decreases. 

The value and the character of stresses’ distribution in CF depend on deformation of the foundation 
and the dam soils. The more the difference in deformation between the foundation and the dam is, the more 
the value of both average longitudinal stresses and irregularity of their distribution is. 

In the alternatives of the dam on the rigid foundation (alternatives of series “d”), tensile stresses σE 
occur in the lower part of the face (Fig. 11, 12). 

In the alternatives of the dam on the soil foundation (alternatives of series’ “a”, “b”), high compressive 
longitudinal stresses in the face are typical. Average compressive stresses reach approximately 9 MPa 
(Fig. 12). Maximum compression is observed at the height of 30 m. Compressive strength of the face 
concrete is provided if concrete of grade B30 is applied. 

However, in case of soil foundation in the face beside compressive there may also occur tensile 
longitudinal stresses. Such effect was obtained in alternative B.a, where the dam deformation modulus was 
12 times greater than the foundation deformation modulus. This alternative indicates considerable tensile 
stresses (Fig. 11, b), which exceed the tensile strength of B30 concrete (1.1–1.75 MPa). 

  
a) Ed1=120 MPa     b) Ed1=480 MPa 

 
Figure 11. Face height wise distribution of longitudinal stresses on the upstream  
and downstream sides. Designations indicate the value of deformation modulus  

of the foundation (MPa) and the face side. 
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Figure 12. Face height wise distribution of average longitudinal stresses. 

In alternative A.a, where the dam deformation modulus is only 3 times greater than the foundation 
deformation modulus, this effect is not observed. Thus, in CFRD on soil foundation there is a danger of 
strength loss of the face concrete. 

3.6. Wall stress state  

Fig. 13 shows average by the wall thickness vertical stresses σy for all the alternatives. For all the 
alternatives it is typical that the wall is subject to over compression in vertical direction. This effect is known 
from the results of field measurements and numerical modeling of CW SSS in foundations of high 
embankment dams [5, 15]. 

Excess of compressive stresses is related to the fact that the wall material is more rigid than the 
foundation soil. It occurs due to friction of soil settling relative to the wall. Compression stresses increase 
depth wise. 

At most of the wall sections the stresses on the upstream and downstream faces of the wall are 
approximately similar. At the sections of conjugation of the wall with the rock foundation and with the apron, 
bending deformations cause the zones of concentration of compressive stresses and sometimes of tensile 
stresses (Fig. 13). 

 
Figure 13. Wall height wise distribution of average vertical stresses. 

From the point of view of providing compressive strength to the wall material, the unfavorable 
situation develops in the alternatives with the most deformed foundation (alternatives of series «a»). In this 
case, the compressive stresses reach approximately 4 MPa (Fig. 13), i.е. they exceed uniaxial compression 
strength of cast clay-cement concrete (approximately 2 MPa). However, from the experiments of a number 
of authors [25, 26] it is known that the strength of clay-cement increases significantly in the presence of 
lateral compression. Taking into account the influence of lateral compression effect, the strength of the CW 
can be ensured. 

Evidently, a great risk for the wall workability is presented by tensile stresses in the bending zones. 
Tensile stresses at the section of CW conjugation with the rigid concrete apron are typical for the 
alternatives with soil foundation (alternative of series’ “a”, “b”). In these alternatives, the upper part of the 
joint between CW and the apron opens, thus, putting the seepage control contour at risk of tightness loss. 
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3.7. Stress state of the apron 
Bending deformations are typical for SSS of the concrete apron. It is evident in Fig. 14 showing all 

the alternatives the distribution of horizontal stresses along the upstream and downstream parts of the face. 
Stresses are non-uniformly distributed along the thickness of the face. 

The left and the right parts of the apron bend in different ways. The left part of the apron 
(approximately 4 m long) bends in upward direction, which is related to interaction with the wall (Fig. 14). 
The right part of the face bends downward. 

The wall transfers compressive longitudinal (horizontal) force with intensity of approximately 1 MPa 
to the apron. However, bending deformations cause tensile stresses on the apron faces. Their value varies 
depending on the foundation rigidity. 

At rigid (rock) foundation the stresses in the apron are small; its strength is provided with large safety 
factor. At deformed (soil) foundation, the tensile stresses are so great (Fig. 14), that they exceed concrete 
tensile strength. Moreover, in alternative “A.a”, compressive stresses exceed compressive strength of B30 
grade concrete. 

Thus, the concrete apron is the most vulnerable element of the composite seepage control facility of 
the dam on the deformed foundation. Besides, its high rigidity creates the unfavorable stress state in the 
head part of the wall. 

   

a) Eп1=120 MPa     b) Eп1=480 MPa 

 
Figure 14. Distribution of average horizontal stresses lengthwise the apron  

on the upstream and downstream faces. In the designation there shown the value  
of deformation modulus of foundation (MPa) and the face. 

4. Conclusion 
Stress-strain state of CFRD, located on the deformed soil foundation drastically differs from SSS of 

the dam on the rigid rock foundation. Increase of the foundation deformation not only creates unfavorable 
SSS for the dam rockfill, but threatens the strength of the seepage control facility elements as well as 
tightness of their connections. 

The degree of the foundation effect on the dam SSS depends on the thickness and deformation of 
the foundation soils as well as the width of the rock canyon. Nevertheless, one can distinguish several 
threats for the composite seepage control facility of CFRD, located on the deformed soil foundation: 

1. The concrete face of the dam on soil foundation is subject to considerable compressive longitudinal 
forces. Taking into account the occurrence of possible stresses in the face from other factors (for 
example, from temperature effects), there is a risk of concrete compressive strength loss. Besides, 
if the foundation is by an order of magnitude more deformed than the rockfill, considerable tensile 
forces may also occur in the face leading to a probable loss of concrete tensile strength.  

2. In spite of the fact that the seepage control wall is beyond the dam profile, it is subject to increased 
compressive stresses in vertical direction. Therefore, the wall material is at risk of compressive 
strength loss. In order to provide strength, it is recommended to choose the wall material with rigidity 
not more than 2–3 times greater than that the foundation soil. 
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3. Due to the wall thrust into the rigid concrete apron, there are two probable unfavorable effects for 
the tightness of the dam seepage control contour. First of all, it is formation of cracks in the wall 
head, secondly, it is opening of the joint between the apron and the wall. Wall connection to the 
apron should be designed as tight to prevent large displacements. 

4. Concrete apron is the most vulnerable element of the composite seepage control facility. Due to 
great tensile stresses at bending there is a risk of crack formation in the apron. Designing the 
composite seepage control facility should include the measures for preserving the apron water 
tightness. 

The problem of providing workability to the apron may be solved using several methods. 

The first method is cutting the apron by transversal joints into 2–3 slabs. For example, the 10 m long 
apron of Aertash dam was cut into 3 slabs. The joints are located at a distance of 3 m and 6 m from the 
wall. This method provides effective decrease of tensile stresses. However, Fig. 14 shows that the joints 
are located not in the most dangerous sections, therefore, preventing of crack formation in the apron is not 
guaranteed. 

The design of 92 m high dam Khao Laem (or Vajiralongkorn, Thailand) provided a concrete gallery 
above the apron, which permits grouting of the foundation and checking the condition of the apron. 

The other method is possible. The author considered the alternative of the dam structural design, 
where the apron is made of asphalt concrete. It was shown that a decrease of the apron rigidity was 
favorable for the face SSS; strength of all the elements was provided. However, this method was tested 
only by the way of numerical modeling for one particular case. 
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Abstract. The possibility of using materials in radiation protection shields when designing new and 
extending the service life of existing nuclear energy facilities requires knowledge or the ability to predict 
their radiation changes. The studies were carried out due to the lack of data sufficient to predict radiation 
changes in hardened Portland cement paste (HPCP) and concrete under the influence of gamma radiation 
when used as radiation shield materials for nuclear energy facilities. The research is based on published 
data on the effect of gamma radiation on concrete at irradiation temperatures of 20–30 °C and on HPCP at 
70–375 °C. The author carried out computational and analytical studies to assess and establish the 
possibility of predicting radiation changes in HPCP under the influence of gamma radiation. The studies 
were conducted using the previously developed and tested method of analytical determination of radiation 
changes in concretes according to data on changes in their components. The formulas used in this method 
made it possible to determine (restore) the radiation changes of the HPCP from experimental data on 
radiation changes in concretes and aggregates. According to the available results of concrete irradiation, 
changes in linear dimensions and strength during compression of HPCP under the action of only gamma 
radiation were calculated (restored). The dependences of radiation changes in HPCP on the magnitude of 
the absorbed dose in the range from 3.8⋅104 to 4.7⋅108 Gy after irradiation at 20–30 °C were established. 
According to the available data on the irradiation of HPCP with gamma radiation at temperatures from 70 °C 
to 375 °C, the effect of the irradiation temperature on radiation changes in the HPCP was revealed. 
Mathematical expressions that approximate the established dependencies are selected. On the basis of 
the obtained mathematical expressions, radiation changes in the linear dimensions and strength of HPCP 
for compression, caused only by the action of gamma radiation, after irradiation to the values of absorbed 
doses from 3⋅104 Gy to 1⋅1010 Gy were calculated. The calculations of radiation-thermal changes in the 
linear dimensions and strength of HPCP under the action of gamma radiation and heating after irradiation 
to the values of absorbed doses from 3⋅104 Gy to 1⋅1010 Gy and the accompanying heating at temperatures 
from 20 °C to 500 °C were estimated. 

Citation: Denisov, A.V. Radiation changes in hardened Portland cement paste under the influence of 
gamma radiation. Magazine of Civil Engineering. 2023. 124(8). Article no. 12403. 
DOI: 10.34910/MCE.124.3 

1. Introduction 
Facilities with various nuclear installations provide sources of ionizing radiation that can cause 

radiation changes in concrete building structures and radiation protection. The most important are radiation 
deformations (changes in linear dimensions (or dimensions) and volume) and strength. 

The most significant radiation changes in concretes are caused by neutron radiation, so the effect of 
neutrons on concretes and their components is the most studied and described in the most detail in the 
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research works [1–12]. There are methods of analytical determination (calculation) of radiation and thermal 
changes in concretes and their components described in the research works [9, 13–15]: 

− concretes according to data on radiation and thermal changes in their components (aggregates 
and hardened cement paste); 

− aggregates according to data on radiation and thermal changes in crystals of their constituent 
minerals; 

− minerals under the action of neutrons according to data on fluence and neutron spectrum, 
irradiation temperature; 

− hardened Portland cement paste (HPCP) under the action of neutrons according to data on 
fluence and neutron spectrum, irradiation temperature. 

The available methods of analytical determination are based on a number of simplifications 
considering that microstructural stresses due to cracking in concretes completely relax, and in aggregates 
are reset to the value of tensile strength, therefore they have a fairly simple, convenient for analysis and 
use type. However, despite the simplifications, the possibility of practical use of these methods is shown 
experimentally. 

Work is also being carried out on numerical modeling of the processes of radiation changes, crack 
formation, creep and plasticity of concretes and their components, described, for example, in the research 
works [16–22]. Numerical methods more strictly take into account the processes occurring in concretes and 
their components, but are associated with the use of a large number of parameters, not all of which can be 
determined accurately enough. In this regard, these methods do not give more accurate results than the 
methods described in the research work [9, 13–15]. 

The effect of gamma radiation on concretes and their components is not studied well, though the 
volumes of concrete exposed to gamma radiation are more significant than the volumes exposed to 
neutrons. Only a few data are available on specific concretes and mortars [1, 2, 7, 10–12, 23–38] indicating 
the presence of radiation changes after exposure to gamma radiation. Moreover, some authors (for 
example, [35, 36] associate changes in concrete after exposure to gamma radiation by the effect of heating 
in the process of irradiation. Although there is evidence, for example, [1, 2, 25], indicating a change in the 
linear dimensions and properties of concretes after irradiation at temperatures of 20–30 °C. 

Radiation changes in concretes under the influence of gamma radiation can be determined by the 
mentioned above method of analytical determination of radiation and thermal changes in concretes from 
data on radiation and thermal changes in their components (aggregates and hardened cement paste). The 
use of this method is permissible, since the cause of the changes does not matter, since the method has 
been tested both when exposed to neutrons and when exposed to heating. However, this requires data on 
radiation changes in aggregates and HPCP. To do this, it must be possible to predict radiation changes in 
aggregates and HPCP under the influence of gamma radiation. 

Evaluation and substantiation of forecasting radiation changes in concrete aggregates under the 
influence of gamma radiation at different absorbed doses and irradiation temperatures were performed in 
the research work [39]. 

For HPCP, it is not possible to predict its radiation changes. There are limited data [27, 29, 31–36, 
38] on the change in linear dimensions, structure, mass, strength after irradiation with small doses of 
gamma radiation (up to 5⋅107 Gy mainly at elevated temperatures (from 70 to 375 °C). Moreover, changes 
in HPCP after irradiation with gamma radiation, as well as concretes, are associated mainly with the effect 
of heating accompanying irradiation. However, taking into account the results of the study of concrete after 
irradiation at 20–30 °C, gamma radiation causes a decrease in the dimensions (shrinkage) of HPCP, as 
there is a decrease in the dimensions of concrete. In this regard, further research is needed. 

In general, the available experimental data do not allow to predict radiation deformations and 
changes in strength under the influence of gamma radiation for concretes of any composition and at higher 
absorbed doses. In this regard, the purpose of this research work is to establish, on the basis of existing 
experimental data, radiation changes in HPCP under the influence of gamma radiation and to establish the 
possibility of predicting them in a wide range of absorbed doses and temperatures of irradiation. Achieving 
this goal will make it possible to analytically determine the radiation changes in concretes under the 
influence of gamma radiation. 

To achieve this goal, the following tasks were solved: 

− Development of methods of computational and analytical studies; 
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− Selection and analysis of available published data on radiation changes in concretes and their 
components under the influence of gamma radiation, which can be used to perform 
computational studies; 

− Establishment on the basis of available experimental data obtained on the basis of computational 
and analytical studies of radiation changes in HPCP under the influence of gamma radiation and 
their dependencies on the absorbed dose, temperature and possible other factors. Selection of 
mathematical expressions that approximate established dependencies. 

2. Methods 

The introduction showed that the available publications provided limited data on radiative changes 
in the linear dimensions and strength of HPCP under the influence of gamma radiation and mainly at 
elevated temperatures. However, there are data on radiation changes in concrete after irradiation with 
gamma radiation at 20–30 °C in a relatively wide range of absorbed doses. In this regard, the values of 
radiation changes in HPCP under the influence of gamma radiation alone and their dependence on the 
absorbed dose were determined by calculation from the available experimental data on the effect of gamma 
radiation on concretes at 20–30 °C. To do this, the method of analytical determination of radiation changes 
in concretes was used according to data on changes in their components. The formulas used in this method 
make it possible to reconstruct the radiation changes of the HPCP from the data on radiation changes in 
concretes and aggregates. 

When calculating radiation changes in linear dimensions (deformations), the following formulas of 
the method of analytical determination of radiation deformations of concretes based on data on radiation 
deformations of their components (HPCP, fine aggregate, coarse aggregate), described in the research 
works [9, 13, 15], were used, given with a slight error in a more convenient form: 
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degree of compression of fine aggregate in mortar of concrete and coarse aggregate in concrete, 
determined by the formulas: 
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where FAV  and CAV  show the relative volume content of fine aggregate and coarse aggregate in concrete, 

respectively (in relative units); com
CA FAV +  is the maximum relative volume content of the mixture of fine 

aggregate and coarse aggregate in the case of their maximum compacted state (without layers of HPCP 

between particles) (in relative units), which is 0.77–0.93. By [9] com
CA FAV +  = 0.86 can be taken; com

CAV  is the 
maximum relative volume content of coarse aggregate in the case of its maximum compacted state (without 
layers of mortar between particles) (in relative units), which is 0.52–0.74. According to [9], we can take 

com
CAV  = 0.63. 
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On the basis of formulas (1) and (2), taking into account that the relative change in volume 
V
V∆

and 

linear dimensions
 
∆

 are related by the ratio 3 ,V
V
∆ ∆

≈




 according to the existing data of the research 

works [1, 2, 25] on radiation changes in the linear dimensions of Portland cement concretes under the 
influence of gamma radiation, changes in the dimensions of the mortar (on the 1st stage), and then the 
HPCP were calculated sequentially according to the formulas: 
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when calculating radiation changes in the strength of HPCP in the composition of concrete in the form of 
relative residual strength, the following formulas were used for the method of analytical determination of 
radiation changes in the strength of concretes and mortars according to data on radiation deformations and 
changes in the strength of their components (HPCP, fine aggregate, coarse aggregate), described in the 
research works [9, 15], given in a more convenient form: 
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Based on existing experimental data in the work after determination by formulas (5) and (6) values 
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The possibility of determining changes in the compressive strength of HPCP under the influence of 
gamma radiation was also considered from data on volume change. At the same time, the formula 
presented in the research works [9, 14] after irradiation in a nuclear reactor and heating was used: 
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where CPA  and CPB  are parameters which values are [9, 14]: CPA  = 0.724; CPB = – 0.0566 %–1 for 

HPCP of "young" age (1 – 3 months of natural hardening); CPA  = 1.00; CPB = –0.23 %–1 – for HPCP of 
"mature" age (more than 8 months of natural hardening or after thermo-humid treatment of a lower age). 

Although it should be borne in mind that the expression (13) does not take into account the possible 
increase in the strength of HPCP when exposed to gamma radiation due to a decrease in the porosity of 
HPCP due to carbonization, shown in the research works [26, 29, 32]. In this regard, when using formula 
(13), radiation changes may be somewhat overestimated. Therefore, the formula can allow us to evaluate 
the maximum possible effect of gamma radiation. 

To establish, on the basis of computational and analytical studies, the magnitude of radiation 
changes in HPCP under the influence of gamma radiation and their dependence on the absorbed dose 
were used experimental data from the research work [1, 2, 25] on studies of the effect of gamma radiation 
on concretes. Radiation changes in aggregates (fine aggregate and coarse aggregate) were taken on the 
basis of the calculated data of the research work [39]. 

In the research work of McDowell [25], samples with a diameter of 105 mm, a height of 305 mm of 
concrete made of Portland cement "Sulfacrete", coarse aggregate with a linear dimensions of 
approximately 20 mm of limestone and quartz fine aggregate were examined. In the manufacture of 
samples, a water-cement ratio of W/C = 0.47 and the ratio of aggregate consumption (coarse aggregate 
CA + fine aggregate FA) to the consumption of Portland cement PC (CA+FA)/PC = 4.5 were used. The 
plasticizer "Plastocrete" was injected in an amount of 0.005 by weight of cement. After aging for 24 hours 
in wet conditions, the samples were covered with POP (plaster of Paris), sealed in copper foil 0.127 mm 
thick and stored for a year until the tests. In this regard, samples of "mature" age were irradiated. Judging 
by the data of the granulometric composition of the aggregates based on the results of sieving, the 
proportion of coarse aggregate and fine aggregate consumption in the aggregate mixture was CA/(CA + 
FA) = 0.61 and FA/(CA + FA) = 0.39. The technological characteristics of the concrete mixture and 
concrete were determined on the basis of the above mentioned proportions of the components of the 
concrete mixture. At the same time, the density values of Portland cement, fine aggregate, coarse 
aggregate and concrete mixture took PCγ =3100 Kg/m3, FAγ = CAγ  = 2600 Kg/m3, MСγ  = 2400 Kg/m3, 

as the most likely values. Portland cement consumption PC, coarse aggregate CA, fine aggregate FA and 
water W, as well as the volumetric content of the aggregates were taken to be equal to: PC = 402 Kg/m3, 



Magazine of Civil Engineering, 124(8), 2023 

CA = 1105 Kg/m3, FA = 705 Kg/m3, W = 188 Kg/m3, CAV  = 0.42, FAV = 0.27. Calculated by formulas [3] 

and [4] the degree of compression of aggregates with com
CA FAV +  = 0.86, com

CAV = 0.63 was: 
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Irradiation of samples was carried out at 30 °C on a gamma device with a Co60 emitting gamma 
quanta with energy Eγ  = 1.17 and 1.33 MeV at a dose rate Pγ  = 11.4⋅103 rad/h = 114 Gy/h for  

t = 10-314 days. The maximum absorbed dose of gamma radiation was GD  = gP t  = 114⋅314⋅24 = 

= 8.6⋅105Gy. We studied the change in the linear dimensions of samples as a result of creep under load 
10 H/mm2 = 10 MPa and shrinkage. Creep and shrinkage deformations were measured during irradiation 
(when processes took place and under the action of gamma radiation and with natural hardening and drying 
in time) and without irradiation (when the processes took place only due to natural hardening and drying in 
time). 

The advantage of the results of the research work [25] is the absence of significant heating during 
irradiation and the possibility of taking into account natural shrinkage. This made it possible to obtain in the 
present work the effect of the influence of gamma radiation according to the formula: 
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 is reduction of the dimensions (deformation of shrinkage) of 

concrete under the action of gamma radiation only, with- and without irradiation, respectively. 

The disadvantage is the relatively low values of absorbed doses. 

The results obtained in the work [25] showing the dependence of the shrinkage of the studied 
concrete on time with irradiation and without irradiation were used in this work and are given in Fig. 1. In 
this figure and beyond, a decrease in dimensions (shrinkage) was not seen as a change with a minus sign, 
but as a decrease without specifying a sign, given that the decrease implies a negative change. This was 
convenient for automatically constructing trend lines, like approximation lines, on charts. 

 
Figure 1. Dependence of the relative decrease in the linear dimensions of concrete (shrinkage) 

when irradiated with gamma radiation at an absorbed dose rate of 114 Gy/h at 30 °C and exposure 
without irradiation from the time of irradiation and exposure without irradiation according to [25]. 

In the research works [1, 2], samples in the form of disks with a diameter of 44.5 mm with a thickness 
of 12.7 mm of two types of concretes made on Portland cement with sandstone aggregates with a density 
of 2625 Kg/m3 and with a limestone aggregate with a density of 2550 Kg/m3 were examined. The ratio 
between the mass of Portland cement PC, coarse aggregate approximately up to 10 mm CA, fine 
aggregate FA and water W was the following: 



Magazine of Civil Engineering, 124(8), 2023 

PC:CA:FA:W = 1:1.55:1.15:0.36 – for concrete from limestone coarse aggregate and sandstone 
fine aggregate (hereinafter concrete from sandstone and limestone); 

PC:CA:FA:W = 1:1.77:0.93:0.36 – for concrete from limestone coarse aggregate and limestone 
fine aggregate (hereinafter concrete from limestone). 

The density of concrete from sandstone was Сγ  = 2310 Kg/m3. The density of concrete from 
limestone was 2380 Kg/m3. 

Based on the above-mentioned proportions and density of aggregates with the most likely density of 
the concrete mixture МСγ  = Сγ  + 100 Kg/m3, the consumption of cement, aggregates and water, as well 
as the volume content of aggregates, were taken to be equal: 

− PC = 594 Kg/m3, CA = 921 Kg/m3, FA = 683 Kg/m3, W = 214 Kg/m3, CAV = 0.361, FAV = 0.260 
in concrete from limestone and sandstone; 

− PC = 611 Kg/m3, CA = 1081 Kg/m3, FA = 571 Kg/m3, W = 220 Kg/m3, CAV = 0.424, 
FAV  = 0.224 in concrete from limestone; 

Calculated from formulas (3) and (4), the degree of compaction of aggregates at com
CA FAV +  = 0.86, 
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from limestone. 
Irradiation of concrete samples with gamma radiation was carried out in a pool with radioactive 

substances (apparently, in the storage pool of spent fuel elements of a nuclear reactor) at 20 °C at an 
absorbed dose rate of 5⋅104 Gy/h = 1.4⋅101 Gy/s. The maximum absorbed dose was 4.7⋅108 Gy. By the 
time of irradiation, the age of the samples was at least 3 months after manufacturing and storing them under 
normal conditions, so the material of "young" age was actually studied. 

The results obtained in the research works [1, 2] of the change in linear dimensions, mass and 
strength of concretes after irradiation with gamma radiation used in this work are given in Table 1. 

Table 1. Results* of irradiation of concretes with gamma radiation in the research works [1, 
2]. 

Name of concrete 
by aggregates 

Absorbed dose of 
gamma radiation, 

Gy 

Relative linear 
dimension changes,% 

of the border 
average 

Relative changes in 
mass, % 

Relative residual 
strength, fractions 

of a unit 

Concrete from 
limestone and 

sandstone 

2.27⋅108 
-0.17 ….+0.076 
-0.005±0.066 

-0.77….-1.01 
-0.903±0.072 

- 

4.7⋅108 
-0.21 ….+0.04 
-0.021±0.082 

-1.74….-2.14 
-1.91±0.14 

0.91±0.23 

Concrete from 
limestone  

2.27⋅108 
-0.15 ….+0.04 
-0.031±0.057 

-0.95….-1.70 
-1.15±0.24 

1.0±0.09 

4.7⋅108 
-0.21 ….+0.04 
-0.061±0.071 

-1.42….-3.38 
-2.36±0.67 

0.93±0.05 

*The average quadratic deviations calculated by the authors of this research work  
 

The advantage of the results of the research work [1, 2] is the higher values of the absorbed doses 
of gamma radiation than in the research work [25]. The disadvantage of these results is the significant 
variation in the magnitudes of the shrinkage deformations of individual samples associated with the 
peculiarities of using samples in the form of disks, as well as the lack of measurement results without 
irradiation. However, the average changes in the linear dimensions of concrete samples in the research 
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works [1, 2] are approximately proportional to the changes in mass, which have smaller spreads and are 
more reliable. In addition, since shrinkage changes in the dimensions of concretes are caused by the 
release of water, accompanied by a decrease in mass, the deformation of shrinkage can also be estimated 
by the change in mass based on the relationship between mass reduction and shrinkage after irradiation in 
reactors and heating, shown in the research work [9]. 

In this regard, the assessment of the change in the linear dimensions of HPCP under the influence 
of gamma radiation was also carried out according to the data on the decrease in the mass of concrete. 

By reducing the mass of concrete, based on the density of concrete and the consumption of 
aggregates, the relative decrease in the mass of HPCP was determined by the formula: 
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 are relative reduction in the mass of concrete and HPCP; Cγ  is concrete 

density, Kg/m3; CA  and FA  are consumption of coarse aggregate and fine aggregate, Kg/m3; 
FACAС −−γ is value equal to the content of HPCP in concrete, Kg/m3. 

Further, according to the magnitude of the decrease in the mass of HPCP according to the 
dependence shown in the research work [9], the change in volume was estimated, as well as decrease in 
the linear dimensions of the HPCP. 

To do this, according to the ratio between the change in the volume and mass of the HPCP after 
irradiation in the reactors and heating, shown in the research work [9], the inverse relationship between the 
change in the mass and volume of the HPCP after these effects, presented in Fig. 2, was built and 
approximated. 

According to the results of the approximation of the dependence of Fig. 2, the expression was used 
to determine the change in the linear dimensions of the HPCP by changing its mass: 
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According to the formulas (9) – (12), on the basis of data on radiation changes in the dimensions of 
concrete, HPCP and aggregates under the influence of gamma radiation, as well as data on changes in 
the strength of concrete and aggregates, the values of radiation changes in the strength of HPCP were 
calculated (restored). 

The effect of irradiation temperature on radiation changes in HPCP under the influence of gamma 
radiation was determined on the basis of data from the research works [35, 36] on irradiation of HPCP at 
70–375 °C. 

 
Figure 2. The relationship between the change in the mass and volume  
of the HPCP after irradiation in the reactor and after heating according  

to the data summarized in the research work [9]. 

3. Results and Discussion 

The values obtained by formula (14) from the data of the research work [25] of the reduction in the 
linear dimensions of concrete only under the action of gamma radiation, as the difference between the 
change in dimensions during irradiation and without irradiation, are shown in Fig. 3 as a dependence on 
time and absorbed dose. It can be seen that with an increase in the irradiation time and the absorbed dose 
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of gamma radiation, the magnitude of the decrease in the volume of concrete increases and reaches 0.002–
0.003 % after irradiation for 10 – 250 days before the absorbed doses (0.38 – 6.8)⋅105 Gy. 

a) 

 

b) 

 
Figure 3. The dependence calculated from the data of the research work [25] on the irradiation 

time (a) and on the magnitude of the absorbed dose of gamma radiation (b) decrease in the linear 
dimensions of concrete under the action of gamma radiation, as the difference between the 

decrease in linear dimensions during irradiation and without irradiation.  
1 – individual results; 2 – approximation line. 

Calculated from the values of Fig. 3 according to the formulas (3) – (6) the values of the reduction in 
the linear dimensions of the HPCP under the action of gamma radiation and their dependence on the 
absorbed dose are shown in Fig. 4a. At the same time, in accordance with the calculated data of the 
research work [39], it was assumed that the radiation changes in the aggregates of concrete at the doses 
considered are zero, since the volume change is less than 6⋅10-7%, and the strength decreases by less 
than 1⋅10–5 %. It can be seen that the degree of reduction in linear dimensions in the studied range of 
absorbed doses from (0.38–1.6)⋅105 to (4.9–6.8)⋅105Gy is from 0.026–0.09 % to 0.1–0.16% and 
approximately linearly rises with an increase in the absorbed dose. 

It was not possible to calculate the change in compressive strength using formulas (7) and (8) due 
to the lack of data on the change in the strength of concretes. In this regard, the change in the strength of 
HPCP was assessed according to the formula [13] with parameters for the material of "mature" age. The 
effect of reducing the porosity of HPCP due to carbonation, shown in the research works [26, 29, 32] in 
reserve was neglected. The calculated values of the relative residual strength of and their dependence on 
the absorbed dose are shown in Fig. 4b. It can be seen that in the studied range of absorbed doses (0.38–
1.6)⋅105 to (4.9–6.8)⋅105 Gy, compressive strength decreases with an increase in the absorbed dose and 
the residual strength is from 0.94–0.98 to 0.9–0.935 from strength to irradiation. 

a) 

 

b) 

 
Figure 4. Calculated on the basis of the values shown in Fig. 3, the magnitudes of the linear 
dimensions reduction according to formulas (5, 6) (a) and the residual strength according to 

formula (13) (b) of HPCP under the action of gamma radiation as a function of the absorbed dose. 
1 – individual results; 2 – approximation line. 

When using these research works [1, 2], it is not possible to isolate the effect of irradiation alone, 
since there are no data on changes in concretes without irradiation. However, the absorbed doses of 
gamma radiation in the works [1, 2] are much higher than in the work [25]. In this regard, the contribution 
of natural changes in concrete in time is much lower and can be neglected. 
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The values of the reduction in the mass, linear dimensions and strength of HPCP under the action 
of gamma radiation calculated from these research works [1, 2] for concretes are shown in Table 2, as well 
as in Figure 5 as a dependence on the absorbed dose. At the same time, in accordance with the calculated 
data of the research work [39], it was assumed that the radiation changes in the aggregates of concrete at 
the considered doses are zero, since the volume change is less than 3⋅10–4 %, and the strength decreases 
by less than 5⋅10–3 %. 

Table 2. Results of calculation of radiation changes* of HPCP according to the data of 
irradiation of concretes with gamma radiation at 30 °C in the research works [1, 2]. 

Name of 
concrete by 
aggregates 

Absorbed 
dose of 
gamma 

radiation, Gy 

Changes in 
the mass of 
HPCP, % 

Relative changes in the  
dimensions of HPCP, % 

Residual strength of HPCP, 
unit fraction 

calculated 
from the 

change in 
the 

dimensions 
of concrete 

calculated 
from the 

change in 
the mass of 

concrete 

calculated 
from the 

change in the 
dimensions 
and strength 
of concrete 

calculated 
from the 

change in the 
mass and 
strength of 
concrete 

Concrete from 
limestone and 

sandstone 

2.27⋅108 -2.94±0.23 -0.15±1.94 -0.68±0.11 - - 

4.7⋅108 -6.28±0.46 -0.62±2.11 -1.18±0.15 1.01±0.29 1,00±0.24 

Concrete from 
limestone  

2.27⋅108 -3.76±0.78 -1.26±2.31 -0.81±0.23 1.10±0.15 1.04±0.10 

4.7⋅108 -7.7±2.2 -2.48±2.88 -1.37±0.45 1.28±0.14 1.04±0.07 
*The average square deviations are given. 

 

From Table 2 and Figure 5 it can be seen that under the influence of gamma radiation there is a 
decrease in the linear dimensions of the samples and mainly an increase in the strength of the HPCP. In 
the range of absorbed doses from 2.27⋅108 to 4.7⋅108 Gy, depending on the basis of calculations, there is 
a decrease in the linear dimensions of HPCP by 0.15–1.26 % to 0.62–2.48 %. At the same time, changes 
in HPCP obtained from data on changes in the linear dimensions of concretes have more significant 
standard deviations and variations of values than those obtained from changes in the mass of concrete, so 
they are less reliable statistically. However, changes in HPCP, obtained by changing the mass of concrete 
have a less reliable physical basis, since they are determined on the basis of the relationship of dimensional 
changes with changes in mass. At the same time, the average values obtained from the data on the two 
studied concretes, calculated from different data, are close to each other. This allows us to consider them 
sufficient to assess the radiation changes in HPCP under the conditions considered 

The residual relative compressive strength increases from 1.04 – 1.1 to 1.0 – 1.28. The 
approximation line for the dependencies of changes on the absorbed dose has an approximately linear 
form, taking into account the fact that the change in linear dimensions and relative residual strength at the 

absorbed dose of zero are CP

CP

V
V
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 = 0 and 
0

CP

CP
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R

 = 1. 

a) 

 

b) 

 
Figure 5. Calculated in Table 2 according to formulas (3) – (12) based on the data of the research 

works [1, 2] presented in Table 1, the magnitudes of the reduction in linear dimensions (a) and the 
compressive strength of HPCP under the action of gamma radiation as a dependence on the 

absorbed dose. 1 – reduce of the linear dimensions of concrete from limestone and sandstone; 2 – reduce 
of the mass of concrete from limestone and sandstone; 3 – reduce of the linear dimensions of concrete from 

limestone; 4 – reduce of the mass of concrete from limestone; 5 – approximation line. 
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Generalized for the values calculated from these research works [1, 2 and 25], the dependence of 
reducing the linear dimensions (shrinkage) of HPCP under the action of gamma radiation at 20–30 °C on 
the absorbed dose is shown in Fig. 6. It can be seen that the shrinkage of HPCP increases with an increase 
in the absorbed dose in the range from 3.8⋅104 to 4.7⋅108 Gy. Moreover, due to the absence of significant 
heating during irradiation, it can be considered that these changes occur only under the action of gamma 
radiation. Judging by the data [9], the effect of the composition, water-cement ratio, age of HPCP and the 
density of the flux of ionizing radiation on the shrinkage of HPCP under the action of ionizing radiation of 
the nuclear reactor is not observed. In this regard, the values of linear dimensions reduction calculated from 
the data of the research works [1, 2 and 25], where HPCP of different composition, W/C and age were 
used, irradiation was carried out at different rates of absorbed dose of gamma radiation can be considered 
as values of a single dependence on the absorbed dose. This dependence was approximated by the 
following expression: 
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 is a change in linear dimensions under the influence of gamma radiation, %; GD  is 

absorbed dose rate of gamma radiation; Gа  = –0.000894, Gb = 0.3497 at GD  in Gy. 

a) 

 

b) 

 
Figure 6. Generalized for the values calculated from these research works [1, 2, 25], the 

dependence of the reduction in linear dimensions (shrinkage) of HPCP under the action of gamma 
radiation at 20–30 °C on the absorbed dose in the semilogarithmic (a) logarithmic scale (b). 

1 – from the data [25]; 2a – from the data [1, 2] on reducing the linear dimensions of concrete from limestone 
and sandstone; 2b – from the data [1, 2] on reducing the mass of concrete from limestone and sandstone; 3a 
– from the data [1, 2] on reducing the linear dimensions of concrete from limestone; 3b – from the data [1, 2] 

on reducing the mass of concrete from limestone; 4 – approximation line. 

However, according to the results of irradiation with gamma radiation to absorbed doses of  
1⋅107–5⋅107 Gy at temperatures from 70 to 375 °C in the research works [35, 36] it was noted that changes 
in HPCP under these conditions are mainly caused by the influence of heating accompanying irradiation. 
However, this conclusion was made on the basis of a comparison of the decrease in mass, and not the 
linear dimensions of HPCP after irradiation and heating without irradiation at irradiation temperatures and 
at sufficiently large spreads in results. In addition, the decrease in the mass of the studied HPCP after 
heating established in the research works [35, 36] exceeds all the data known to the authors at the same 
temperatures for unknown reasons. In addition, the relationship between the shrinkage of HPCP and the 
decrease in mass after irradiation differs significantly from the dependence shown in Fig. 2. This calls into 
question that the relationship between the established change in mass and  linear dimensions is the same 
under irradiation and heating, and also calls into question the reliability of this inference based on changes 
in mass. 

The addition of these research works [35, 36] after irradiation at temperatures from 70 to 375 °C to 
the dependence of Fig. 6 is shown in Fig. 7. It can be seen that the data of high-temperature irradiation, 
despite significant variations, mainly differ from the values of the approximation line obtained at 20–30 °C. 
It is most likely that this difference is due to the presence of additional changes under the influence of 
heating, since it is most likely that, as with neutron irradiation [9, 14], dimensional changes after irradiation 
can be represented as a sum of radiation and thermal changes and described by the formula: 
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 is the total change in the dimensions of the HPCP after irradiation under the influence 
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 is changing the dimensions of HPCP after 

irradiation from exposure to gamma radiation only and from exposure to temperature only, respectively. 

Since there are no data on changes in the linear dimensions of HPCP under the influence of heating 
in the research works [35, 36], it is not possible to determine purely radiation changes in the dimensions of 
HPCP under the influence of gamma radiation from these works. However, it is possible to use the data 
available in the research works [9, 40, 41] on the reduction in the dimensions of various HPCP of "mature" 
age after heating for a time commensurate with the time of irradiation, and compare them with the results 
of shrinkage after irradiation with gamma radiation at the same temperatures. 

a) 

 

b) 

 
Figure 7. Generalized for the values calculated from the data of the research works [1, 2, 25], the 
dependence of reducing the linear dimensions (shrinkage) of HPCP under the action of gamma 
radiation at 20–30 °C on the absorbed dose with the addition of the research works [35, 36] after 

irradiation at temperatures from 70 to 375 °C at a semilogarithmic (a) logarithmic scale (b). 
1 – from data [25]; Explanations of 1, 2a, 2b, 3a, 3b and 4 are given in Fig. 6; 5 – data of research works [35, 

36], obtained at 70–120 °C; 6 – data of research works [35, 36], obtained at 260–375 °C. 

A comparison of changes in the linear dimensions of HPCP after irradiation with gamma radiation at 
temperatures from 70 to 375 °C according to the data of the research works [35, 36] with changes in linear 
dimensions after heating without irradiation of various HPCP of "mature" age after heating for a time 
commensurate with the time of irradiation, according to the data of the research works [9, 40, 41] is shown 
in Fig. 8. 

It can be seen that the changes in the linear dimensions of the HPCP studied in the research works 
[35, 36] mainly exceed the changes in the linear dimensions of various HPCP according to the data of the 
research works [9, 40, 41] after heating at the same temperatures during a commensurate heating time, 
although there are data spreads. This indicates that radiation changes under the influence of gamma 
radiation at temperatures higher than 30 °C occur as well. However, it can be seen that the differences 
between the data shown in the figure, and hence the contribution of radiation changes with increasing 
temperature decrease to about zero at a temperature of more than 550 °C. 

This can be explained as follows. It is known that free and physically bound water is removed from 
the HPCP when heated in the range from 50 °C to 105 °C. Chemically bound water is removed in the range 
from 105 °C to 600 °C. After 600 °C, almost all water from HPCP is released. It is characteristic that after 
heating, the shrinkage of the HPCP according to [41] and the release of water according to the data [42] 
occurs most intensively in the initial heating period, and the contribution of gamma radiation is manifested 
mainly towards the end of irradiation, when the maximum absorbed dose to which the changes are tied is 
reached. In this case, the higher the irradiation temperature, the less water remains in the HPCP, which 
can be released under the influence of gamma radiation. In this regard, the rate of development of shrinkage 
of HPCP under the action of gamma radiation and shrinkage at a fixed absorbed dose decreases with an 
increase in the irradiation temperature. 
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To take into account the effect of temperature on radiation changes in the linear dimensions of HPCP 
under the influence of gamma radiation, it is possible to introduce a temperature influence coefficient .TK  
For this, according to the data of the research works [35, 36], first, on the basis of Fig. 8, the radiation 
changes in the linear dimensions of the HPCP were determined as the difference between the change in 
dimensions after irradiation and the change in dimensions after heating at irradiation temperatures. Then 
the dependence of radiation changes from the temperature of irradiation was studied. Although the results 
of the research work [35, 36] were obtained at absorbed doses from 1⋅107 to 5⋅107 Gy, the effect of the 
absorbed dose in this range is not great, so the differences in the absorbed doses at different temperatures 
can be neglected. After that, we studied the coefficient TK  of the influence of temperature on the radiation 
change in the linear dimensions of the HPCP at absorbed doses of 1⋅107–5⋅107 Gy as the ratio of radiative 
changes in dimensions after irradiation at temperature T  to radiation changes at 20 °C obtained on the 
basis of extrapolation using the approximation line (–0.48 %). 

 
Figure 8. Comparison of changes in the linear dimensions of HPCP after irradiation with gamma 
radiation at temperatures from 70 to 375 °C according to the data of the research works [35, 36] 

with changes in dimensions after heating of various HPCP of "mature" age after heating for a time 
commensurate with the time of irradiation, according to the data of the research works [9, 40, 41].  
1 – after irradiation of HPCP with W/C = 0.4 at the age of 1.5 years for 37.2 days at 70–120 °C according to the 
data of the works [35, 36]; 2 – after irradiation of HPCP with W/C = 0.4 at the age of 1.5 years for 6.3 days at 

260–375 °C according to the data of the work [35, 36]; 3 – after heating HPCP with W/C = 0.26–0.35 at the age 
of 1 year for 30 days according to the work data [41]; 4 – after heating HPCP with W/C = 0.26–0.35 at the age 
of 1 year for 1 day according to the data of the work [ 41]; 5 – after heating HPCP with W/C = 0.26–0.35 at the 
age of 9 months for 5 hours according to work data [40]; 6 – after heating HPCP with W/C = 0.28–0.5 at the 

age of 30 months for 90–200 days according to the work data [9]; 7 – approximation line for the dependence 
of dimensions reduction after irradiation on temperature; 8 –approximation line for the dependence of 

reducing the dimensions after heating on the temperature. 

The dependences of radiation changes in the linear dimensions of HPCP only under the influence of 
gamma radiation, calculated from the research works [35, 36] and the TK  coefficient on the irradiation 
temperature ,T  as well as the results of their approximation are shown in Fig. 9. 

It can be seen that the changes in the linear dimensions of the cement stone only under the influence 
of gamma radiation and the values of the Kt coefficient at absorbed doses of 1⋅107–5⋅107 Gy decrease with 
increasing heating temperature and can be described by the expressions: 

503200011010743 27 .Т.Т.
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It is characteristic that at T = 20 °C according to the formula (19) we get  
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Figure 9. Dependencies of radiation changes in the  linear dimensions of HPCP only under the 

influence of gamma radiation, calculated from research works [35, 36] and the coefficient TK  on 
the irradiation temperature, as well as the results of their approximation: 

1 – reduction in linear dimensions only under the influence of gamma radiation after irradiation of HPCP for 
37.2 days at 70–120 °C; 2 – reduction in linear dimensions only under the influence of gamma radiation after 

irradiation of HPCP for 6.3 days at 260–375 °C; 3 –approximation line for the dependence of linear 
dimensions reduction only under the influence  of gamma radiation after irradiation of  at 70–375 °C on 

temperature; 4 – values of the TK  coefficient after irradiation of HPCP at 70 – 120 °C;5 – values of the TK  

coefficient after irradiation of HPCP at 260–375 °C; 6 –approximation line for the dependence of the TK  
coefficient on the irradiation temperature. 

According to the formula (17) at absorbed doses from 1⋅107 to 5⋅107 Gy we get  

CP

CP G

 ∆
 
 





= -0.25 – -0.44 %. This is commensurate with the value
Р

∆ 
 
 




 = 0.48 %, obtained from the 

formula (19), therefore confirms the sufficient correctness of the formula (19) for the determination of 
radiation changes in the HPCP and at absorbed doses from 1⋅107 to 5⋅107 Gy. This allows us to recommend 
the obtained approximating dependence (17), taking into account the expression (20) for the calculated 
determination (assessment) of radiation changes in the linear dimensions of the HPCP only under the 
influence of gamma radiation in the following form: 

.GbCP
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                                                     (21) 

A comparison of the relationship between changes in compressive strength of HPCP with a decrease 
in volume calculated from the data of research work [1, 2] after gamma radiation and after irradiation in 
nuclear reactors and heating of HPCP of "young" age according to [9] is given in Fig. 10. It can be seen 
that these relationships are commensurate. In this regard, it can be concluded that the main thing for 
changes in the strength of HPCP, regardless of the type of impact that causes the release of water, is a 
decrease in its linear dimensions. 

This gives grounds to recommend the use of the expression (13) for the analytical determination of 
radiation changes in the strength of HPCP under the influence of gamma radiation of both young and 
"mature" age. Although due to the fact that the reduction of porosity due to carbonation is not taken into 
account, the expression (13) will give an estimate of the maximum possible effect of gamma radiation. 



Magazine of Civil Engineering, 124(8), 2023 

 
Figure. 10. Comparison of the relationship between changes in the compressive strength of HPCP 
with a decrease in volume under the influence of gamma radiation, calculated from the data of the 

research work [1, 2], with the relationship between these changes in HPCP of young "age" after 
irradiation in nuclear reactors and heating according to the data [9]. 

1 – reduce of the linear dimensions and strength of concrete from limestone and sandstone from the data [1, 
2]; 2 – reduce of the mass and strength of concrete from limestone and sandstone from the data [1,2]; 3 – 

reduce of the linear dimensions and strength of concrete from limestone from the data [1, 2]; 
4 – reduce of the mass and strength of concrete from limestone from the data [1, 2]; 

5 – according to the data of the research work [9] after irradiation in nuclear reactors; 
6 – according to the data of the research works [9] after prolonged heating without irradiation. 

The results of calculations according to the formulas (21) and (13) of radiation changes in the linear 
dimensions and compressive strength of HPCP, caused only by the action of gamma radiation, after 
irradiation to the values of absorbed doses from 3⋅104 Gy to 1⋅1010 Gy are shown in Fig. 11. It can be seen 
that the radiation decrease in linear dimensions increases, and the residual strength decreases with an 
increase in the absorbed dose and vice versa, the radiation decrease in linear dimensions decreases, and 
residual strength grows with rise of temperature associated with irradiation. With an absorbed dose of 
gamma radiation of 1010 Gy, the linear dimensions reduction will be 2.8 % after irradiation at 20–30 °C and 
0.25 % after irradiation at 500 °C. With an absorbed dose of gamma radiation of 1010Gy, the residual 
compressive strength will be 0.83 after irradiation of HPCP of "young" age and 0.34 after irradiation of 
HPCP of "mature" age at 20–30 °C; 1.3 after irradiation of "young" age material and 0.85 after irradiation 
of "mature" age material at 500 °C according to formulas (21) and (13), with (18) taking into account. 

The results of estimated calculations of total changes under the influence of gamma radiation and 
concomitant heating of changes in the linear dimensions and strength (radiation-thermal changes) of HPCP 
after prolonged (more than 90 days) irradiation to absorbed doses from 3⋅104 Gy to 1⋅1010 Gy at 
temperatures from 20 to 500 °C are shown in Fig. 12. At the same time, radiation changes in dimensions 
were determined by the formula (21). Thermal changes in the dimensions of the HPCP after prolonged 
heating were calculated on the basis of the data of the research work [9] according to the formula: 

1 1 ,
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                                            (22) 

where T  is temperature during irradiation (in °C); Ta  = –0.091 %, Tb  = 0.73 – for HPCP of "young" age 

by [9]; Ta = –0.0146 %, Tb  = 0.93 – for HPCP of "mature" age according to the results of the approximation 
of the average shrinkage values presented in the research work [9]. 

Radiation-thermal changes in the strength of HPCP were calculated according to the formula (13) on 
the basis of radiation-thermal volume changes calculated from radiation-thermal changes in  linear 
dimensions.  

Fig. 12 shows that after irradiation of HPCP with gamma radiation at high temperatures the decrease 
in linear dimensions increases and the residual strength decreases with a rise in the absorbed dose to 
2⋅109 Gy and the irradiation temperature. On the contrary, the radiation-thermal reduction in linear 
dimensions decreases and the residual strength increases with a rise in the absorbed dose above 2⋅109 Gy 
and with an increase in the temperature accompanying irradiation. With an absorbed dose of gamma 
radiation of 1010 Gy, the reduction in the linear dimensions of HPCP will be 2.8 % after irradiation at 20–
30 °C and 0.25 % after irradiation at 500 °C. With an absorbed dose of gamma radiation of 1010 Gy, the 
residual compressive strength will be 0.83 after irradiation at the age of 1–3 months and 0.34 after 
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irradiation at the age of more than 8 months at 20–30 °C with; 1.3 after irradiation in HPCP of "young" age 
and 0.85 when irradiating HPCP of "mature" age at 500 °C. To obtain a more accurate result for a particular 
HPCP, it is necessary to use real thermal changes in the HPCP when performing estimates. 

a) 

 

b) 

 

Figure. 11. Results of calculations according to formulas (21) and (13) of radiation changes  
in the linear dimensions and compressive strength of HPCP caused only by the action of gamma 

radiation, after irradiation to the values of absorbed doses from 3⋅104 Gy to 1⋅1010Gy  
at different irradiation temperatures T in °C.  

Blue lines are given for HPCP of "young" age. Black lines are given for HPCP of "mature" age. 
a) 

 

b) 

 

Figure 12. The results of the estimated calculations of the total changes under the influence of 
gamma radiation and the concomitant heating of changes (radiation-thermal changes) in the  

dimensions (a) and strength (b) of the HPCP after prolonged (more than 90 days) irradiation to the 
values of the absorbed doses from 3⋅104 Gy to 1⋅1010 Gy at different irradiation temperatures T in 

°C. Blue lines are given for HPCP of "young" age. Black lines are given for HPCP of "mature" age. 
The results obtained can be used to predict changes in the linear dimensions, volume and strength 

of HPCP and concrete under the influence of gamma radiation. At the same time, the effect of the mineral 
composition and water-cement ratio of W/C, the intensity of radiation on the radiation changes in the HPCP 
should not be significant, since, judging by [9] it is not noticeable during irradiation in nuclear reactors. The 
effect of age on radiation changes in linear dimensions with prolonged exposure should not be significant, 
since radiation changes are most pronounced by the end of irradiation, when the age of the materials will 
always be sufficiently mature. 

4. Conclusions 
1. The research is based on the published data on the effect of gamma radiation on concretes at 

irradiation temperatures of 20–30 °C and on hardened Portland cement paste (HPCP) at 70–375 °C. The 
author carried out calculation and analytical studies to assess and establish the possibility of predicting 
radiation changes in HPCP under the influence of gamma radiation. The studies were conducted using the 
previously developed and tested method of analytical determination of radiation changes in concretes 
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according to data on changes in their components. The formulas used in this method made it possible to 
determine (restore) the radiation changes of HPCP from data on radiation changes in concretes and 
aggregates. When conducting computational and analytical studies, the author additionally used the 
existing relationship between the reduction in the mass of HPCP and its shrinkage, as well as known data 
on thermal changes in HPCP after its heating at different temperatures and holding time. 

2. As a result of the studies carried out on the available results of irradiation of concretes, changes 
in linear dimensions and strength during compression of HPCP only under the action of gamma radiation 
are calculated (restored). The dependencies of radiation changes in HPCP on the magnitude of the 
absorbed dose in the range from 3.8⋅104 to 4.7⋅108 Gy after irradiation at 20–30 °C are provided. According 
to the available data on the irradiation of HPCP with gamma radiation at temperatures from 70 to 375 °C, 
the effect on radiation changes in the HPCP of the irradiation temperature is revealed. It is shown that 
radiation changes in HPCP increase with increasing absorbed dose and, conversely, radiation changes 
decrease with increasing temperature accompanying irradiation. 

3. Based on the obtained approximating mathematical expressions, the paper provides the 
calculations of radiation changes in the dimensions and compressive strength of HPCP, caused only by 
the action of gamma radiation, after irradiation to absorbed doses from 3⋅104Gy to 1⋅1010 Gy. Using the 
results of these calculations and the available data on thermal changes in HPCP, the authors supplies the 
estimates of radiation-thermal changes in the linear dimensions and strength of HPCP under the action of 
gamma radiation and heating. These calculations were made after irradiation up to absorbed doses from 
3⋅104 Gy to 1⋅1010 Gy and concomitant heating at temperatures from 20 to 500 °C. 

4. The obtained results can be used to predict radiation changes in the linear dimensions, volume 
and strength of HPCP under the influence of gamma radiation. Based on these changes in HPCP, using 
existing analytical methods makes it possible to predict radiation changes in concrete. 
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Abstract. This study presents a scenario where the embedding of dowel reinforcement for new columns 
was inadvertently omitted during the casting of concrete columns. This oversight necessitated the 
implantation of steel reinforcement into pre-existing cast areas. Owing to the high density of the primary 
slab reinforcement, implantation was feasible only up to half the slab's thickness. By modifying the 
superplasticizer (SP) dosage during mixing, we achieved a consistent slump of approximately 150 mm 
across various concrete mixes, ensuring that both slump and slump flow remained within expected limits. 
The properties of these mixes, both in their fresh and hardened states, are detailed in Table 2. The sieve 
segregation index consistently remained below 1.3 %, indicating exceptional cohesion in all concrete mixes. 
In fact, no segregation was observed, with all measured segregation widths being zero. In terms of strength, 
the cylinder strength increased significantly with the increase in fiber volume from 0 % to 2 %. This study 
also examines the impact of steel reinforcement, utilizing 8 mm diameter steel bars over a 30 cm length, 
planted at two different angles (90 and 45 degrees). The concrete column samples were subjected to 
uniaxial compressive load post-implantation. Results indicate that the implantation process generally led to 
an increase in the initial compressive strength of the concrete samples. Specifically, specimens with 30 cm 
reinforcement planted at distances of 55 mm and 35 mm exhibited an average strength increase of 23 % 
and 17 %, respectively. 

Citation: Kharnoob, M.M. Planting steel reinforcement for concrete columns: In case of small distance at 
missing places in concrete columns. Magazine of Civil Engineering. 2023. 124(8). Article no. 12404. 
DOI: 10.34910/MCE.124.4 

1. Introduction 
This article introduces a novel integration technique for steel reinforcement in concrete columns, 

handy for temporary jack support in existing reinforced concrete structures. During the casting process, the 
inclusion of dowel reinforcement for new columns was inadvertently omitted, leading to the necessity of 
implanting steel reinforcement in pre-existing cast areas. The density of the primary slab reinforcement 
limited implantation to only half the slab's thickness. This study investigates the effect of steel reinforcement 
with an 8 mm diameter and 30 cm length, planted at 0 and 45 degrees angles. Post-implantation, the 
concrete column samples underwent uniaxial compressive load testing. Results indicated an enhancement 
in the initial compressive strength of the concrete samples. Specimens with 30 cm reinforcement, planted 
at distances of 55 mm and 35 mm, showed average strength increases of 23 % and 17 %, respectively  
[1–3]. 

Conventional reinforcement techniques include fiber-reinforced polymer (FRP) wrapping, steel cage 
addition, and concrete jacketing, with the latter being among the earliest and most effective methods. A 
recent advancement involves the application of high-performance fiber-reinforced cementitious composites 
(HPFRC) spray mortars with extra reinforcing bars [4]. This method demonstrated increased absorbed 
energy and improved cyclic response in column samples reinforced with HPFRC [5–6]. Further studies 
have shown that fiber-reinforced concrete significantly reduces fracture width and enhances energy 
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absorption. Concrete jacketing is also recognized as an effective method for restoring axial and lateral load 
capacities of damaged columns, though it may impose design and architectural constraints [7–9]. 

Alternative techniques, like FRP sheet external confinement, have gained attention. Research on 
FRP wrapping has highlighted its effectiveness in restoring damaged concrete columns, with reinforced 
columns showing increased axial load capacity [10–12]. However, the effectiveness of this strategy heavily 
relies on the column design. 

Standard methods for curing concrete after completion include gluing for planting and planting 
machinery. The former involves drilling into concrete, inserting rebar, and filling the hole with adhesive, 
usually epoxy resin or cement [13–14]. This method is popular for its on-site applicability. Since the 1990s, 
cement-based materials for rebar planting have been replaced by various adhesives like polyester, vinyl 
ester, and epoxy. A pull-out test using two epoxies with steel models of the required 16 mm diameter 
indicated satisfactory performance [15–25]. 

It is recommended to use high-quality concrete for the monolithic construction of columns. In order 
to reduce their cost, it is advisable to use man-made raw materials and composite binders [26-29]. Recent 
studies have been carried out on the mechanical behavior and structural integrity of concrete structures 
using various additives, bringing new insights into innovative reinforcement techniques [30,31].  

2. Methods 
In this study, Ordinary Portland Cement (OPC) with a 52.5N strength rating, conforming to BS EN 

197-1: 2000, was utilized for the concrete mix. The OPC exhibited a Blaine fineness of 354 m²/kg as per 
BS EN 196-6: 2010 standards. Both fine and coarse aggregates were derived from crushed granite rock, 
with the fine aggregate having a maximum size of 5 mm, and the coarse aggregate a maximum size of 
10 mm. According to BS 812-2: 1995 protocols, the water absorption of the fine and coarse aggregates 
was determined to be 1.37 % and 1.89 %, respectively, with moisture contents measured at 0.79 % for fine 
aggregate and 1.04 % for coarse aggregate. To achieve the desired slump of 150 ± 25 mm in each concrete 
mix, a poly carboxylate-based superplasticizer (SP) was incorporated, characterized by a relative density 
of 1.03 and a solid mass content of 20 %. For the fiber-reinforced concrete component, hooked steel fibers 
branded as Dramix, 30 mm in length and classified as 3D 55/30, were employed, as depicted in Fig. 1. 

 
Figure 1. Iron Fibres used. 

Table 1 outlines the Mixtures of Plain and fiber-reinforced concrete. The volume of fiber in the 
concrete varied between 1 and 2 %. In contrast, the water/cement (W/C) ratio for both fiber-reinforced and 
plain concrete was adjusted within a range of 0.55 to 0.45. Additionally, the properties of Grade 500 high-
strength ribbed steel bars, with a diameter of 12.0 mm, are detailed in the third row of Table 2. As per BS 
EN 10080: 2005 standards, these steel reinforcement bars feature a rib pattern with 1.05 mm rib height, 
8.0 mm rib spacing, a 60° angle of inclination relative to the bar axis, and a 67° rib flank inclination angle. 

For experimental purposes, a 150 mm concrete cube was cast, incorporating each reinforcing bar at 
a length of 30 mm. In adherence to RILEM guidelines, the bond length between the concrete and 
reinforcement bar was set at 50 mm, which is 4.2 times the diameter of the reinforcing bar. This bonded 
length of 236 mm was maintained in the middle third of the concrete cube. A 50 mm long plastic tubing was 
fitted around the implanted reinforcing bar to prevent bonding outside the designated area. The crevice was 
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sealed with clay to ensure no cement paste entered the gap between the reinforcing bar and the plastic 
tube. 

The simple mixes and the fiber-reinforced concrete were prepared using a pan mixer. All specimens 
underwent a 28-day curing process in a tank of lime-saturated water at a temperature of 27 ± 3 °C, as 
shown in Table 1, which details the composition of the concrete mix. 

Table 1. Mixtures of Plain and fiber-reinforced concrete. 

Mix. Concentration Cement (Kg/m3) 
Fine 

(Kg/m3) 
Water 

(Kg/m3) 
10 mm agg. 

(Kg/m3) 
Steel fibre 

(Kg/m3) 
0.0% 520 830  688 680 0 
1.0% 523 820 819 671 70 
2.0% 460 805 833 660 80 

 
2.1. Testing program and procedure 

To assess the efficacy of a friction reduction layer (comprising a PTFE film, stainless steel plate, and 
grease layer), three types of specimens were prepared from each concrete mix, both plain and fiber-
reinforced. These specimens underwent testing with and without using a soft rubber pad or a friction 
reduction layer. Three distinct testing methods were employed, designated as SRNF (Soft Rubber No 
Friction layer), SRFR (Soft Rubber Friction Reduction layer), and NRNF (No Rubber No Friction layer). The 
NRNF setup did not include a friction reduction layer or a soft rubber pad. Conversely, the SRNF setup 
included a soft rubber pad but omitted the friction reduction layer. The SRFR method incorporated both a 
friction reduction layer and a soft rubber pad. 

Testing was conducted on four samples from each concrete batch to establish the bond stress-slip 
curve and pull-out strength for each testing method and type of concrete. The average pull-out strength 
and its coefficient of variation were calculated based on the results of these four tests. All pull-out tests 
were conducted using an MTS testing apparatus with a 250 KN load capacity. Fig. 2(a) illustrates the testing 
device, while Fig. 2(b) depicts the test setup. 

Given that the bond length was set at 50 mm, approximately 20 % of the testing machine's capacity, 
the expected pull-out load was estimated at 50 kN. The bond strength was calculated using a pull-out failure 
load testing apparatus, as per the formula: 

268,F dlτ = π                                                                             (1) 

where τ  is bond strength, d  is diameter of the reinforcing bar, F  is failure load 

Workability of the new concrete was assessed through slump-flow and slump tests as per BS EN 
12350-8: 2010 and BS EN 12350-2: 2009 standards. The slump cone was filled with fresh concrete to its 
brim, and upon lifting the cone, the concrete was allowed to flow and settle. The slump was measured as 
the decrease in height, and the slump-flow was determined by averaging the diameters of two parallel sides 
of the formed concrete patties. Additionally, the average width of any paste- or mortar-free strip around the 
concrete patties' edge was measured to ascertain the segregation width. 

Cohesiveness of the fresh concrete was evaluated using a sieve segregation test as outlined in BS 
EN 12350-11: 2010. The concrete sample was placed in a 300 mm diameter plastic container and left 
undisturbed for 15 minutes. The top 2 litres of the sample were then gently poured onto a 5 mm sieve, and 
after two minutes of dripping, the passed-through portion was weighed. The weight of the concrete that 
seeped through the sieve was calculated as a percentage of the total weight dispensed onto the sieve. 

The hardened concrete's strength was determined using standard cylinder compression testing as 
per BS EN 12390-3: 2009, except the curing temperature set at 27 ± 3 °C. Three cylinders, each with a 
diameter of 150 mm and height of 300 mm, were prepared from each concrete batch and tested after 28 
days. The strength result was taken as the average strength of the three cylinders, calculated at 293. 
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Figure 2. (a) Testing machine and test setup (b)Schematic diagram of pull out test setup. 

3. Results and Discussion 
3.1. Fresh and hardened Properties 

During the mixing process, the superplasticizer (SP) dosage was carefully adjusted for each concrete 
mix, effectively achieving a target slump of approximately 150 mm. This adjustment ensured that both the 
slump and slump-flow values remained within the anticipated limits. The properties of these mixes, in both 
their fresh and hardened states, are detailed in Table 2. The sieve segregation index consistently registered 
below 1.3 %, indicating remarkably high cohesion across all concrete mixes, as evidenced by the 
cohesiveness data. Notably, actual segregation was absent in the samples, with all measured segregation 
widths being zero. 

Regarding strength implications, a significant increase in cylinder strength was observed as the 
volume of fibers in the mix rose from 0 % to 2 %. This enhancement in structural integrity highlights the 
direct correlation between fiber volume and the compressive strength of the concrete, showcasing the 
efficacy of fiber reinforcement in concrete mixtures. 

Table 2. The properties of the concrete mixes both Fresh and hardened. 

Mix. Concentration Slump (mm) 
Slump-Flow 

(mm) 
Cylindrical 

Strength (MPa) 
Sieve Segregation 

Index (%) 
0.0% 130 260 53.8 0.27 
1.0% 135 240 56.4 0.15 
2.0% 138 217 58.6 0.46 

 
3.2. Bond stress-slip curves 

Figure 3 displays the bond stress-slip curves for specimens with varying fiber volumes of 0.0 %, 
1.0 %, and 2.0 %. Within this figure, sub-Fig. 3(a) illustrates the curve for specimens with a water/cement 
(W/C) ratio of 0.45, while sub-Fig. 3(b) presents the curve for those with a W/C ratio of 0.55. In each graph, 
a total of twelve curves are plotted, providing a comprehensive view of the bond stress-slip behavior across 
different fiber volumes and W/C ratios. 
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(a)                                                                          (b) 

Figure 3. Bond stress-slip curves at fiber volume is 2.0 %. 
Each of the twelve graphs in Fig. 3 encompasses three sets of curves corresponding to the three 

different test techniques (NRNF and SRNF) used for evaluating the four specimens. These curves illustrate 
the bond stiffness and strength derived from the bond stress-slip relationship. The specific values obtained 
from these curves are documented in Table 3. The subsequent section of this study delves into a detailed 
examination of these calculated bond stiffness and strength parameters. 

Table 3. Characteristics of fresh and hardened properties of concrete mixes 
Mix. 

Concentration 
Test 

Technique 
Individual bond Strength 

(MPa) 
Mean of bond 

Strength (MPa) Over-estimation C.V. (%) 

0.0% 
SRNF 17.18 21.37 18.48 18.95 20.22 9.5 
NRNF 21.41 19.68 16.18 17.96 17.50 9.8 

1.0% 
SRNF 16.18 24.37 13.48 19.90 18.22 7.5 
NRNF 20.41 22.68 15.18 20.17 14.50 10.8 

2.0% 
SRNF 19.18 21.37 18.48 18.95 18.22 9.5 
NRNF 22.40 19.68 18.18 16.96 19.50 9.8 

 

3.3. Mean and coefficient of variation of measured bond strength 
The average bond strength can be determined by calculating the mean of four individual bond 

strength values obtained through a specific test procedure, as detailed in the seventh column of Table 3. 
Fig. 4 presents a graph illustrating the relationship between the mean calculated bond strength and the test 
technique, shedding light on the impact of the testing method on the measured bond strength. It was 
observed that the mean bond strength tended to decrease when transitioning from the NRNF to the SRNF 
testing technique. This decrease was expected due to the removal of the friction reduction layer and soft 
rubber pad from the interface between the concrete block and steel plate, which diminishes the confining 
stresses and consequently lowers the observed bond strength by allowing greater lateral expansion of the 
concrete. The SRFR method, combining a soft rubber pad with a friction reduction layer, yielded the lowest 
bond strength, likely offering a more accurate representation of the inherent bond strength. Other methods 
that exclude either the friction-reducing layer or the soft rubber pad tend to overestimate the bond strength. 

 
Figure 4. The effect of test procedure on the mean of measured bond strength. 
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The percentage overestimation of bond strength when using the NRNF method compared to the 
SRNF is documented in the eighth column of Table 3. These results show that the NRNF method 
overestimated bond strength by approximately 12.0 % to 22.0 %, whereas the SRNF method overestimated 
it by about 8.0 % to 16.0 %. This overestimation was more pronounced at lower W/C ratios and smaller 
fiber volumes. In scenarios lacking both a soft rubber pad and a friction reduction layer, the error in bond 
strength measurement could reach 20 %; however, with only a soft rubber pad present, the error could still 
be as high as 15 %. These findings highlight the necessity for improved test setups, especially at lower 
W/C ratios where inaccuracies in bond strength measurements could be more severe, indicating the 
importance of a more precise test apparatus for high-strength concrete. 

The impact of internal confinement from additional fibers might explain the higher bond strength 
values at lower fiber volumes. Introducing fibers generally reduces the Poisson's ratio and lateral expansion 
of the concrete due to the fibers' internal restriction against lateral expansion. This internal confinement 
effect of the fibers would likely diminish the external confinement impact at the interface between concrete 
block and steel plate. The coefficient of variation (C.V.) of bond strength using all three test methodologies 
was also calculated, as shown in the final column of Table 3. Fig. 4 displays a graph correlating the 
estimated C.V. of measured bond strength with the test methodology, indicating that the test method 
significantly influences the variance in observed bond strength. For instance, the C.V. ranged from 
approximately 8.4 % to 13.2 % for NRNF, 4.5 % to 9.1 % for SRNF, and 4.4 % to 6.8 % for SRFR. The 
substantial reduction in C.V. achieved by the friction reduction layer can be attributed to its ability to 
minimize highly variable external confinement and the soft rubber pad's capacity to mitigate random 
fluctuations in contact pressure at the interface between concrete block and steel plate. This reduction in 
C.V. enhances the reliability and repeatability of the pull-out test, which is crucial for establishing design 
bond strength in structural analysis and design. 

4. Conclusions 
Despite the significant influence of bond properties of reinforcing bars on the structural behavior of 

reinforced concrete structures, there is currently no universally accepted test procedure for their 
measurement. Existing test methods often neglect the potential effects of boundary conditions at the 
interface between concrete block and steel plate. Addressing this gap, a finite element analysis was 
conducted to examine the impact of these boundary conditions, leading to the development of a new test 
method incorporating a soft rubber pad and a friction reduction layer at the interface. The primary goal of 
this novel method is to mitigate test errors caused by friction and uneven contact pressure. To assess the 
effectiveness of this approach, 72 specimens, both of plain and fiber-reinforced concrete with fiber volumes 
up to 2 %, were examined. The key conclusions drawn are as follows: 

1. The discontinuous contact pressure and friction at the interface between concrete block and steel 
plate can significantly influence the confining stresses on the concrete around the reinforcing bar, 
consequently affecting the measured bond properties. 

2. Introducing a soft rubber pad at the interface markedly reduces the measured bond strength and 
stiffness, thereby minimizing the overestimation of these bond properties. This addition also 
substantially diminishes the random variations in test results, enhancing the repeatability and 
reliability of the pull-out test. 
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Abstract. Fly ash from Berezovskaya Thermal Power Plant, containing a lot of CaO, in combination with 
silica fume does not expand and exhibits the properties of a binder. However, the strength of this binder is 
low. The addition of Ca(NO3)2 significantly increases the strength of the binder. The work aims to study the 
effect of Ca(NO3)2 additive on the strength, heat of hydration, and phase composition of hydration products 
of the binder based on high-calcium fly ash and silica fume. The results of X-ray diffraction and Differential 
Thermal Analysis show that the main phases formed during the hydration of binder with the calcium nitrate 
additive in various dosages are lime, calcium hydroxide, ettringite, CSH(II) type silicates and calcium 
aluminosilicates, corresponding to such minerals as gismondine, yugavaralite, goosecreekite. When 
hardening in water, the residual amount of lime after 7 days is sharply reduced. An increase in the dosage 
of Ca(NO3)2 from 1.5 to 11.8 % leads to a decrease in the CaO content by almost 2 times. With an increase 
in the dosage of calcium nitrate, the content of portlandite noticeably decreases, and a significant increase 
in the amount of calcium hydroaluminosilicates, especially the composition of CAS2H4, is observed. A study 
of the heat release process showed that calcium nitrate greatly accelerates the process in the first 60 
minutes of hydration. However, then the composition with the addition of Ca(NO3)2 is inferior in the rate of 
heat release to binder without the additive. When testing a mortar with polyfractional sand, the addition of 
Ca(NO3)2 more than doubled the compressive strength of the mortar. 
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1. Introduction 
Numerous theoretical and practical studies, as well as world experience, show that industrial waste 

is a suitable raw material for replacing natural resources in the construction industry [1–7]. Such wastes 
include wastes from coal combustion at thermal power plants, blast-furnace slags and fly ash [8, 9]. A well-
known solution to obtain cementless binders is also the use of fly ash [10–12]. 

Due to the limited supply of class “F” fly ash in the building materials market, there is a growing 
interest in high calcium fly ash [13, 14]. Recently, much research has been done on the use of high-calcium 
fly ash to produce cementless binders. Studies show that fly ash with a high content of calcium oxide has 
a low degree of polymerization of silicate anions and a high content of free lime, so it has a high hydration 
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activity and a large volume expansion upon hydration. Because the free lime crystal size in the high calcium 
oxide fly ash is smaller and the lattice distortion is greater, the development of expansion during hydration 
of this fly ash is faster. It can be made into an effective additional binder with some appropriate technical 
measures [15]. 

It has been established that three types of fly ash from the Kansk-Achinsk fuel and energy complex 
provide the possibility of obtaining cementless compositions with a strength of up to 35–36 MPa. It has 
been shown that the additional introduction of silica fume and salt effluents into the ash stone modifies the 
phase composition of neoformations and the microstructure, transforming it into a denser one due to the 
formation of new compounds in the system – gyrolite and hydrochloraluminates [16]. The features of 
formation of the composition and hydraulic activity of high-calcium fly ash obtained by burning Kansk-
Achinsk brown coals are studied. Fly ash, selected in a dry state, can be used as a kind of binding agents, 
provided that they are pre-treated, which reduces the uneven change in the volume of the fly ash paste 
during hydration [17]. 

Expansion studies of a mixture of cement and mineral admixtures show that "F" class fly ash 
increases the expansion of cement pastes, while "C" class fly ash and silica fume decrease expansion [18]. 
Studies of the fly ash hydration products from the circulating fluidized bed show that the expansion of the 
hardened paste occurs mainly due to the formation of dihydrate gypsum and ettringite. In addition, free lime 
indirectly causes expansion due to its effect on ettringite crystallization [19]. There are three hypotheses 
that explain the mechanism of action of fly ash to enhance the expansion of mixtures. The first hypothesis 
is that expanding mixtures containing fly ash produce more ettringite than mixtures without fly ash. The 
second hypothesis is that the lower stiffness of concrete containing fly ash results in higher expansion. The 
third hypothesis says that fly ash delays the hydration of expanding compounds in mixtures [20]. 

The reactions of hydration of expanding type K cement pastes and the effect of silica fume have 
been studied. In pastes with and without silica fume, expansion is associated with the formation of ettringite. 
The expansion continues until ettringite is formed. The rate and magnitude of expansion at an early age 
(the first two days of hydration) are higher when silica fume is added to the expanding cement paste. Solid 
phase analysis and rate curves of the pastes also show that the addition of silica fume accelerates the 
hydration of the paste [21]. Studies related to pore fluid analysis show that in expanding type K cement 
paste without silica fume, ettringite formation and subsequent expansion cease due to depletion of SO42– 
in the pore fluid after 11 days of hydration. In the presence of silica fume, the initial formation of ettringite 
is accelerated, which leads to an increase in the rate and magnitude of expansion [22]. However, as shown 
in [23], in the case of using high-calcium fly ash as an independent binder, silica fume is an agent that 
blocks the expansion of fly ash mixtures. The low hardening rate and low strength of the fly ash-silica binder 
suggests the study of additives that accelerate the hardening of cement compositions. 

One of the accelerating agents is calcium nitrate, which effectively increases the setting and 
hardening rate of Portland cement. The mechanism of action of Ca(NO3)2 in the cement paste is to increase 
the concentration of Ca2+ ions, which contributes to the saturation of the solution and more rapid formation 
of Ca(OH)2 [24]. A comparison of three accelerating agents for pozzolanic Portland cement [25] shows that 
calcium nitrate is inferior in efficiency to calcium formate, which, in turn, is inferior to triethanolamine in the 
compressive strength of the cement mortar. It should be borne in mind that the effectiveness of calcium 
nitrate depends on the type of cement used. The results [26] show that calcium nitrate itself acts as a set 
accelerator, but it has a relatively small positive effect on the long-term development of mechanical strength. 
The combined addition of calcium nitrate and triisopropanolamine has shown significant and promising 
results at a very early age in terms of both setting acceleration and hardening acceleration. 

The effect of calcium nitrate on white Portland cements is presented in [27] in various compositions 
of fresh cement paste after 7 and 28 days of hardening. The addition of calcium nitrate reduced the settling 
time and setting time of the specimens. In addition, the smaller size of the ettringite needles was 
established, and the plasticizing effect of calcium nitrate observed at an early stage of hydration. Flexural 
and compressive tests on cement specimens without the addition of sand or aggregates were carried out 
after curing at 7 and 28 days. The results showed a non-monotonic evolution of mechanical strength with 
calcium nitrate content. Diffractometry, SEM, and NMR relaxometry performed on specimens after final 
bending tests revealed changes in C-S-H gel morphology, an increase in the proportion of capillary pores, 
and an increase in the degree of carbonation with calcium nitrate content for older specimens. 

Tests of commercial CEM I 52.5 R show that Ca(NO3)2 accelerates the silicate reaction and 
significantly influences the initial formation of the AFm and ettringite phases. In the presence of Ca(NO3)2, 
the dissolution rates of gypsum and anhydrite increase, and the formation of ettringite increases, especially 
at the highest analyzed dosage of 5 % Ca(NO3)2 by weight. In addition, significant amounts of NO3-AFm 
are formed in the presence of Ca(NO3)2. Calcium nitrate shortens the time it takes for alite to rapidly hydrate. 
In addition to a significant increase in Ca2+ ions, there is a decrease in the concentration of Al3+ in the pore 
solution, which can also accelerate the hydration of alite in the presence of Ca(NO3)2 [28]. An increase in 
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the amount of ettringite present in the cement structure in the form of non-oriented needles is evidenced 
by SEM micrographs taken on the 28th day of cement slurry curing using NC [29]. 

A study [30] considers class C fly ash in the presence of various concentrations of calcium nitrate. 
Tests have shown that calcium nitrate accelerates the hydration of the calcium aluminate phases with 
respect to dosage. The new products consist of calcium aluminate hydrate and nitrate. Evidence suggests 
that modified nitrate hydrates compete with or inhibit calcium aluminate sulfate hydrates. 

The work aims to study the effect of Ca(NO3)2 additive on the strength, heat of hydration, and phase 
composition of hydration products of the binder based on high-calcium fly ash and silica fume. 

Tasks of the research: 

1. Determination based on the results of X-ray Diffraction Analysis (XRD) what interactions occur in 
the "fly ash – silica fume – Ca(NO3)2" system and how these interactions affect the hydration. 

2. Differential Thermal Analysis (DTA) of cementless binder specimens with different content of 
Ca(NO3)2 additive. 

3. Experimental study of the Ca(NO3)2 additive on the heat release of cementless binder. 

4. Experimental study of the effect of the Ca(NO3)2 additive on the compressive strength of specimens 
from a mortar with polyfractional standard sand. 

2. Materials and Methods 
2.1. Characteristics of Fly Ash Collected from Electrostatic Precipitators 

The work uses high-calcium fly ash from Berezovskaya Thermal Power Plant. The bulk density is 
1.09 g/cm3, the true density is 3.09 g/cm3, the median particle size is 7.7 µm, and the Blaine specific surface 
area is 2815 cm2/g. The chemical composition of coal fly ash from the Berezovsky deposit is given in 
Table 1. 

Table 1. Chemical composition of the fly ash specimen. 

 

The results of X-ray diffraction analysis (XRD) obtained earlier in [23] showed that about 15 % of free 
calcium oxide is contained in fly ash. In addition, the main minerals of this fly ash include aluminates, 
silicates, aluminosilicates, calcium ferrites, and aluminum and magnesium oxides (Table 2). TiO2, MnO2, 
P2O5 are present in small amounts. Minerals such as brownmillerite, andradite, merwinite, grossular, and 
quartz have been identified [23]. 

High-calcium fly ash, when mixed with water, seizes and hardens. However, due to the presence of 
a large amount of free lime, its hardening is accompanied by strong expansion and cracking. 

Table 2. Composition of fly ash according to X-ray phase analysis. 

Crystal phases Chemical composition of phases Conditional content [%] 

Lime Ca O 62.39 
Graphite C 12.81 
Periclase Mg O 7.3 

Brownmillerite 4CaO·Al2O3· Fe2O3 3.71 
Andradite 3CaO·Fe2O3·3SiO2 3.62 
Merwinite 3CaO·MgO·2SiO2 3.39 

Millosevichite Al2(SO4)3 1.97 
Calcium Aluminum Oxide 3CaO·Al2O3 1.92 

Grossular 3CaO·Al2O3·3SiO2 1.06 
Aluminum Oxide Al2O3 0.54 

Yeelimite 3CaO·Al2O3·CaSO4 0.51 
Kilchoanite 3CaO·2SiO2 0.41 

Quartz SiO2 0.38 

CaO SiO2 Al2O3 Fe2O3 MgO P2O5 SO3 K2O Na2O Chlorine 
ion C Loss on 

ignition 
42.2 26.8 6.49 6.09 7.05 <0.1 2.86 0.23 0.43 <0.05 2.33 3.44 
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The X-ray diffraction pattern corresponding to Table 2 is shown in Fig. 1. 

 
Figure 1. X-ray diffraction pattern of fly ash. 

2.2. Determination of Compressive Strength 
The compressive strength of the specimens consisting of fly ash-silica fume binder with Ca(NO3)2 

additive was determined on test cube with dimensions of 32×32×32 mm. 4 mixtures were tested, differing 
in the dosage of Ca(NO3)2 additive (from 1.5 to 11.8 % of the fly ash mass). The content of silica fume in 
the mixture was 30.4 % of the fly ash mass. The additive was introduced into the mixture in the form of an 
aqueous solution. The water content in the solution was considered in the calculation of the water/binder 
ratio (W/B). The water content in the finished mixture was selected so as to obtain mixtures with the same 
consistency. At the same time, W/B increases with increasing dosage of Ca(NO3)2 from 0.41 to 0.43. 
6 specimens of each mixture were prepared. Demolding of the specimens was carried out after 2 days. 
Immediately after demolding, 3 out of 6 specimens were placed in water, and the other 3 were left to harden 
in sealed containers. This prevented the specimens from drying out and excluded their contact with the 
outside air in the laboratory, the temperature of which was regulated and amounted to (20±2)  С. The 
specimens of both dry and wet hardening were tested for compressive strength after 7 days from the date 
of manufacture. Before testing, the state of the specimens was visually assessed, the presence of 
expansion and cracks. 

The compressive strength of the specimens of fly ash-sand mortar (Table 3) was determined on test 
cube with dimensions of 7×7×7 cm. Specimens were tested at the age of 28 days, in the amount of 3 pieces 
per test. The specimens were stored in a laboratory room with a temperature of (20 ± 2) °C, for the first 
7 days in covered forms, and the rest of the time in a desiccator above water. 

Table 3. Compositions and designation of specimens for determining strength and heat 
release. 

Material 
Consumption of materials [kg/m3] 

Q1 Q4 Q6 
Fly ash 210 210 210 

Silica Fume MKU-85 - 90 (42.9 %) 90 (42.9 %) 
Ca(NO3)2 (dry) - - 24.8 (11.8 %) 

Polyfractional sand 1645 1476 1451 
Water 318 340 330 
Total 2173 2116 2106 

 

The compressive strength of all specimens was determined using a PGM-50MG4 hydraulic test 
press with a maximum force of 50 kN. During the test, the loading rate was maintained (50±10) kPa/s. 

2.3. Influence of Calcium Nitrate on Phase Composition  
of Hydration Products of Fly Ash-Silica Fume Binder 

The use of X-ray diffraction analysis and differential thermal analysis was aimed at establishing what 
interactions occur in the fly ash–silica fume– Ca(NO3)2 system and how they affect the hydration and 
strength of the fly ash stone. Both analyzes were performed as described in [23]. 

The analyses were performed on specimens of the fly ash-silica fume binder compositions listed in 
Table 4. 
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Table 4. Component content of binder. 

Component type 
Component content in composition of binder [%] 

Mix 1 Mix 2 Mix 3 
Fly ash  100 70 64.7 

Silica Fume MKU-85 – 30 27.7 
Ca(NO3)2 – – 7.6 

Water-solid ratio 1.2 0.42 0.50 
 

Semiquantitative analysis of crystalline phases in the specimens was carried out on a Dron 7 X-ray 
diffractometer produced by JSCE "Burevestnik"(Russia) with the following parameters: CuKα radiation,  
λ = 0.15406 Å, 2θ shooting range from 8° to 94° with a step of 0.02°, and an exposure of 3 and 5 s. 

Differential thermal analysis (DTA) was performed on the device "Termoscan" produced by LLC 
"Analitpribo" (Russia). The specimens for DTA had a mass of about 0.7–0.8 g. The specimens were heated 
to a temperature of 950–1000 °C. 

2.4. Influence of Calcium Nitrate on Heat release of Fly Ash-Silica Fume Binder 
The heat release of the specimens consisting of fly ash-silica fume binder and sand was determined 

experimentally by the semi-adiabatic (thermos) method according to EN 196-9:2010. The test procedure is 
described in detail [23]. To obtain comparable results, the heat release of concrete obtained by the semi-
adiabatic method at an initial concrete temperature of 20  С was calculated to an isothermal hardening 
regime at a temperature of 20  С using the reduced time hypothesis [31]. 

The heat release of the binder was determined in the composition of a mortar with standard 
polyfractional sand on cylindrical specimens with a diameter of 62 mm and a height of 160 mm. Three 
compositions of the mortar were tested (designation Q1, Q4, Q6) with the same amount of fly ash, but with 
a different combination of additives (Table 3). 

3. Results and Discussion 
3.1. Compressive strength test results 

The test results are shown in Table 5. For comparison Table 5 also shows the strength of the same 
fly ash-silica binder with the addition of MgCl2 according to [23]. 

Table 5. Compressive strength of specimens with different accelerating agents. 

Ca(NO3)2 content 
[% by weight of fly ash] 

Compressive strength [MPa] 
Ca(NO3)2 MgCl2 

dry in water dry in water 

1.5 3.5 0 2.9 0 

4.7 2.7 0 8.3 0 

8.2 8.8 0.38 9.8 1.92 
11.8 10.4 1.15 15.2 2.3 

 

The addition of Ca(NO3)2 showed a relatively low result compared to the addition of MgCl2. With the 
same additive content of 11.8 %, the compressive strength of the specimens was 10.4 and 15.2 MPa, 
respectively. 

The appearance of specimens with Ca(NO3)2 is shown in Fig. 2. It can be seen that the specimens 
of dry hardening with a low content of Ca(NO3)2 (1.5 % and 4.7 %) underwent cracking. In water, specimens 
of these compounds swelled and cracked even more. Specimens with a high content of Ca(NO3)2 (8.2 %–
11.8 %) passed the test without cracking during dry hardening. In water, however, there was a slight 
expansion of these specimens and slight cracking. 

The addition of Ca(NO3)2 is inferior in strength to magnesium chloride, but unlike chloride salts, it 
does not cause corrosion of steel reinforcement and therefore can be considered as an accelerator for 
reinforced concrete. Calcium nitrate does not cause cracking and expansion at high dosages (8.2%–
11.8 %) and dry curing conditions, however, does not provide water resistance (Fig. 2). The softening 
coefficient is 0.04–0.11. 
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Figure 2. Specimens with Ca(NO3)2 additive. The top row is specimens hardening  

in dry conditions; bottom row is specimens hardening in water. 

3.2. Results of X-ray diffraction analysis 
X-ray patterns of the specimens of mixes presented in Table 4 after curing are shown in Fig. 3. 

 
Figure 3. X-ray diffraction pattern of mixes after curing (Table 4). 
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A semi-quantitative analysis was carried out using the integral values of the intensity of the X-ray 
peaks. The obtained conditional values of the percentage of identified hydrated phases are given in Table 6. 

Table 6. Conventional values of percentage of identified phases. 

Phase 
Chemical 

composition of 
phase 

Mix 1 
(28 days) 

Mix 2 
(28 days) 

Mix 3 

1.5 h 2 days 
Lime CaO - 12.8 43.0 30.2 

Portlandite Ca(OH)2 85.4 41.8 37.2 35.0 
Katoite C3AH6 11.1 - - - 

Gismondine CAS2H4 - 27.5 11.2 18.9 
Calcium Aluminum Silicate Hydrates CAS6H4 - - - 7.1 

Katoite silication C3ASH4 - 2.7 - - 
Calcium Silicate Hydrates CSH(II) - 15.2 - 8.7 

Calcium Aluminum Oxide Sulfate Hydrate C3A·CaSO4·H13 3.5 - - - 
Ettringite C3A·3CaSO4·H32 - - 8.6 - 

 

Consideration of the data in Table 6 allows us to draw the following conclusions. 

1. In the absence of silica fume and Ca(NO3)2 (mix 1), the interaction of fly ash with water for 28 
days led to the complete hydration of CaOfree. At the same time, calcium hydroxide was formed in the 
overwhelming amount from the products of hydration. Its amount was 85.4 % of the mass of the identified 
phases. Hydrosilicates in crystalline form were not found. Of the calcium hydroaluminates, C3AH6 was 
present (11.1 %). A small proportion (3.5 %) was the low sulfate form of calcium hydrosulfoaluminate. 

2. The addition of silica fume to the fly ash (mix 2) slowed down the hydration of lime. This 
corresponded to the effect of silica impurities on the rate of quenching of air lime. After 28 days of hydration, 
the fly ash still contained a significant amount of unreacted CaOfree (12.8 %) and the Ca(OH)2 content 
almost halved compared to mix 1 as a result of the action of silica fume. This was indicated by the significant 
content of calcium silicates and aluminosilicates formed. The effect of silica fume on the hydration of high-
calcium fly ash was considered by us in more detail in [23]. 

3. The effect of Ca(NO3)2 (mix 3) was investigated for two hydration periods. After 1.5 hours, a 
significant amount of unreacted COfree (43 %) remained in the binder, and 37.2 % Ca(OH)2 was formed. 
Calcium silicate hydrates were absent, which was explained by insufficient time for reactions to occur and 
crystallization of hydration products. An analysis of the literature shows that, the interaction between 
Ca(OH)2 and SiO2 was noticeable approximately 3 days after the onset of hydration. Aluminosilicate 
CAS2H4, corresponding in composition to the natural mineral Gismondine, and calcium hydrosulfoaluminate 
of the trisulfate form (ettringite) were quite clearly identified. By the age of 2 days, сalcium silicate hydrates 
of the tobermorite group CSH(II) according to Taylor were formed, the content of gismondine increased, 
and calcium aluminosilicate of composition CAS6H4 appeared. 

A semi-quantitative X-ray phase analysis was also carried out for specimens of fly ash-silica fume 
binder with the calcium nitrate additive, which were previously tested for strength (Table 5). The results of 
X-ray phase analysis are given in Table 7, and the X-ray diffraction pattern is given in Fig. 4. 

Table 7. Conventional values of percentage of identified phases resulting from hydration of 
binder consisting of fly ash and silica fume. 

Phase 
Chemical 

composition of 
phase 

Dry curing Water сuring 

Ca(NO3)2 content [% by weight of fly ash] 

1.5 4.7 8.2 11.8 1.5 11.8 

Portlandite Ca(OH)2 47.4 34.0 24.4 20.8 33.6 32.1 
Lime CaO 21.8 21.1 25.6 17.4 6.8 3.5 

Calcite CaCO3 0.8 0.7 9.7 2.0 13.2 0.8 
Ettringite C3A·3CaSO4·H32 8.4 9.4 14.2 9.3 10.8 10.8 

Gismondine CAS2H4 - 8.7 23.9 37.2 8.2 21.5 
Yugawaralite CAS6H4 7.9 - 2.2 1.0 2.9 3.9 

Goosecreekite CAS6H5 - 16.6 - 12.4 9.5 7.7 
Calcium Silicate Hydrate CSH(II) 13.8 9.6 - - 15.0 19.7 
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Table 7 shows only those phases that are formed in the binder as a result of hydration and 
accompanying reactions and which are most often repeated in the studied compositions. The total content 
of these phases is taken as 100 %. 

The main identified phases that satisfy this condition are lime, calcium hydroxide, ettringite, CSH(II) 
type silicates, and calcium aluminosilicates corresponding to such minerals as gismondine, yugavaralite, 
and goosecreekite. The influence of Ca(NO3)2 on CaO hydration during dry hardening is manifested to a 
small extent. The residual content of free lime slightly fluctuates relative to the average value of 21.4 % with 
a tendency to decrease with an increase in the Ca(NO3)2 amount. With water curing, the amount of lime is 
sharply reduced to an average of 5.2 %. In this case, an increase in the dosage of Ca(NO3)2 from 1.5 to 
11.8 % leads to a decrease in the CaO content by almost 2 times. With an increase in the dosage of calcium 
nitrate, the content of portlandite noticeably decreases, obviously due to the reaction with silica, and the 
amount of calcium hydroaluminosilicates increases significantly, the total content of which increased by 6.4 
times during dry curing, and 1.6 times during water curing. However, calcium hydrosilicates during dry 
storage are observed only in the case of a low dosage of Ca(NO3)2 additive (1.5 % and 4.7 %). At higher 
dosages they are not identified. Specimens hardened in water show the presence of hydrosilicates in a 
significant amount and, the greater, the higher of the additive content. Ettringite does not show a 
pronounced dependence on the additive dosage and hardening conditions; its content in all compositions 
remained approximately the same. Thus, the addition of calcium nitrate mainly intensifies the formation of 
calcium aluminosilicate hydrates, especially of the composition CAS2H4. Reaction products of Ca(NO3)2 
with calcium silicates and aluminates, such as calcium hydroxynitrates and hydronitroaluminates, which 
are usually formed during hardening of Portland cement with the calcium nitrate addition, are not found. 
Perhaps their formation occurs at the molecular level in the form of X-ray amorphous mass. 

 
Figure 4. X-ray diffraction pattern of mixes with Ca(NO3)2 additive pre-tested for strength (Table 5). 
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3.3. Results of differential thermal analysis 
Fig. 5 shows the DTA curves for mixes 2 and 3 at different ages (Table 4). 

 
Figure 5. DTA curves of mix 2 (without Ca(NO3)2) and mix 3  

with Ca(NO3)2 additive of 11.8 % at different ages. 
The thermogram of mix 2 shows 3 pronounced endothermic peaks at 210, 560, and 915 °C. The first 

of them may correspond to the loss of interlayer water in tobermorite. The effects at 560 and 915 °C refer 
to the decomposition of Ca(OH)2 and CaCO3, respectively. The exoeffect at 730 °C shows the presence of 
tobermorite in mix 2, which transforms into wollastonite — 5СаO·6SiO2·9H2O. 

Other thermograms show a number of effects caused by the Ca(NO3)2 influence. There are two 
endothermic peaks in the temperature range of 120–180 °C, which may be associated with the presence 
of gypsum and the reaction of ettringite formation. It is possible that gypsum is formed as a result of the 
reaction of Ca(OH)2 with aluminum sulfate. The intensity of the first endoeffect increases with the 
specimens age, which may indicate an increase in the ettringite amount. The decrease in the second peak 
intensity is associated with the consumption of gypsum for the reaction. In this temperature range, the loss 
of adsorbed and interlayer water by hydrosilicates also usually occurs. The effect at 170–180 °C may be 
associated with the dehydration of the CAS2H4 compound or other calcium alumina hydrosilicates. 
Endothermic peak at 280 °C observed after cement hydration for 5 hours, O.P. Mchedlov-Petrosyan et al. 
attribute the presence of C2AH7 [32]. The authors of [33] believe that at a temperature of about 280 °C, the 
process of dehydration of C2AH8 and CAH10 begins. Endothermic peaks at 140, 280, and 560 °C can also 
be attributed to calcium hydronitroaluminate C3A·Ca(NO3)2·10H2O. 

A slight endothermic effect at 330–340 °C is associated with C3AH6 presence, and an exothermic 
peak at 380 °C indicates the transformation of soluble anhydrite into insoluble one. 

The thermograms of mix 3 (Fig. 5) show almost no endothermic effect of Ca(OH)2 decomposition, 
although according to X-ray diffraction analysis, it should be present. At the same time, in the temperature 
range of 520–550 °C, small areas of exothermic peaks are observed, which are superimposed on the effect 
of Ca(OH)2 dehydration, blocking the heat input for the decomposition of portlandite. Since mix 2 does not 
show a similar effect, the addition of calcium nitrate can be considered responsible. Unfortunately, it has 
not yet been possible to decipher this exoeffect. Probably in this case, the burnout of unburned carbon 
particles occurs. 

The thermograms shown in Fig. 6 characterize the effect of the Ca(NO3)2 dosage on the phase 
composition of the specimens consisting of fly ash, silica fume and Ca(NO3)2 additive. 



Magazine of Civil Engineering, 124(8), 2023 

 
Figure 6. DTA curves of specimens with different content of calcium nitrate. 

Fig. 7 shows that with an increase in the Ca(NO3)2 content, the depth of the endothermic peak sharply 
increases at a temperature of about 150 °C, which indicates an increase in the growth of hydrates of 
aluminates and calcium aluminosilicates in the presence of Ca(NO3)2. In this case, the intensity of the 
endothermic peak at 550 °C corresponding to the decomposition of Ca(OH)2 decreases. In these 
specimens, after 7 days of hydration, two endothermic effects at temperatures around 300 and 460 °C can 
be attributed to cubic C3AH6. The peak at 300 °C can also be seen as offset from the effect at 280 °C in the 
previous diagram (Fig. 5). On the thermograms in Fig. 7, two exothermic peaks are observed. The first one, 
at 410 °C, is especially pronounced on the curve for the mix with the highest content of the Ca(NO3)2 
additive (11.8 %) during dry hardening. On thermograms with a lower content of calcium nitrate, this effect 
is more blurred and insignificant. A similar exothermic effect (also at 11.8 % Ca(NO3)2) is observed on 
thermograms for mix 3 at the age from 1.5 h to 28 days, however, at 280 °C (Fig. 5). The second exothermic 
peak on the thermograms of the dry curing specimens with the addition of 1.5–8.2 % Ca(NO3)2 at  
610–620 °C is presumably associated with the burnout of carbonaceous particles. 

3.4. Results of Heat Release Determination 
The specific heat release of a mortar consisting of fly ash and sand, per 1 kg of fly ash at a 

temperature of 20 °C, depending on the composition, is shown in Fig. 7. 

 
Figure 7. Specific heat release of mortar per 1 kg of fly ash at temperature of 20 °C,  

depending on composition: Q1 is mix without additives; Q4 is mix with MS additive of 42.9 %;  
Q5 is mix with additives: MS of 42.9 % and Ca(NO3)2 of 11.8 %. 

Pure fly ash (curve Q1) reacts very violently with water due to the slaking of free lime. Approximately 
1 day after intense heat release, the process slows down sharply and ends by the fourth day. In the 
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presence of silica fume (curve Q4), a sharp slowdown of the heat release process is observed. By the end 
of the second day, the reaction rate increases again and on the 10th day the heat release is higher than 
that of pure fly ash. The addition of Ca(NO3)2 (curve Q6) provides a reduced heat release of the mortar. In 
the initial period up to 1.5 days, curves Q4 and Q6 practically coincide. This indicates that the hydration 
process during this period is controlled by silica fume, and the retarding effect of calcium nitrate begins to 
affect later. At the same time, the heat release rate (the angle of inclination of the tangent to curves Q4 and 
Q6) for mix Q6 is higher than for mix Q4, and it should be expected that by a certain long term of hydration, 
the integral values of their thermal effects will become equal. Thus, the Ca(NO3)2 additive blocks the 
accelerating effect of silica, starting from 1.5-2 days of hydration. 

Heat release experiments require a certain amount of time for preparing the mix, preparing the 
specimens, placing the specimens in thermoses, etc. In our case, this time is about 30 minutes. During this 
period, intense heat release occurs, however, it is not recorded in the experiment. Therefore, we made 
additional tests to increase the temperature of the paste based on fly ash and additives during the first 1 
hour of hydration. The mixes of the test are given in Table 8. 

Table 8. Mixes for determining temperature in initial period of hydration. 

Material 
Consumption of materials [kg/m3] 

T1 T4 T6 

Fly-ash 30 30 30 
Silica Fume MKU-85 – 12.9 (42.9 %) 12.9 (42.9 %) 

Ca(NO3)2 (dry) – – 3.54 (11.8 %) 
Water 19.5 27.9 30.2 
Total 49.5 70.8 76.64 

 

The test procedure was presented in detail in [23]. Each mix was tested twice and the average value 
was taken. The results of measuring the temperature of the paste consisting of fly ash and silica fume are 
shown in Fig. 8. 

 
Figure 8. Temperature increase of specimens depending on mix: T1 is fly ash without additives; 

T4 is fly ash with MS additive of 42.9 %; T6 is fly ash with MS additive of 42.9 % and Ca(NO3)2 
additive of 11.8 %. 

Fig. 8 shows that the temperature of the fly ash (mix T1) for 1 hour of hydration increased by 24.2 °C 
against the initial one. At the same time, in the presence of silica fume (mix T2), the hydration rate dropped 
sharply, and the temperature of the paste increased by only 8.7 °C. Here, the same regularity of silica fume 
effect was observed as in the initial period of hardening of the mortar consisting of fly ash and silica fume 
(Fig. 7). The introduction of the Ca(NO3)2 additive led to an exceptionally sharp rise in temperature in the 
first 15 min after mixing. The temperature increase during this time was 36.6 °C. 

Thus, calcium nitrate is a strong accelerator of the initial stage of the hydration process, which can 
be estimated at 30–60 minutes. After the initial stage, up to a period of about 1.5 days, there follows a 
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period when the heat release of binder, both with and without the Ca(NO3)2 additive, proceeds practically 
at the same level. That is, the supplement during this period does not accelerate or slow down the hydration 
process. In the next third period, a low monotonous increase in heat release Q6 continues (Fig. 7), while 
the composition without additive shows a sharp increase in heat release (curve Q4) 

3.5. Influence of Calcium Nitrate on Strength  
of mortar consisting of Fly Ash and Sand 

The results of determining the compressive strength of the specimens are shown in the diagram in 
Fig. 9. 

 
Figure 9. The results of determining compressive strength of specimens of mortar:  

Q1 is mix without additives; Q4 is mix with MS additive of 42.9 %; Q5 is mix with additives:  
MS of 42.9 % and Ca(NO3)2 of 11.8 %. 

Fig. 9 shows, that the silica fume additive increased the strength of the specimens by approximately 
100 %, and when Ca(NO3)2 was added to the mortar consisting of fly ash, silica fume and sand, the strength 
increased by more than two times. 

It should be noted the low strength of the tested mixes of the mortar, however, it must be borne in 
mind that the binder/sand ratio in these mixes ranges from 1:5 to 1:7. 

4. Conclusions 
This paper presented the results of experimental studies conducted to evaluate the influence of 

Ca(NO3)2 additive on the strength, heat of hydration, and phase composition of hydration products of the 
binder based on high-calcium fly ash and silica fume. The following key conclusions were drawn from this 
study: 

1. The effect of Ca(NO3)2 (mix 3, Table 4) was studied using XRD and DTA. After 1.5 h of hydration, 
a significant amount of unreacted COfree (43 %) remains in the paste and 37.2 % Ca(OH)2 is formed. 
Aluminosilicate CAS2H4, corresponding in composition to the natural mineral gismondine, and calcium 
hydrosulfoaluminate of the trisulfate form (ettringite) are quite clearly identified. By the age of 2 days calcium 
silicate hydrates of the tobermorite group are formed, the content of gismondine increases, and calcium 
aluminosilicate of the composition CAS6H4 appears. The main phases identified in specimens aged 7 days 
at different Ca(NO3)2 content are lime, calcium hydroxide, ettringite, CSH(II) type silicates, and calcium 
aluminosilicates, corresponding to such minerals as gismondine, yugavaralite, and goosecreekite. The 
influence of Ca(NO3)2 on CaO hydration during dry hardening is manifested to a small extent. The residual 
content of free lime slightly fluctuates relative to the average value of 21.4 % with a tendency to decrease 
with an increase in the Ca(NO3)2 amount. With water curing, the amount of lime is sharply reduced to an 
average of 5.2 %. In this case, an increase in the Ca(NO3)2 content from 1.5 to 11.8 % leads to a decrease 
in the CaO content by almost 2 times. With an increase in the dosage of calcium nitrate, the content of 
portlandite noticeably decreases, obviously due to the reaction with silica, and a significant increase in the 
amount of calcium hydroaluminosilicates, the total content of which increased by 6.4 times during dry 
curing, and 1.6 times during water storage. The specimens hardened in water show the presence of 
hydrosilicates in a significant amount and in positive relation to the additive content. Thus, the calcium 
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nitrate additive mainly intensifies the formation of calcium aluminosilicate hydrates, especially of the 
composition CAS2H4. 

2. With an increase in the Ca(NO3)2 content in the binder based on fly ash and silica fume after 7 
days of hydration, the depth of the endothermic peak at 150 °C on the DTA curves increases, which 
confirms the intensive growth of hydrates of aluminates and calcium aluminosilicates in the presence of 
Ca(NO3)2. In this case, the intensity of the endothermic effect at 550 °C, corresponding to the decomposition 
of Ca(OH)2, decreases. Two endothermic peaks are observed at temperatures around 300 and 460 °C, 
which may belong to cubic C3AH6. There are also two exothermic peaks. The first one, at 410 °С, increases 
with the content of the Ca(NO3)2 additive. Its nature has not been elucidated. The second exothermic peak 
at 610–620 °C is presumably associated with the burnout of carbonaceous particles. 

3. A study of the heat release process showed that pure fly ash reacts very violently with water, due 
to the slaking of free lime. During the first day, 85 % of heat is released from the value for 10 days. Silica 
fume significantly slows down the heat release of fly ash in the initial period of hardening up to 1.5 days, 
after which a sharp rise follows, and by the end of the experiment, the heat release of the binder exceeds 
the value for pure fly ash. Calcium nitrate greatly accelerates the process in the first 60 minutes of hydration. 
However, then the mix with the Ca(NO3)2 additive is inferior in the rate of heat release to binder without 
additive.  

4. When testing a mortar consisting of fly ash, silica fume and sand, the Ca(NO3)2 additive more 
than doubled the compressive strength of the mortar. 

References 
1. Ahmad, J., Zhou, Z., Usanova, K.I., Vatin, N.I., El-Shorbagy, M.A. A Step towards Concrete with Partial Substitution of Waste 

Glass (WG) in Concrete: A Review. Materials (Basel). 2022. 15(7). P. 2525. DOI: 10.3390/ma15072525 
2. Ahmad, J., Martínez García, R., de Prado Gil, J., Irshad, K., El-Shorbagy, M., Fediuk, R., Vatin, N. Concrete with Partial 

Substitution of Waste Glass and Recycled Concrete Aggregate. Materials. 2022. 15. 430. DOI: 10.3390/ma15020430 
3. Klyuev, S., Sevostyanov, V., Sevostyanov, M., Ageeva, M., Fomina, E., Klyuev, A., Protsenko, A., Goryagin, P., Babukov, V., 

Shamgulov, R., Fediuk, R., Sabitov, L. Improvement of Technical Means for Recycling of Technogenic Waste to Construction 
Fiber. Case Studies in Construction Materials. 2022. 16. e01071. DOI: 10.1016/j.cscm.2022.e01071 

4. Petrov, V.V., Protsenko, A.E., Sapozhnik, K.R. Solid-cabide tool waste recycling technology. Construction Materials and Products. 
2022. 5(3). Pp. 27–34. DOI|: 10.58224/2618-7183-2022-5-3-27-34 

5. Zakrevskaya, L.V., Gavrilenko, A.A., Kapush, I.R., Lyubin, P.A. Creating ground concrete and strengthening substrates using 
mining waste. Construction Materials and Products. 2022. 5 (3). Pp. 35–44. DOI: 10.58224/2618-7183-2022-5-3-35-44 

6. Kashapov, R.N., Kashapov, N.F., Kashapov, L.N., Klyuev, S.V., Chebakova, V.Yu. Study of the plasma-electrolyte process for 
producing titanium oxide nanoparticles. Construction Materials and Products. 2022. 5 (5). Pp. 70–79. DOI: 10.58224/2618-7183-
2022-5-5-70-79 

7. Kashapov, R.N., Kashapov, N.F., Kashapov, L.N., Klyuev, S.V. Plasma electrolyte production of titanium oxide powder. 
Construction Materials and Products. 2022. 5 (6). Pp. 75–84. DOI: 10.58224/2618-7183-2022-5-6-75-84 

8. Barabanshchikov, Y., Usanova, K., Akimov, S., Uhanov, A., Kalachev, A. Influence of Electrostatic Precipitator Ash “Zolest-Bet” 
and Silica Fume on Sulfate Resistance of Portland Cement. Materials. 2020. 13(21). 4917. DOI: 10.3390/ma13214917 

9. Fediuk, R., Smoliakov, A., Timokhin, R., Batarshin, V., Yevdokimova, Yu. Using thermal power plants waste for building materials. 
IOP Conference Series: Earth and Environmental Science. 2017. 87(9). 092010. DOI: 10.1088/1755-1315/87/9/092010 

10. Salamanova, M., Murtazaev, S.-A., Saidumov, M., Alaskhanov, A., Murtazaeva, T., Fediuk, R. Recycling of Cement Industry 
Waste for Alkali-Activated Materials Production. Materials. 2022. 15(19). 6660. DOI: 10.3390/ma15196660 

11. Klyuev, S.V., Kashapov, N.F., Radaykin, O.V., Sabitov, L.S., Klyuev, A.V., Shchekina, N.A. Reliability coefficient for fibreconcrete 
material. Construction Materials and Products. 2022. 5 (2). Pp. 51–58. DOI: 10.58224/2618-7183-2022-5-2-51-58 

12. Alani, A., Lesovik, R., Lesovik, V., Fediuk, R., Klyuev, S., Amran, M., Ali, M., de Azevedo, A.R.G., Vatin. N.I. Demolition Waste 
Potential for Completely Cement-Free Binders. Materials. 2022. 15(17). 6018. DOI: 10.3390/ma15176018 

13. Giergiczny, Z. Fly ash and slag. Cement and Concrete Research. 2019. 124. 105826. DOI: 10.1016/j.cemconres.2019.105826 
14. Vatin, N., Barabanshchikov, Y., Usanova, K., Akimov, S., Kalachev, A., Uhanov, A. Cement-based materials with oil shale fly ash 

additives. IOP Conf Ser Earth Environ Sci. 2020. 578(1). 012043. DOI: 10.1088/1755-1315/578/1/012043 
15. Shi, H.-S. Research on intrinsic characteristics and hydration properties of fly ash with high calcium oxide. Tongji Daxue 

Xuebao/Journal of Tongji University. 2003. 31(12). Pp. 1440–1443. 
16. Shevchenko, V.A., Artemieva, N.A., Ivanova, L.A., Kiselev, V.P., Vasilovskaya G.V. Cement-free binder from ash-silica 

compositions. Modern problems of science and education. 2015. 1. Pp. 1–8. 
17. Domanskaya, I., Oleynik, V., Minyazev, D. ICSC Problems and Perspectives of high-calcium fly ash from heat power plants in the 

composition of “green” building materials. E3S Web of Conferences. 2016. 6. 01014. DOI: 10.1051/e3sconf/20160601014 
18. Chaunsali, P., Mondal, P. Physico-chemical interaction between mineral admixtures and OPC–calcium sulfoaluminate (CSA) 

cements and its influence on early-age expansion. Cement and Concrete Research. 2016. 80(1). Pp. 10–20. 
DOI: 10.1016/j.cemconres.2015.11.003 

19. He, S., Zhu, X.Y., Bao, W.Z., Zhao, W.X., Jin, D.M. Study on Expansion of Circulating Fluidized Bed Combustion Coal Ash. 
Advanced Materials Research. 2012. 518–523. Pp. 3501–3506. DOI: 10.4028/www.scientific.net/AMR.518-523.3501 

20. Bich Thi Nguyen, T., Chatchawan, R., Saengsoy, W., Tangtermsirikul, S., Sugiyama, T. Influences of different types of fly ash and 
confinement on performances of expansive mortars and concretes. Construction and Building Materials. 2019. 209. Pp. 176–186. 
DOI: 10.1016/j.conbuildmat.2019.03.032 



Magazine of Civil Engineering, 124(8), 2023 

21. Lobo, C., Cohen, M.D. Hydration of type K expansive cement paste and the effect of silica fume: I. Expansion and solid phase 
analysis. Cement and Concrete Research. 1992. 22(5). Pp. 961–969. 

22. Lobo, C., Cohen, M.D. Hydration of type K expansive cement paste and the effect of silica fume: II. Pore solution analysis and 
proposed hydration mechanism. Cement and Concrete Research. 1993. 23(1). P. 104–114. 

23. Barabanshchikov, Y., Usanova, K. Influence of Silica Fume on High-Calcium Fly Ash Expansion during Hydration. Materials. 2022. 
15(10). 3544. DOI: 10.3390/ma15103544 

24. Kicaite, A. The effect of calcium nitrate on the properties of Portland cement pastes and concrete hardening at low temperatures. 
Ceramics – Silikaty. 2020. 64(3). Pp. 1–9.DOI: 10.13168/cs.2020.0015 

25. Derakhshani, A., Ghadi, A., Vahdat, S.E. Study of the effect of calcium nitrate, calcium formate, triethanolamine, and 
triisopropanolamine on compressive strength of Portland-pozzolana cement. Case Studies in Construction Materials. 2023. 
18(18). e01799. DOI: 10.1016/j.cscm.2022.e01799 

26. Chikh, N., Zouaoui, M., Aggoun, S., Duval, R. Effects of calcium nitrate and triisopropanolamine on the setting and strength 
evolution of Portland cement pastes. Materials and Structures. 2008. 41. Pp. 31–36. DOI: 10.1617/s11527-006-9215-8.  

27. Rusu, M., Vulpoi, A., Vilau, C., Dudescu, M., Păşcuţă, P., Ardelean, I. Analyzing the Effects of Calcium Nitrate over White Portland 
Cement: A Multi-Scale Approach. Materials. 2022. 16(1). 371. DOI: 10.3390/ma16010371.  

28. Dorn, T., Hirsch, T., Stephan, D. Working mechanism of calcium nitrate as an accelerator for Portland cement hydration. Journal 
of the American Ceramic Society. 2023. 106(1). Pp. 752–766. 

29. Belmonte, I., Soler, M., Benito, F., Costa, C., López, C., Martin, J., Pacheco, V., Torrano, P. Mineralization Reaction of Calcium 
Nitrate and Sodium Silicate in Cement-Based Materials. Crystals. 2022. 12(4). 445. DOI: 10.3390/cryst12040445 

30. Russell Hill, K.D. The interaction of calcium nitrate and a Class C fly ash during hydration. Cement and Concrete Research. 1996. 
26(7). Pp. 1131–1143. 

31. Zaporozhec, D.I. Osnovy teorii teplovydeleniya betona [Fundamentals of the theory of heat generation of concrete]. Doctor Thesis.  
Leningrad. 1965. 33 p. (rus) 

32. Ramachandran, V.S. Applications of Differential Thermal Analysis in Cement Chemistry. Chemical Publishing Company, 1969. 
328 p. 

33. Krivopustov, D.Yu. Fazovye prevrashcheniya cementnogo kamnya na osnove alyuminatnogo klinkera [Phase transformations of 
cement stone based on aluminate clinker]. Mezhdunarodnaya nauchno-tekhnicheskaya konferenciya molodyh uchenyh BGTU 
im. V.G. Shuhova [Conference proceedings]. Belgorod. 2019. Pp. 2519–2522. 

 

Information about authors 

Kseniia Usanova, 
ORCID: https://orcid.org/0000-0002-5694-1737 
E-mail: plml@mail.ru 

 

Yuriy Barabanshchikov, Doctor of Technical Sciences 
ORCID: https://orcid.org/0000-0001-7011-8213 
E-mail: ugb@mail.ru 

 
Saurav Dixit, 
E-mail: sdixit@ricssbe.edu.in 

 

Received 20.07.2023. Approved after reviewing 15.09.2023. Accepted 21.09.2023. 

https://orcid.org/0000-0002-5694-1737
mailto:plml@mail.ru
https://orcid.org/0000-0001-7011-8213
mailto:ugb@mail.ru
mailto:sdixit@ricssbe.edu.in


Magazine of Civil Engineering. 2023. 124(8). Article No. 12406 

© Jawad, S.I., Karkush, M.O., 2023. Published by Peter the Great St. Petersburg Polytechnic University 

 

 
ISSN 

2712-8172 
Magazine of Civil Engineering 

journal homepage: http://engstroy.spbstu.ru/ 
 

Research article 

UDC 624.1 

DOI: 10.34910/MCE.124.6 

 

Shear strength and chemical properties of soft clayey soil treated 
with magnetized water 

S.I. Jawad 1,2 , M.O. Karkush 1   
1 University of Baghdad, Baghdad, Iraq 
2 Bilad Alrafidain University College, Diyala, Iraq 
 
 mahdi_karkush@coeng.uobaghdad.edu.iq 

Keywords: magnetized water, magnetic field, shear strength, soft soil, vane shear, unconfined 
compressive strength 

Abstract. Design criteria of any type of foundation are mainly depending on the shear strength of the soil 
founded on/in it. In this research, investigation of the effect of magnetized water (MW) on shear strength 
and chemical properties of soft clayey soil was investigated. The shear strength of soft soil before and after 
treatment by MW was measured by an unconfined compressive strength test (UCST) and vane shear test 
(VST). Tap water used to treat the soft soil was modified by different magnetic field intensities (2000, 4000, 
6000, and 8000 Gauss). Two-time intervals were used to conduct the shear strength tests for all intensities: 
first, after 7 days of treatment of the soil by MW, and second after 14 days. The circulating of MW through 
soft clayey soil samples for 7 days shows increasing the unconfined shear strength by 17, 39, 42, and 45% 
for soil treated with MW of intensity 2000, 4000, 6000, and 8000 G, respectively compared to the reference 
soil sample treated under the same conditions with tap water (TW). Increasing the duration of treatment up 
to 14 days showed increasing in the UCS of soft soil by 35, 49, 92, and 120% for soil treated with MW of 
intensity 2000, 4000, 6000, and 8000 G, respectively. On the other hand, the shear strength (Suv) measured 
by the vane shear device increased with increasing the intensity of the magnetic field for the same duration 
of treatment. The magnetized water technique can be considered as a promising and sustainable 
technology to be employed in geotechnical engineering to improving the geotechnical properties of soil. 

Citation: Jawad, S.I., Karkush, M.O. Shear strength and chemical properties of soft clayey soil treated with 
magnetized water. Magazine of Civil Engineering. 2023. 124(8). Article no. 12406. 
DOI: 10.34910/MCE.124.6 

1. Introduction 
Iraq is one of the countries that have significant ratios of regions formed by sedimentation deposits, 

especially in the middle and southern regions. This stratigraphy consists mainly of weak soils classified as 
soft to very soft, which often make unfavorable conditions for construction activities. Therefore; the 
assessment and design of any geotechnical structures requires a good knowledge of the most important 
engineering issues such as the bearing capacity and settlement of these challenging types of soils. 
Depending on the cohesion (c) and angle of internal friction (ϕ), the shear strength of soil can be affected 
by several factors such as the liquid and plastic limits and the water and clay content [1]. Many criteria were 
adopted in order to consider the soil as soft, such as the high tendency to flow, the high plasticity behavior, 
saturation conditions, and also consistency index (Ic) < 0.75. Moreover, a wide range of techniques has 
been used to improve the geotechnical properties of soft soils such as grouting and stone columns which 
are considered popular techniques to reinforce the underlying foundation of the structures [2]. Sand 
compaction pile (SCP), dynamic compaction (DC), prefabricated vertical drain (PVD), and microbially 
induced calcite precipitation (MICP) are also recently used to improve soft soils [3,4]. The rapid increase in 
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population and growing infrastructures made the requirement of problematic soils, therefore, geotechnical 
engineers make a challenge to improve the soft soils in order to be used for many infrastructures facilities.  

Many studies were conducted to investigate the variation of shear strength of soft soils after using 
different improvement techniques. Additives such as cement and lime [5], the common agents adopted as 
a binder for improving the strength of soil and ground improvement can be used as an additional mixture 
with Nano-MgO to improve strength properties and micro-structure of soft soil with a significant resulting 
role in unconfined compressive strength of stabilized soil [6]. Additionally, the vertical drains and pre-loading 
can be used to improve disturbed zone containing soft soil deposits [7]. Many categories of chemical and 
mechanical stabilization methods have been applied to various types of problematic soils, these types of 
methods are mainly based on vibration, loading of soil, soil grouting, admixtures, and other methods [8,9]. 
General soil stabilization methods of soft soil concluded that the soft soil properties and the strength 
characteristics can be improved significantly by using additives other than using mechanical stabilization 
methods which were depending on the decreasing voids ratio in the soil by compaction [10,11]. 

The current study focuses on the application of magnetized water (MW) as green technology which 
has an increasingly significant effect on many fields of science. In general, water can be found at the 
nanoscale as clusters which can be affected by factors such as temperature, pressure, and the forces 
applied to it [12-14]. As the water is subjected to a magnetic field, certain properties of this water will be 
altered, due to alteration in the water cluster and consequently the water density. Therefore, many 
variations in these anomalous and unique properties of water occur at the macroscopic level (the hydrogen 
bonds and van der Waals forces will change due to the conditions of exposing the water to the dominant 
existing magnetic fields [15-17]. Studies on the treatment of water magnetic field stated that the hydrogen 
bonds get stronger when subjected to the magnetic forces, that is to say, the increase in the energy of 
hydrogen bonds directly reflects the increase in the surface tension of the water [18-20]. The majority point 
of the study considers the MW as an environmentally friendly technology in the remediation of water and 
consequently the improvement of soil properties depending mainly on the bonds among soil particles as 
well as the intensity of the magnetic field applied to the modified water.   

Various laboratory tests have been conducted to investigate the influence of using MW to improve 
some properties of construction materials (e.g. soil and concrete) with various purposes and different 
intensities of magnetized water. The previous studies showed that the MW is considered a factor that can 
enhance the fresh-state and hardened-state properties of the concrete when using the small intensities of 
magnetization technique (0, 6000, 12000, and 18000 Gauss) as well as the improvement of the mechanical 
performance of the concrete due to the decrement in the numbers of pores and getting more dense concrete 
with MW [21,22]. It has also been shown that MW can be used as an injection fluid in oil fields to substitute 
the extracted oil [23]. In the field of soil mechanics, the MW is used to enhance the chemical and swelling 
properties of expansive soil type treated by MW with several intensities of magnetic fields (500, 1000, 1500, 
and 2000 Gauss). The treatment by MW led to a decrease in the liquid limit and free swelling by a significant 
amount, resulting in the mitigation of the potential of expansive soils [24]. MW technology proved sufficient 
satisfactory effects in many fields of science such as agriculture, medicine, and engineering.  

The shear strength of soil refers to the resistance of soil particles to sliding along each other when 
subjected to shear stress. It is related to the bonding between soil particles and the frictional forces that act 
between them. The shear strength of soil is influenced by various factors such as particle size, shape, 
surface roughness, mineralogy, water content, and compaction. It can be determined using various 
laboratory tests such as the direct shear test, triaxial shear test, vane shear test, and unconfined 
compression test. Overall, the shear strength of soil is an important property that influences the stability 
and behavior of soil in different geotechnical applications, such as foundation design, slope stability 
analysis, and underground excavations. The overall objective of the current study aims to investigate the 
influence of using several intensities of MW on the chemical properties and shear strength of the soft clayey 
soil for two-time intervals of the treatment process. The shear strength of soil was measured by the 
unconfined compressive strength test (UCST) and vane shear test (VST) after 7 and 14 days of treatment 
by MW. 

2. Materials and Methods 
The material used herein basically includes the water and the soil samples. In this study, tap water 

was used for the treatment of soft soil.  

2.1. Magnetic Water Technique 
Magnetized water is generally obtained by passing water through a magnetic field to induce some 

alteration in the properties of the selected water type. The manufacturing of water magnetization equipment 
consisted of two Poly Vinyl Chloride (PVC) pipes, the first pipe of 25 mm in diameter and has a different 
length to transport the water from the pump to the tank of water and passes through the second pipe of a 
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larger diameter which contains the magnetic rocks. The ends of the second pipe are closed by a plastic 
cover as shown in Figure 1 (a,b). The schematic diagram of a physical model of the water magnetization 
system is shown in Figure 2. The magnetic devices were placed in a way that provided the ease of the 
circulation route of the water in the container of soil. The water passes through the magnetic field of several 
intensities (2000, 4000, 6000, and 8000 Gauss) by a plastic pipe of 12 mm diameter. The magnetizing 
system consists of magnetic rocks, a container made of PVC with a submersible pump of 25 watts, a head 
of 1.8 m, a flow rate of 1000 l/h, and connecting PVC tubes. The container was filled with tap water and 
circulate in the magnetic field for a two-time duration; firstly, the water circulated for 7 days through the 
magnetic field and increased the time of circulation up to 14 days, and test the soil samples after each 
treatment.  

  
a b 

Figure 1. (a) Schematic diagram of magnetic device represent the inflow section, the magnets, and 
the outflow section and (b) magnetic device. 

 
Figure 2. Schematic diagram of water magnetization system. 

2.2. Soil Tests  
The shear strength of soil refers to the strength of the soil at the microscopic level, which is governed 

by the interactions between soil particles and the pore fluid. The shear strength of soil is an important 
parameter in geotechnical engineering, as it plays a key role in determining the stability and bearing 
capacity of foundations, slopes, and retaining walls. Experimental methods, such as direct shear tests, 
triaxial tests, and torsional shear tests, can be used to measure the shear strength of soil in the laboratory. 
However, it is important to note that the measured shear strength can be influenced by factors such as 
sample preparation, testing conditions, and the stress history of the soil. Therefore, it is important to 
carefully consider the testing methodology and interpretation of the results when evaluating the 
micromechanical shear strength of the soil.  

In this study, the clayey soil samples were obtained from one of the residential complexes in 
Baghdad, Iraq.  The soil investigation program included drilling a borehole extended to a depth of (1.5–2) m 
below the natural ground level. Subsequent analysis and laboratory tests were accomplished to determine 
the physical, chemical, and shear strength characteristics of the soil sample. However, the general 

PVC pipe 
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classification of the natural soil result is clayey soil (CL) which is accomplished according to the unified soil 
classification system (USCS). The geotechnical properties of soil were examined before and after treatment 
by MW. Additionally, the laboratory tests were conducted according to the ASTM specifications, where the 
shear strength was represented by an unconfined compressive strength test (UCST), direct shear test 
(DST), and vane shear test (VST) were conducted according to ASTM D2166, ASTM D3080, and ASTM 
D4972 standards, respectively. The description of the soil and physical properties are given in Table 1. The 
results of shear strength tests conducted on the natural soil are listed in Table 2, which was conducted 
according to ASTM D2166 and ASTM D3080. 

Table 1. Soil description and physical properties. 

Depth, m % Passing No. 
200 sieve 

γwet, 
kN/m3 

Natural water 
content, % 

γdry, 
kN/m3 

LL, 
% 

PL, 
% 

PI, 
% 

Gs Fines, % 
USCS 

Clay Silt 
1.5–2.0 95 20.01 27.5 22.6 47 20 27 2.75 51.2 40.8 CL 

 
Table 2. Results of undrained shear strength of natural soil. 

Depth, m 
UCST DST 

Consistency [25] 
qu, kPa cu, kPa cu, kPa φ, degree 

1.5–2.0 92.8 46.4 28 3 Medium 
 

The current study focuses on determining the effect of the MW on the geotechnical properties of soft 
clayey soil. The aforementioned type of soil was prepared artificially from the natural clayey soil. Before 
preparing the soft soil, many tests were carried out to measure the relationship between the undrained 
shear strength of the soil and moisture content. Based on the results of tests shown in Figure 3, the soft 
soil used in this study can be prepared by mixing a moisture content approximately equal to 34% with 
natural clayey soil to produce a soft clayey soil has undrained shear strength, cu = 40 kPa. 

  
Figure 3. Variation of undrained shear strength versus water content for the remolded clay after 

48 hrs. 

3. Results and Discussion 
The effect of magnetized water on the shear strength of soil is not well established and is currently 

a subject of ongoing research and debate. While some studies have suggested that magnetized water may 
have beneficial effects on soil properties, including shear strength, the results have been mixed and the 
underlying mechanisms of action are not well understood. One proposed mechanism is that the magnetic 
field may alter the structure and behavior of water molecules, leading to changes in soil structure and 
properties. Another proposed mechanism is that the magnetic field may enhance the activity of soil 
microorganisms and improve soil fertility, which could indirectly affect shear strength. However, these 
mechanisms have not been conclusively proven, and further research is needed to better understand the 
potential effects of magnetized water on soil properties and behavior, including shear strength. It is 
important to note that any claims about the effects of magnetized water on soil properties should be viewed 
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with caution until they are supported by rigorous scientific evidence. In the meantime, established soil 
testing methods and principles should continue to be used for evaluating soil properties and behavior. The 
shear strength of soil samples was tested by the portable vane share device as well as the unconfined 
compressive strength test as shown in Figure 4. The chemical test of the soil had also been tested before 
and after the treatment by the magnetized water with different time duration and different magnetic field 
intensities.  

  
Figure 4. Unconfined compressive strength test (UCST) and  

portable vane shear test (VST) devices. 

3.1. Influence of MW on Chemical Properties of Soil 
The magnetic field applied to the water is thought to alter the structure and behavior of water 

molecules, which can affect the solubility and availability of soil nutrients and minerals. Some studies have 
reported that magnetized water can reduce the total soluble salt content of the soil, particularly in soils with 
high salinity. This effect is thought to be due to changes in the electrical charge and surface tension of the 
water, which can enhance the ability of the water to dissolve and transport nutrients while reducing the 
accumulation of salts in the soil. However, other studies have reported no significant effect of magnetized 
water on the total soluble salt content of the soil. The mechanisms of action are not well understood, and 
the results of studies on the effects of magnetized water on soil-soluble salt content have been mixed. In 
order to study the chemical alteration of the properties of soft clayey soil when treated with MW, the 
chemical tests listed in Table 3 were conducted on the soil samples before and after treatment. The analysis 
of variance showed that the effects of MW treatment on the chemical properties were significant under the 
highest intensity of 8000 G. Some studies have suggested that magnetized water can increase microbial 
activity in the soil, which could potentially lead to an increase in the decomposition of organic matter. This 
effect may be due to the increased solubility and availability of nutrients in the soil, as well as changes in 
the electrical charge and surface tension of the water. However, other studies have reported no significant 
effect of magnetized water on soil organic matter content (OMC) or decomposition rates. The mechanisms 
of action are not well understood, and the results of studies on the effects of magnetized water on soil 
organic matter have been mixed. The concentration of OMC decreased by 16.3% after 7 days and 26.2% 
after 14 days.  

Table 3. Chemical test results were conducted on soft soil treated with magnetized water. 

Property 
7 days 14 days 

TW 2000 G 4000 G 6000 G 8000 G 8000 G 
Organic matter content (OMC), % 4.35 4.25 4.01 3.78 3.64 3.21 

Gypsum content, % 2.37 2.15 2.01 1.62 1.31 1.01 
pH value 7.81 7.89 8.24 8.46 8.52 8.66 

Sulfate content (SO4), % 2.39 1.96 1.45 1.36 0.86 0.61 
Total soluble salts content (TSS), % 4.47 4.11 4.06 3.65 3.16 2.64 

 

Gypsum is a common mineral in soil and can play an important role in soil fertility and structure. 
There is limited research on the effect of magnetized water on the gypsum content of the soil. One study 
reported that magnetized water had no significant effect on the solubility or availability of gypsum in soil. 
However, the study had a limited sample size and further research is needed to confirm these results. 
Overall, more research is needed to better understand the potential effects of magnetized water on the 
gypsum content of the soil and to determine the optimal conditions and application methods for achieving 
any potential benefits. It is important to note that claims about the effects of magnetized water on soil 
gypsum content should be viewed with caution until they are supported by rigorous scientific evidence. 
Gypsum content decreased by 44.7% after 7 days and 57.3% after 14 days, respectively. The decrement 
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in the sulfate content may be due to the decline in the solubility of the gypsum content in water, and 
increased rates of crystal growth and nucleation instead, which leads to the precipitation of gypsum. 

Magnetized water has also been shown to affect the pH and conductivity of soil solutions, potentially 
influencing the availability of other nutrients and minerals. Some studies have reported that magnetized 
water can increase soil pH, while others have reported no significant effect. However, the results of studies 
on the effects of magnetized water on soil chemical properties have been mixed, and the mechanisms of 
action are not well understood. Further research is needed to better understand the potential effects of 
magnetized water on soil chemistry and nutrient availability and to determine the optimal conditions and 
application methods for achieving any potential benefits. Also, the pH value of the soil was influenced by 
the magnetic field of different intensities. The water treated with the magnetic intensity of 8000 G circulated 
through the soil, and the pH value gets also increased to about 8.34% after 7 days and 9.82% after 14 
days, respectively. Increasing the value of the pH of the soil resulted from increasing the concentration of 
the hydrogen ions in the magnetized water.  

The sulfate concentration in the soil was measured before and after treatment by different magnetic 
intensities and the analysis results showed the increase in the magnetic intensity for the treated water will 
cause a lower concentration measurement of sulfate 64% after 7 days and 74.48% after 14 days at the 
intensity of 8000 G. The total soluble salts (TSS) in the soil were decreased under the treatment by the 
magnetized water, as the efficiency of the magnetic treatment to reduce the concentration was 29.3% after 
7 days and 36.9% after 14 days at the intensity of 8000 G. This is due to that the MW is working on 
increasing the leaching of the excess soluble salts due to that when water passes the magnetic field 
becomes more energetic and modifying the ability of the flow of the water, and dissolving slightly the soluble 
salts like carbonates, phosphates, and sulfates. However, other studies have reported no significant effect 
of magnetized water on the sulfate content of the soil. The mechanisms of action are not well understood, 
and the results of studies on the effects of magnetized water on soil sulfate content have been mixed. 

3.2. Influence of MW on Shear Strength of Soil  
On the other hand, the shear strength of soft soil has been measured by two tests, UCST and VST. 

Each has been conducted on soil samples before and after the treatment process by several intensities of 
MW. Each increment of the magnetic field intensity has led to increasing the shear strength of soft clayey 
soil. The tests can be grouped into two classes as varying the time of conducting tests after being treated 
by magnetized water. The soil was first tested when treated by MW for 7 days and the treatment continued 
for 14 days and then the soil was tested again. Figure 4 shows the influence of magnetic treatment on the 
unconfined compressive strength (qu) of soft clay after 7 days of treatment which compared with that of the 
reference soil sample treated with tap water (TW). Generally, circulation of the water in magnetic field for 
7 days and soft clay indicates an increase in qu value by 52, 68, 43, and 45% for soil samples treated with 
MW of intensity 2000 G, 4000 G, 6000 G, and 8000 G, respectively.  

 
Figure 5. Variation of unconfined compressive strength with strain for soil samples treated with 

MW after 7 days. 
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Also, the unconfined  compressive strength (qu) of soft clayey soil was measured after 14 days of 
treatment as shown in Figure 5. Increasing the duration of treatment by MW from 7 days to 14 days showed 
increasing the unconfined compressive strength of soft soil by 21, 41, 74, and 82% corresponding to that 
treated with MW of intensity 2000 G, 4000 G, 6000 G, and 8000 G, respectively. The average of increasing 
qu ranged from 1.25 to 2.65 times that gained after 7 days of treatment. It can be concluded that increasing 
the unconfined compressive strength of soil (i.e., the cohesion values) can be attributed to increasing the 
concentration of the salts and minerals in the pores of soil which provide additional internal bonds between 
the particles of soil. Also, decreasing the thickness of the double-diffusive layer causes a reduction in the 
antiparticle’s repulsion force and increasing the attraction force between the soil particles.  

 
Figure 6. Variation of unconfined compressive strength with strain for soil samples treated  

with MW after 14 days. 
The vane shear test is a type of in-situ test used to determine the undrained shear strength of soft 

soils. This test is particularly useful for cohesive soils, such as clays, silts, and muds. In the vane shear 
test, a four-bladed vane is inserted into the soil at a known depth and rotated at a constant rate. The torque 
required to rotate the vane is measured and used to calculate the undrained shear strength of the soil. The 
test is typically performed in situ, which means that the soil sample is not disturbed during the testing 
process. This makes it an ideal test for soft soils where disturbance can significantly alter the soil properties. 
The vane shear test is commonly used in geotechnical engineering to assess the stability of slopes, 
embankments, and other earth structures. It can also be used to evaluate the stability of shallow foundations 
and to determine the shear strength of soils for use in design calculations 

Figures 6 and 7 show the variation of undrained shear strength (Suv) measured by a vane shear 
device for soft soil samples treated with several intensities of MW after 7 and 14 days of treatment. The 
treatment of soft soil by MW of intensities 2000 G and 4000 G showed a slight increase in the undrained 
shear strength, but the soil samples treated with intensities of 6000 G and 8000 G showed a significant 
increase in the undrained shear strength (Suv) of soft clayey soil. Based on the results displayed, there is a 
slight effect of treatment duration on the magnitude of undrained shear strength. 
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Figure 7. Results of vane shear tests after 7 days of soft clay samples treated by MW. 

 
Figure 8. Results of vane shear tests after 14 days of soft clay samples treated by MW. 

The summary of results of unconfined compressive strength (qu) and undrained shear strength (Suv) 
for soft clayey soil samples treated by several intensities of MW after 7 and 14 days of treatment are given 
in Table 4. The VST gives results of undrained shear strength higher than the unconfined shear strength 
test. Also, the rate of growth of undrained shear strength after 7 days of treatment is higher than that after 
14 days of treatment, but still, the shear strength after 14 days of treatment is higher than that obtained 
after 7 days of treatment by MW. 

Table 4. Summary of shear strength of soft clay treated by MW obtained from UCST and VST. 

Soil 
sample 

7 days 14 days 

qu, kPa cu, kPa % change Suv, kPa % change qu, kPa cu, kPa % change Suv, kPa % change 

MW 34 17.00 0.00 40.00 0.00 35.11 17.56 0.00 41.10 0.00 
2000 G 47.82 23.91 40.65 42.30 5.75 51.27 25.64 45.99 44.32 7.83 
4000 G 53.47 26.74 57.26 43.10 7.75 58.93 29.47 67.80 44.51 8.30 
6000 G 66.61 33.31 95.91 58.24 45.60 73.19 36.60 108.40 58.88 43.26 
8000 G 70.69 35.35 107.91 63.60 59.00 88.19 44.10 151.11 64.71 57.45 

0

10

20

30

40

50

60

70

Su
v 

(k
Pa

)

Magnetic intensity (Gauss)

TW- 7 Days 2000 G-7 Days

4000 G-7 Days 6000 G-7 Days

8000 G-7 Days

0

10

20

30

40

50

60

70

S u
v

(k
Pa

)

Magnetic intensity (Gauss)

TW-14 Days 2000 G-14 Days

4000 G-14 Days 6000 G-14 Days

8000 G-14 Days



Magazine of Civil Engineering, 124(8), 2023 

4. Conclusions 
The main objective of this work was studying the influence of several intensities (2000, 4000, 6000, 

and 8000 G) of magnetized water on the chemical properties and shear strength of soft clayey soil after 7 
and 14 days of treatment by MW. Based on the results of this study, the following points can be drawn out: 

• The influence of the magnetized water with different intensities also showed a significant 
variation in the chemical composition of the soil after 7 and 14 days. 

• Water magnetization increased the alkalinity of the soil, where pH value increased from 7.81 to 
8.52, but the OMC, gypsum, SO3, and TSS contents decreased with increasing the intensity of 
MW due to adsorption and sedimentation of salts. 

• The treatment of soft soil by MW improved the shear strength measured by UCST and VST, 
where the shear strength increased with increasing the intensity of the magnetic field.  

• The shear strength of the soil was also increased as the curing time of the magnetized water 
circulation increased from 7 days up to 14 days. 

• In general, the overall response of the treated soil depicts a promising and bright application of 
the magnetized water sustainability system used for alteration and improvement of the shear 
strength and chemical properties of soft clayey soil. The sustainable effects of using MW 
technique on the soil properties is not only limited to the cost, but also reduce using chemicals 
that could spread in the soil, which in turn would be very expensive and toxic. In addition, in large 
sites, the MW technique can be easily applied compared with other techniques. Furthermore, 
one of the main advantages of MW technique is the low cost, as it relies mainly on water 
circulating through a magnetized metal field device, and the validity of this device extends for 
many years. 
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Abstract. This article presents the results of experimental research on the impact of environmentally 
efficient materials developed on the basis of grey marl and sand with the addition of 3 % to 6 % of rice husk 
on the thermophysical characteristics: coefficient of thermal conductivity, specific heat capacity and thermal 
diffusivity. The thermal indicators are measured with a device based on the non-stationary method. The 
purpose of the research is to investigate the impact of a new type of a light natural organic additive material, 
the husk of rice grains, on the properties of the resulting composite. The task is to develop a new material 
which is both thermally efficient and eco-friendly. The results of the research show that the addition of rice 
husks reduces the coefficient of thermal conductivity by 42 %, of the thermal diffusivity by 38 %, and 
increases the specific heat capacity by 10 % compared to the reference sample. 

Citation: Zlateva, P., Petkova-Slipets, R., Yordanov, K. Properties of grey marl bricks with additions of rice 
husks. Magazine of Civil Engineering. 2023. 124(8). Article no. 12407. DOI: 10.34910/MCE.124.7 

1. Introduction 
Over the recent years, more and more efforts have been made to reduce the harmful impact of 

traditional building materials and to find solutions to construction-induced air pollution responsible for 
climate changes. Therefore, the needs of construction industry demand harmless and eco-friendly materials 
to be developed [1–3]. There are many opportunities to construct buildings with environmentally friendly 
materials and to use renewable energy sources in order to reduce energy consumption in buildings [4, 5]. 
One of these opportunities for ecologically clean construction is the use of waste biomass from agricultural 
crops [6, 7]. Globally, large amounts of raw materials are obtained from agricultural waste biomass such 
as straw, corn stalks, rice husks, etc., which can be used to produce building materials such as bricks, 
cladding boards, etc. [8–10]. Raw materials from waste biomass are easily available and cheap on the one 
hand, and on the other hand, they contribute to the reduction of air pollution, thus having a favourable effect 
on the climate change, which makes them a preferred choice for use in construction [11, 12]. Bricks are the 
main material in construction because of their compactness and light weight, easy transfer of heat, which 
is preserved for a long time, etc. The usefulness of brick in construction has been proven over time and 
has been used since ancient times. Two of the important characteristics of bricks produced from agricultural 
waste materials in combination with cement, sand and water are the coefficient of thermal conductivity and 
the specific heat capacity [13, 14]. The lower the value of the coefficient of thermal conductivity, the better 
the thermal insulation properties of the material. The higher the value of the specific heat capacity, the 
better the accumulative properties of the material, i.e. the heat is retained for a longer time [15–18]. The 
search for and implementation of newer building materials in construction requires knowledge of their 
thermophysical characteristics such as thermal conductivity, specific weight, specific heat capacity, etc  
[19–22]. 
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According to the investigations carried out so far, there is a significant lack of information on the 
development of ecological marl bricks with the addition of biomass, in particular rice husks (RH) in different 
quantities. This motivated conducting research on the thermophysical characteristics of composites made 
of grey marl, sand, rice husks and water. The publication presents the obtained results for thermal 
conductivity coefficient ,k  specific heat capacity Cp  and thermal diffusivity a, as well as their analysis. 

The aim of the present research is to study the impact of different amounts of rice husks added to a 
mixture of grey marl and sand on the thermophysical characteristics of the obtained samples. In the 
literature, there are no similar studies focused on the thermal characteristics of environmentally friendly 
materials. The growing trend towards sustainable architecture and construction with sustainable materials, 
including natural materials, the established principles of green and circular economy require continuing and 
profound search for new materials adapted to modern trends for construction purposes. Therefore, it is vital 
to point out the real advantages that materials with a slight addition of biomass have with a view to 
supporting the comfort of buildings. This article investigates eco-friendly materials based on grey marl, sand 
and rice husk, in response to the growing interest in new environmentally friendly and energy-efficient 
materials from agricultural crop waste materials. 

2. Methods 
Experimental studies were carried out on samples of ecological composite materials with different 

additions of rice husks in order to identify their basic thermophysical characteristics such as: coefficient of 
thermal conductivity, specific heat capacity and thermal diffusivity. 

2.1. Preparation of the samples 
For the purposes of the study, four types of samples were made based on grey marl and sand with 

different addition of rice husks (Table 1 and Fig. 1). The water binding ratio was 0.5. Each mixture was 
shaped into five cubes with a side of 0.10 m. 

Table 1. Composition and density of the samples. 

Sample Weight ratio Rice husks Bulk 
density 

№ grey marl sand water wt% kg/m3 
1 1 2 0.5 0 1920± 
2 1 2 0.5 3.0 1840± 
3 1 2 0.5 4.0 1760± 
4 1 2 0.5 6.0 1625± 

 

 
Figure 1. General view of the rice husks. 

The bulk density of the dry samples was measured on the 14th day of age. Table 1 shows the data 
on the average volume density of the samples. The addition of rice husks from 3 % to 6 % resulted in a 
density decrease by about 9 % to about 20 %, respectively, compared to the density of the reference 
sample without light addition. 

2.1.1. Sample preparation methodology 
The experimental samples were made by following the following steps. First, the natural grey marl 

was mixed with water, where it plasticized, and then medium-grained dry quartz sand was added. For the 
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production of samples 2, 3 and 4, the pre-weighed amounts of rice husks were added in weight percentage 
ratios as indicated in Table 1. All ingredients were mixed with a blender until a homogeneous mixture was 
obtained. Next was the moulding of cubes with a side size of 0.10 m in wooden moulds (Fig. 2). 

 
Figure 2. Manufacturing stage. 

 
Figure 3. General look of the finished samples. 

Laboratory conditions at air temperature of 23±3 °C and humidity 65 % for 5 days. On the sixth day, 
the samples were removed from the wooden mould (Fig. 3). The samples were smoothed with sandpaper 
to avoid measurement errors. Until the time of conducting the tests. the samples were stored in laboratory 
conditions at a temperature of 23±3 °C and humidity of 65 %. 

2.2. Methodology of experimental measurement 
The measurement of the thermophysical characteristics (thermal conductivity coefficient ,k  

volumetric heat capacity ( ).Cv C ρ  and thermal diffusivity a of the samples being tested was carried out 
with an Isomet 2114 device [23]. The device affords a wide range of direct measurements of isotropic 
materials, such as dense and porous materials, plastics, glass and minerals. The measurement range of 
the coefficient of thermal conductivity is from 0.015 to 7.0 W/(m.K). and for the volume specific capacity – 
from 4.0E+04 to 4.0E+06 J/(m3.K). The measuring device has two types of probes: a needle probe for soft 
materials and a surface flat probe for hard materials. The measurement data is saved in the internal memory 
of the device or exported to a computer, as shown in Fig. 4. 

 
Figure 4. Scheme of the experimental measurement of thermophysical characteristics. 
The experimental studies were carried out in compliance with the methodology for using the device. 

The measurements were carried out under non-stationary conditions. The measurement method was 
based on an analysis of the measured temperature difference during heating or cooling of the tested sample 
at heat flow pulses. The heat flow was induced by an electrical heating resistor embedded in the probe, 
which is in direct thermal contact with the sample being tested. 
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The measurements for the present study were carried out with a surface probe IPS 1105 on the 
surface of the sample in the range indicated in Table 2. The surface probe has long-term stability in the 
measurement range used. Before the measurements, the accuracy of the device was verified by using the 
cork calibration standard which comes with the device, and the calibration coefficient was given as per the 
requirements of the ASTM 5334-08 standard [24]. 

Table 2. Technical characteristics of the measurement [23]. 

Characteristic Measurement range Accuracy in the measuring range 
Temperature ,t  °C –15…+50 n.a. 

Volumetric heat capacity 

( ). ,Cv C ρ  J/(m3.K) 1.5E+06…3.0E+06 15 % of reading + 1E+03 J/m3.K 

Thermal conductivity coefficient ,k  
W/(m.K) 

0.30–2.00 
in a range 0.015 .. 0.70 W/m.K 
–5 % of reading + 0.001 W/m.K 

in a range 0.70 .. 6.0 W/m.K – 10 % of reading 
 

After setting the measuring range, a measurement followed within about 20 min. Throughout the 
measurement process, the amount of heat generated by the device was known. The heat in the tested 
samples dissipated radially. The increase in temperature of the tested sample changed linearly with the 
logarithm of time. In this way, it was possible for the coefficient of thermal conductivity of the tested sample 
to be obtained directly, and also the data to be transferred to a computer. 

The experimental measurements were carried out on the levelled surfaces of the tested samples 
(Fig. 5 and 6). 

 
Figure 5. Experimental measurements. 

 
Figure 6. Measurement of sample No. 2. 

Equation 1 is used for the samples tested. 
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.y a x b= × ±                                                                           (1) 

On the basis of the measured thermal parameters, the specific heat capacity Cp  was calculated 
using the formula [25]: 

( ).Cp k a= ×ρ                                                                          (2) 

3. Results and Discussion 
As a result of the conducted measurements of the thermophysical characteristics of all samples, 

values were obtained for the coefficient of thermal conductivity, the volumetric heat capacity and thermal 
diffusivity. Six series of measurements were carried out for each sample. The values for reference sample 
No.1 are given in Table 3.  

Table 3. Measurement results of the reference sample No. 1 

Sample No. 1 
k a Cv 

W/(m.K) m²/s J/(m³.K) 

Averadge value 1.0698 6.3742E-07 1.6801E+06 
Median 1.0687 6.3664E-07 1.6793E+06 

Standard deviation 0.0236 1.8007E-08 7.9280E+04 
Coefficient of variation, % 2.20 2.82 4.72 

 

Due to the large amount of data from the measurements, after transferring them to a computer from 
the measuring device, the data were processed statistically to obtain values for average value, median 
value, standard deviation and coefficient of variation. The results of the measurements for samples No. 2, 
No. 3 and No. 4 are presented in Tables 4, 5 and 6, respectively. 

Table 4. Results for sample No. 2. 

Sample No. 2 
k a Cv 

W/(m.K) m²/s J/(m³.K) 

Averadge value 0.9018 5.4681E-07 1.6502E+06 
Median 0.9009 5.4495E-07 1.6556E+06 

Standard deviation 0.0168 1.4887E-08 5.4574E+04 
Coefficient of variation, % 1.86 2.72 3.31 

 

Table 5. Results for sample No. 3. 

Sample No.3 
k a Cv 

W/(m.K) m²/s J/(m³.K) 

Averadge value 0.7828 4.8614E-07 1.6098E+06 
Median 0.7984 4.9685E-07 1.6094E+06 

Standard deviation 0.0807 4.9016E-08 5.8319E+03 
Coefficient of variation, % 10.32 10.08 0.36 

 

Table 6. Results for sample No. 4. 

Sample No. 4 
k a Cv 

W/(m.K) m²/s J/(m³.K) 

Averadge value 0.6242 3.9776E-07 1.5672E+06 
Median 0.6341 4.0697E-07 1.5646E+06 

Standard deviation 0.1104 6.6663E-08 1.8376E+04 
Coefficient of variation, % 17.68 16.76 1.17 

 



Magazine of Civil Engineering, 124(8), 2023 

The research results show that the addition of rice husks has a positive effect on the thermo-technical 
characteristics. 

The coefficient of thermal conductivity changes from 1.0698 W/(m.K) for the material without addition 
of rice husk to 0.6242 W/(m.K) for the material with 6 wt% light additive, which is a reduction of 
approximately 42 %. The specific structure of rice husks and the inhomogeneous structure of the tested 
samples exert a significant effect on the coefficient of thermal conductivity, and, in particular, on the 
repeatability of the data. As can be seen from Tables 3–6, with the increase of the proportion of rice filler, 
the thermal conductivity of the materials decreases, but along with this, there is also an increase in the 
standard deviation of the results. This could be explained, on the one hand, by the fact that the 
measurement is superficial and local (below the surface of the sensor with a diameter of 60 mm) and the 
results that are reported are for volumes with different structure, different distribution of the additive material 
and mould share. On the other hand, the shape of the rice particles is not perfectly spheroidal, but rather 
spindle-shaped and slightly tapering in one direction (Fig. 1). From a structural point of view, this is seen 
as a prerequisite for anisotropy and inhomogeneity. Moreover, the particles are randomly located in the 
volume of the tested samples, which leads to the so-called quasi-isotropicity. 

The volumetric specific capacity also changes with the change in the amount of added rice husks in 
the samples, whereby the increase in the proportion of biomass results in decrease of .Cv  

The obtained values for the thermal diffusivity range from 6.3742E-07 m2/s to 3.9776E-07 m2/s 
depending on the percentage content of rice husks – from 3 % to 6 %, respectively. 

The statistically processed results of the samples tested for coefficient of thermal conductivity, 
volumetric specific capacity and thermal diffusivity versus on the percentage content of rice husks are 
shown in Fig. 7, 8 and 9. 

 
Figure 7. Statistically processed results of the samples tested for coefficient  

of thermal conductivity versus on the percentage content of rice husks. 

 
Figure 8. Statistically processed results of the samples tested for volumetric specific capacity 

versus on the per-centage content of rice husks. 
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Figure 9. Statistically processed results of the samples tested for thermal diffusivity versus  

on the percentage content of rice husks. 
The graphs in Fig. 7, 8 and 9 clearly show the tendency towards decrease of the studied 

thermophysical characteristics with the increase of the content of rice husks. 

Table 7. Calculated values of the specific heat capacityю 

Sample 1 2 3 4 

Cp, J/(kg.K) 875.1 896.9 914.7 964.4 
 

The results (Table 7) show that the addition of rice husks improves the specific heat capacity of the 
tested materials. The analysis shows that the addition of 6 % rice husk increases the specific heat capacity 
from 875.1 J/(kg.K) for the base material without a light additive to 964.4 J/(kg.K), which is an increase of 
about 10 %. 

Fig. 10, 11 and 12 shows the relationships between the coefficient of thermal conductivity, thermal 
diffusivity and the specific heat capacity as a function of the density of the samples. 

 
Figure 10. Dependence of the thermal conductivity coefficient  

as a function of the density – k = f (ρ). 

 
Figure 11. Dependence of the thermal diffusivity as a function of the density – a = f (ρ). 
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Figure 12. Dependence of the specific heat capacity as a function of the density – Cp = f (ρ). 

The increase in rice husk additives can be useful in the development of thermally efficient lightweight 
eco-friendly building materials. 

Fig. 10 and Fig. 11 show the same direction of the two parameters of the tested samples, and Fig. 12 
shows the opposite direction compared to the previous two figures. As the coefficient of thermal conductivity 
decreases, a decrease in thermal diffusion and an increase in specific heat capacity are observed. The 
relationship between these parameters can be indirectly attributed to the density of the studied samples. 

For the tested samples, dependencies equations from 3 to 5 were proposed. 

( )0.00148 1.80303, W m.K ;k = ×ρ−                                                  (3) 

27.952. 10 9.034. 07, m s;a E E= − ×ρ− −                                                (4) 

( )0.301 1450.007, J kg.K .Cp = − ×ρ+                                                  (5) 

The additions of rice husks, as used in the samples, lead to higher air content, specific porosity and 
a respective decrease in thermal conductivity and heat transfer. 

The authors of paper [20], present hand-mixed clay with different percentages of sawdust (0 %, 4 %, 
6 %) to evaluate its effect on the thermal performance of unfired bricks. The obtained composites were 
characterized by densities of 2133 kg/m3, 1883 kg/m3 and 1876 kg/m3. The corresponding values of 
thermal conductivity were 0.8954 W/(m.K), 0.7996 W/(m.K) and 0.7395 W/(m.K). Experimental results show 
that the addition of both rice husk and sawdust positively affects the quality of building materials and other 
heat transfer properties. 

In article [26], the authors also used clay with different percentage additions of rice husks. The 
researchers obtained that bulk density of clay bricks was decreasing with increasing rice husk content. The 
results indicated that the values of bulk density of the samples containing rice husk (0 %–10 %) varied from 
1890 to 1370 kg/m3. 

4. Conclusion 
1. This research work presents the results of experiments carried out with samples based on grey 

marl, sand and different ratios of rice husks: 0 %, 3 %, 4 % and 6 %. We studied the basic 
thermophysical characteristics of the materials such as: coefficient of thermal conductivity k, 
thermal diffusivity a and specific heat capacity .Cp  The addition of rice husks as a light additive 
results in reduction of density by 15 % and an improvement of thermal insulation properties of the 
material. 

2. It was found that with a content of rice husks of 6 wt%, all the studied thermal characteristics change 
significantly. The coefficient of thermal conductivity decreases by 42 % and the thermal diffusivity 
decreases by 38 %, while the specific heat capacity increases from 875.1 J/(kg.K) to 964.4 J/(kg.K), 
resulting in an improvement of about 10 % compared to the reference case. 

3. The research shows that the combination of grey marl and sand with addition of rice husks gives 
good results, which can potentially be used in the development of low-cost eco-friendly and energy-
efficient materials. 
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method of physical modeling helped in experimental studies of models and coatings of their elements. 
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1. Introduction 
Space frames (Fig. 1 a, b) are among the most commonly used types of spatial bar structures for 

coverings. Therefore, further research studies for improving structural forms are the basic improvement of 
the calculation, design, and construction procedures. The analysis of the stress-strain state of space frames 
is carried out in various software systems for calculation and design. The structural model contains multiple 
statically indeterminate hinge-rod systems. In such a case, the resulting stress in the selected section is 
the longitudinal stress that presents itself in a single element. 

 

  
Figure 1a. Fragment of space frames  

(Donetsk, DPR, Russia) 
Figure 1b. Plug-connector node (pinned) 

The space frame structures designed earlier for mass use have some typical limitations [1]: 

− maximum span is 42 m; 
− standard aspect ratio in the plan is 1:1…1:2; 
− limited assortment of elements and nodes designed for spans up to 42 m and for the aspect ratio 

from 1:1 to 1:2 in the plan (Table 1). 
Table 1. Geometric and strength characteristics of a limited range of elements used*. 

No. Calculated force 
in the rod, N 

Mechanical characteristics of 
the material, MPa Type of the 

element 
Section, 

mm × mm 
yieldσ  _tensile strenghtσ  

1 36800 

240 360 Rod 

48×3 
2 50400 60×3.2 
3 64600 76×3.2 
4 83000 89×3.5 
5 95600 102×3.5 
6 122000 114×4 
7 138300 127×4.5 
8 201300 127×6 
9 277300 133×8 

10 377100 146×10 
11 489100 159×12 
12 - 

785 980 Connector 

∅120 
13  ∅150 
14 - ∅170 
15 - ∅200 

* - the data given in Table 1 are taken from [1–3] 
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The approximating solutions as a discrete-continuous model, proposed by V.Z. Vlasov [4–6], are 
used for a multi-connected plate. Vlasov's concepts have been developed in [1–3]. However, the structural 
plates should be considered multiple statically indeterminate hinge-rod systems. In addition, in design, the 
forces in the rods of different zones of the plate are calculated depending on the structure's geometry, 
means of support, load applications, etc. Therefore, the use of such methods is possible at the stage of 
outline design of the grid. 

Numerical approaches implemented in finite element analysis are the most common method of SSS 
analysis. The finite element analysis displays all the rod elements of the space frames that form the system. 
Such a system is a multiple statically indeterminate hinge-rod system. And the selection of sections is made 
for each individually modeled element. The authors performed a critical analysis of a number of scientific 
works, which can be divided into 3 large groups: 

Papers in which the problem of stability of centrally compressed rods is considered from various 
positions. One of the most important indicators when choosing sections of rods with axial load is their 
stability. Since a huge number of works are devoted to this problem, we will consider only a few of them 
concerning the issues of studying stability using finite element models. Naturally, the matrices of shape 
functions used in finite element models gradually developed from the simplest, based on the hypotheses 
of L. Euler [7] (the initial deflection in the form of a half-wave of a sinusoid during elastic operation of the 
rod material is considered), to the more complex ones of F. Engesser [8] and F.S. Yasinsky [9] (the elasto-
plastic work of the material in an approximate formulation is taken into account. By the way, the authors Y. 
Zheng, H. Zheng [10], who in their work substantiate application of a design solution that reduces the value 
of the calculated eccentricity in an eccentrically compressed rod). Finally, the classic papers of B.G. 
Galerkin [11] and N.S. Streletsky [12] made it possible to generalize the experience of numerous theoretical 
and experimental studies for centrally, eccentrically compressed and compressed-bent rods, loss of spatial 
stability of solid rods, and features of the operation of through rods. A.R. Rzhanitsyn supplemented these 
materials with the solution of a number of stability problems from the standpoint of probability theory, which 
served as the basis for assigning values of the safety factor, and the results of studies of the stability of rod 
systems [13]. Integration of the results into a unified system for describing the process of buckling, taking 
into account the influence of rod bending, is presented in the scientific papers of S.P. Timoshenko, J. Geer 
[14] and S.D. Leites [15]. A certain generalization of methods for calculating the stability of centrally and 
eccentrically compressed rods at the present stage was given by I.D. Anikeev, A.V. Golikov in article [16], 
within the framework of which a comparative analysis of methods for calculating the stability of rods, which 
form the basis of regulatory documents of the CIS countries, was carried out and Europe. The different 
methodological basis in determining the value of random eccentricity is emphasized. 

Standing somewhat apart from this list are the results of a study of the stability of centrally and 
eccentrically compressed rods made of composite materials. Although composite materials range from 
traditional (B. Li, H. Luo, H. Wang, M. Bosco [17] defective steel bars reinforced with CFRP) to exotic 
(W. Zhao, Z. Chen, B. Yang [18] steel and bamboo), the authors use the above described methodological 
framework to conduct their research. And the most complete modern representation of the capabilities of 
the finite element method in solving stability problems, corresponding to the problems solved in this article, 
is presented in the papers: 

− A.V. Perelmuter, V.I. Slivker, S.Yu. Fialko [19–22], which discuss the peculiarities of using 
universal calculation systems from the standpoint of assessing the complexity of systems and its 
components, the correctness of finite element models, the scale of the problems being solved, 
the heterogeneity of the finite elements and their relationships; 

− F. Yunfeng, W. Li, T.E.E. Kong Fa [23], in which the implicit function apparatus was used to 
calculate the reliability index of steel coating structures in the presence of a large amount of data. 
The Monte Carlo method is used as a method for determining the numerical value of the 
probability of failure. 

Papers devoted to the features of a refined analysis of the stress-strain state of spatial rod systems 
in the form of structural structures: 

− in the research paper of A.B. Bondarev and A.M. Yugov [24], the influence of random 
imperfections acquired by a spatial structural structure at the installation stage, the method for 
calculating the accuracy of large-span metal rod systems and its mathematical model are 
considered. Very close to it in terms of the formulation of the problem and research methods is 
the study of M. Gordini and M. Habibi [25], in which the problem of the influence of installation 
imperfections is considered for two-layer lattice space trusses (DLGST). Differences in the length 
of elements were modeled by random variables generated in accordance with using the normal 
distribution law;  
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− Structural structures are considered from the same positions in the research of E. Gaylord, K. 
Gaylord and J. Stollmeyer [26], which presents calculation and design methods that make it 
possible to analytically assess the stress-strain state of a spatial frame. The authors went 
somewhat further in this direction: S. Liu, L. He, Z. Wu, J. Yuan [27], who take into account the 
influence of the deformability of the node, when it is considered as a deformable semi-rigid 
connection, on the change in the geometry of the elements converging in it when creating a 
stochastic element models; 

− the problem of improving the design of a node for connecting elements of structural structures is 
considered in the paper of V. Hassani [28] (the possibilities of designing nodes focused on the 
technological capabilities of 3D printing for metal are presented. In this case, the procedure for 
optimal design of a node is performed using a genetic algorithm to minimize the maximum 
background stress von Mises as an objective function depending on the node mass as a 
constraint function). Close in meaning is the article of T. Sathish, S. Dinesh Kumar, S. Karthick 
[29], where the problem of improving the reliability of a unit is solved based on a comparative 
analysis of the results of using aluminum alloys AA2014, AA6061 and AA7075. In the same 
series are the papers of the authors J. Lange, T. Feucht, M. Erven [30] and K. Buchanan, 
L. Gardner [31], where the issues of forming units at the design and manufacturing stage are 
solved using additive manufacturing technologies. However, we immediately note that in all the 
analyzed works there is no feedback in the form of the influence of the selected node shape on 
the stress-strain state of the rod; 

− very interesting and close in one of the final goals of our research is the paper of S. Lan, H. Tu, 
J. Xue and others [32], in which the problem of shaping a structural structure is solved using the 
proposed adaptive method for determining the shape. However, in contrast to the approach 
proposed in this research, here the problem of forming an effective structure is solved on the 
basis of minimizing the lengths of the rods; 

− also, the problems of shaping spatial rod structures are solved in the article of S. Li, J. Xu, 
G. Feng, Z. Zhu [33] (the features of the stress-strain state of 2 structural systems of vertical and 
inverted hexagonal pyramids are analyzed), and the features changes in the dynamic 
characteristics of spatial rod structures due to the magnitude and nature of the application of 
snow load are discussed in detail in the research of H. Guan, H. Chen, J. He, H. Sun [34]. 

The majority of two factors in studying the buckling process using the FEM are noted: 

− the difference between the actual fastenings of the rod from the idealized ones; 

− different forms of stability loss and the ability to predict them. 

The structural model simplifies in all the works studied. Namely, the detailed modeling of nodes and 
their influence on the load structure is not considered. Therefore, clarified modeling will allow the 
implementation of the followings: 

− keeping the actual restraints due to the applied structural concept for nodes of space frames 
elements; 

− the creation of such a grid of nodes in the structural model will allow describing most accurately 
the initial mistakes, which is characteristic of the subsequent deformation of the rod in the 
process of buckling. 

It should be noted that all the researchers presented above dealt mainly with the issues of SSS of 
space frames' nodes. Less attention was paid to the stability of space frames' loaded elements. The 
influence of the initial geometric imperfections of the rods and rigidity of the nodes on the load-carrying 
ability of the diagonal member from the stability condition was not considered. 

Papers devoted to the problem of optimization of structural structures: Works devoted to the problem 
of variant and optimal design represent a huge body of research, the analysis of which should be devoted 
to separate works. The standard criterion for the quality of the project (optimality criterion), namely, the 
objective function (effectiveness function), is the extreme value of the function with the required parameters. 
The most common quality criterion for a project is metal intensity. Therefore, without claiming to be a 
complete review on this issue, the authors would like to note that the practical application of variant and 
optimal design in the design of structural structures is associated, first of all, with researches of 
Ya.M. Likhtarnikov [35], in which the basis of the method was developed, within which the main approaches 
to the formulation of the goal function in the form of a minimum mass, labor intensity or cost of 
manufacturing and installation, cost in business or the present value of the structure were detailed. 
Optimization of standard and unique core slabs, shells and domes according to a complex economic 
criterion – reduced costs – was carried out in the paper of V.N. Shimanovsky, V.N. Gordeev, M.L. Grinberg 
[36]. Also, considerable attention is paid to the assessment of metal intensity, labor intensity of 
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manufacturing and installation, and energy intensity of the structural form. The closest to the approach 
being developed is the paper of I.V. Romensky [37], in which the optimization of the goal function in the 
form of a minimum of mass, labor intensity or cost of manufacturing and installation, cost in the case of 
spatial long-span membrane coverings using the Nelder-Mead method. 

Optimization based on the minimum mass criterion was used in the research of N. Petrović, N. Kostić, 
N. Marjanović, J. Živković, I.I. Cofaru [38], where optimization was performed by refining the geometric 
shape of four different topological variations of a typical trapezoidal roof truss, taking into account their 
effect on the total external surface area. 

M. Kurniawan and A. Adha [39] present the results of a study of trusses that must satisfy an optimum 
of minimum cost while maximizing the use of load-bearing capacity. Due to the significant number of 
variables taken into account in the calculation, a feature of this study was the use of iterative procedures 
using genetic algorithms, in which the process proceeds in a stochastic manner. 

The article by T. Zhang, K. Kawaguchi, M. Wu [40] presents a methodology for searching for an 
optimal strategy for folding frame structures, which is created on the basis of a generalized inverse theory 
and a genetic algorithm. A similar approach using a two-phase genetic optimization algorithm was used in 
the work of M. Kociecki, H. Adeli [41] for free-form steel space-frame roof structures. In [42] by the same 
authors, the algorithm was extended to optimize the topology and shape of free-form steel space-frame 
roof structures with complex geometry using evolutionary calculations. What is especially unusual is that in 
the proposed shape optimization algorithm, heuristic restrictions are introduced to achieve the goal, which 
make it possible not to distort the original architectural design during the optimization process. 

As a brief conclusion based on the results of the critical analysis, it should be noted that in all the 
cases analyzed above, the rods that make up the structure are considered from the classical idealized 
positions of the hinge-rod model, when either the deviation of the length of the rod from the idealized value 
or the idealized (simplified) shape was considered in the form of an initial imperfection initial curvature, far 
from the geometry of the rod corresponding to the moment of loss of stability. And this factor has a huge 
impact on the final result of the calculation – the value of the critical force. 

The approaches to optimizing the structural form of structural coverings discussed above do not take 
into account a number of important factors in the form of a refined load-bearing capacity of compressed 
rods from the stability condition, expanded possibilities for shaping structural coverings from a limited set 
of elements due to the transition from a flat shape to a shell of positive Gaussian curvature, and the 
influence of the length ratio sides of a rectangular covering plan. The above works disclose the optimization 
of long-span structures on traditional square plans or similar to them. These processes are possible per 
the current design standards with various variable parameters. However, the issue of optimizing structures 
on a rectangular plan with an aspect ratio less than 1:2, with the refined calculation models of space frame 
elements, was not addressed. 

The results of the critical analysis made it possible to identify a number of key issues that were not 
properly reflected in the analyzed works and require further research. It is supposed to establish the relation 
between the main parameters of the designed object (geometric characteristics, structural design loads) 
and their metal intensity for large-span shells on a rectangular plan up to 126 meters in size and an aspect 
ratio up to 1:2. These conditions stand considering the current trend toward increasing spans and the 
transition to non-standard geometric shapes. The optimum design shape finding for overlapping such plans 
with space frames involves testing and subsequent use of two hypotheses: 

− increasing the stability of axially loaded rods by taking into account their partial restraint in nodes 
(ball-and-socket connectors); 

− lowering the maximum design forces in the chord elements of the space frames by changing 
their flat shape into deflected ones. 

The combination of these two approaches in one design algorithm has a positive effect on: 

− improvement of technical and economic indicators of the designed structures; 
− the possibility of using a limited assortment of elements and nodes, designed for spans up to 

42 m and for the aspect ratio from 1:1 to 1:2 in the plan. 
This research aims to exploit the optimal space frame design shape on rectangular plans with an 

aspect ratio of less than 1:2. The significant design parameters and clarified load-carrying ability of axially 
loaded rods are considered. Thus, the possibility of using a limited range of structural elements provides. 

Research objectives: 

− to undertake the theoretical and experimental evaluation of the nodes' structural concept 
influence on the stability of axially loaded rods for space frames; 
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− to build an algorithm for the optimal design of space frames on rectangular plans, including those 
with an aspect ratio less than 1:2. The clarified load-carrying ability of axially loaded rods and 
extended approaches to shaping in the form of shallow shells of positive Gaussian curvature; 

− to evaluate the influence of support compliance on the stress-strain state of the space frame 
structure on a non-standard plan. 

− to give recommendations for the space frames' design of long-span rectangular plans with an 
aspect ratio of less than 1:2. Thus, the possibility of using a limited range of structural elements 
provides (rods, connecting elements). 

2. Materials and Methods 
2.1. Numerical methods 

Clarifying the load-carrying ability of axially loaded rods from the condition of stability is carried out 
using the FEM through the displacement method. The process is possible by considering the structural 
design of the nodes and the spatial working of the rod elements. It should be noted that the structural model 
designed as a spatial shell-bar (Fig. 2) confirms its accuracy. Moreover, there is a possibility of further use 
in the numerical analysis of the rods' stability, taking into account the influence of nodes (Table 2). Also, 
the control of the stress-strain state makes it possible to more correctly take into account the change in the 
geometry of the rod in the process of its deformation. The process takes place during step-by-step load 
application in the calculation model. 

The Nelder-Mead method is a preferable solution for the problem of optimizing the geometric shape 
of an initially flat space frame on a rectangular plan with an aspect ratio of 1:1 ... 1: 2.8 due to its main 
features: 

− the zero-order method uses only the value of the objective function. It is easily applied to non-
smooth and noisy functions. Thereby it does not apply restrictions on functions; 

− the lack of the theory of convergence (the algorithm can diverge even on smooth functions); 
− it does not depend on the number of control parameters; 
− it allows control of the information at each iteration of optimum seeking. 

2.2. Experimental methods 
The method of physical modeling is chosen as an observation method. In this case, a space frame 

unit is taken as a model on a scale of 1:1 in relation to the full-scale structure. The full compliance with the 
material similarity is kept. This decision is justified by the possibility of observing the actual behavior of the 
structure on load and the strain capacity of nodes. Table 3 and Fig. 3 justify the accuracy of the used 
equipment. 

   
Standart design scheme LIRA-SAPR 2019 R1 design scheme (FEM-program) 

Figure 2. Design scheme for the model verification. 
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Table 2. Comparison of the results of verification calculation. 

λ  
Calculation 

results 
Analystical solving 

(standart design scheme) 
Finite element method solving 

(LIRA-SAPR 2019 R1) 
 Error between columns 3 

and 4 (%) 

80 
crσ  (Pa) 2.188e+8 2.175e+8  

0.6 
crN  (N) 92770 92250  

100 
crσ  (Pa) 2.042e+8 2.069e+8  

1.3 
crN  (N) 86810 87750  

λ  is the flexibility of rod 

crσ  is the critical stress in the rod 

crN  is the critical longitudinal force in the rod 

Table 3. Support the possibility of the measuring equipment. 

Research rate Type of 
equipment 

Description of equipment The 
graduation of 

a device 

Measurement 
error Name Country Manufacturer 

Load 
Jack Hydraulic 

(Fig. 3.a) 
DG 100-200G Russia Consul Ltd. 1.0e+5 Pa - 

Relative 
deformation 

Resistive strain 
gage 

(Fig 3.b) 

KF5P1-20-200-
A-12-S1 Russia   - ±1 Ohm 

Displacement 
Dial indicator 

(Fig 3.c) 
ICH-10 Russia JSC KP KRIN 0.01 mm From 15 to 20 

micron 

Ohmic 
resistance 

change 

Input module of 
resistive strain 
gage signals 

(Fig 3.d) 

OWEN MV110-
224.4.TD Ukraine OWEN 1.0e+4 Pa ±0.05 % 

 

 
 

 
 

    
a) b) c) d) 

Figure 3. Experimental equipment. 
The physical model under analysis is created in line with geometric and physical similarity principles. 

At the same time, it has the same qualitative sense as the model object. There is a regulatory assortment 
for both rods and nodes. Thus, the indicators for scales ( ,EI EF  geometric dimensions) are taken on a 
full scale of 1:1. Two experimental setups are used as experimental research for laboratory tests: 

− the separate unit of the space frame in which diagonals lose stability in the elastic stage of 
material behavior (λ  of diagonal is 120) (Fig. 4–5, a, b); 

− a rod that loses stability in the elastic stage (λ  = 120) (Fig. 4-5, c, d). 
Based on the preliminary calculation results, the level of designed load on the tested model No. 1 is 

22755 kg. The level of critical load in the inclined rods of the pyramid is ( )cr FEMN = –79.545 kN. The level 

of designed load on the tested model No. 2 is 8800 kg and ( )cr FEMN = –64.35 kN. 
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The load on the experimental models was applied using hydraulic jacks. For model No. 1, hydraulic 
jack DG-100 to the upper node is used. For model No. 2, hydraulic jack DG-20 to the lower node was used. 
The step of load applying for the first model is 550 kg, and for the second model is 100 kg (41 and 88 load 
steps, respectively). 

    
a) b) c) d) 

Figure 4. Experimental models. 

   
a) b) c) 

Figure 5. Model sizes. 
The holding time of each stage is 35–55 seconds (for the load accommodation and distribution in the 

structure). The main reason is that the polling rate of all active strain gauges connected to the OVEN strain 
gauge station equals 7 polls per second. It makes it possible to average all the received data as clearly as 
possible. Moreover, it allows identifying the moment of distribution and stabilization in the structure of strain 
gauge readings. They were recorded using the MasterSCADA program as a text file. The dial gauge 
readings were recorded on video cameras and written down manually. 

3. Results and Discussion 
3.1. Results 

3.1.1. Stability of centrally compressed rods 
The axially loaded rods' buckling was studied using finite element analysis. Variable parameters are 

the sizes of the node structure and the flexibility of the rods. 

The dimensions of the structural elements were taken per the limited assortment] (Table 1). The 
value of the flexibility of the elements varied in the range of 50–140. The models of shell finite elements 
were developed in the LIRA-SAPR 2019 R1 software package. Such elements make it possible to consider 
the nonlinear relation of both deformations and material properties on the load. In models, all rods have the 
following properties: 

− initial imperfection in the form of rod's axis deviation along with the half sine wave f l  = 1/700 
(Fig. 6); 

− tensile stress-deformation diagram for steel S245 ( yR  = 240 MPa) (for rod and plug) and 40X 

"Select" ( yR  = 785 MPa) (for bolt and connector). 
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a) – scheme without 
node modeling 

b) – scheme with are hingedly 
fixed node 

c) – scheme with are 
rigidly fixed node 

Figure 6. Design schemes with initial geometric imperfection in the form  
of a deviation from the rod axis along a half-wave of a sinusoid. 

The methodological framework of the research work was based on the comparison of critical stresses 
with different modeling of rods:  

− a rod without node modeling (Fig. 6, a); 

− a hinged rod (Fig. 6, b); 

− a rod with rigid fixing, reflecting the work of the rod in the space frame (Fig. 6, c).  

Fig. 7 represents the influence of nodal connection modeling on the rod's bearing capacity as load-
displacement relations. 

A comparison of the data array of critical loads and stresses with the corresponding solutions is held 
to analyze the results of numerical studies. The results were obtained using the classical Euler method [7] 
and Engesser-Yasinskiy [8, 9] method, adopted in the latest scientific research over the past five years [16, 
18, 43]. The results of numerical studies presented in Fig. 7 allow us to assert the need to consider the 
influence of pinching of the rod in the nodes when analyzing its stability. The main differences in the 
calculation results for the schemes presented in Fig. 6 are expressed by the following: 

− there is a significant difference in the form of rod axis curvature at the moment of buckling from 
the deformation scheme in the form of a half sine wave used in the classical solutions of the 
stability problem; 

− there is a pinching of a part of the length of the rod's support section in the plug-connector nodes. 
This pinching causes a reduction in its effective length. Therefore, the flexibility lowers, and the 
load-carrying ability rises from the condition of stability. The fact of lowering flexibility is confirmed 
by the lowering in the values of the maximum rod's deviations, corresponding to the moment of 
buckling ( maxW  by 3–4 times), due to the influence of the rigidity of the node (Fig. 7 a–d). 
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maxW = 
0.00028 

m 

 
maxW = 

7e-5 m 

 

e) 

 
a) f) b) 

 

maxW = 

0.00418 
m 

 
maxW = 

0.00132 
m 

 

g) 

 
c) h) d) 

Figure 7. View of a deformed steel rod in a moment of loss of stability. 
As a result, the load-carrying ability of the axially loaded rods of space frames is refined from the 

stability condition (1). Stability condition (1) considers the influence of nodes on the form of the rod's 
deformed axis, and the spatial work of the rod-shell was taken into account. The correspondence σ  can 
be described by stability condition (1) with sufficient accuracy for practical calculations :crσ −λ  
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20.0004 0.1536 26.681.crσ = λ − λ +                                                  (1) 

Moreover, this formula (1) is the basis for the values of the conversion factor from geometrical length 
to calculation one ( )µ  and the factor of the longitudinal bending ϕ  (for steel yR  = 240 MPa), which take 

into account the flexibility and pinching of the rod in the joints of structures with ball-and-socket plug-
connectors. (Table 4). 

Table 4. Dependences ,µ −λ , ϕ−λ  

λ  50 60 70 80 90 100 110 120 

µ  0.83 0.88 0.91 0.93 0.94 0.95 0.95 0.95 

ϕ  0.933 0.892 0.854 0.820 0.789 0.760 0.739 0.721 

µ  is the conversion factor from geometrical length to the calculation length of 
rod; ϕ  is the factor of the longitudinal bending of rod; λ  is the flexibility of rod;  

3.1.2. Experimental verification of theoretical studies 
Experimental studies of the influence of space frames' nodes on the stability of axially loaded rods 

were carried out on the basis of numerical studies [44]. Some test results are presented in tables 5 and 6 
(critical longitudinal forces and their comparison with numerical studies). Figure 8 a–c shows buckled 
elements in experimental models. 

   
a) Rod 1 (first model, structural 

covering cell) 
b) Rod 2 (first model, structural 

covering cell) 
c) Rod 3 (second model, single 

rod) 
Figure 8. View of the unstable rod. 

Table 5. Massive of critical loads (the first tests). 
Massive of critical loads Difference 

cr( FEM )N , 

N 
cr( UCC )N , 

N 
cr( rod )N 1 , 

N 
cr( rod .2 )N , 

N 
cr( aver .)N , 

N 
Δ1–5, 

% 
Δ2–5,  

% 

-79545 -47000 -65801 -80245 -73023 8.2 35.64 

cr( FEM )N  is the critical longitudinal force on the finite element method. 

cr( UCC )N  is the critical longitudinal force on the Ukrainian Construction Code. Steel Structures design 

code.. 

cr( rod )N 1  is the critical longitudinal force in the first rod on the experimental model. 

cr( rod .2 )N  is the critical longitudinal force in the second rod on the experimental model. 

cr( aver .)N  is the average critical longitudinal force on the experimental model. 
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Table 6. Massive of critical loads (the second tests). 
Massive of critical loads Difference 

cr( FEM )N , 

N 
cr( UCC )N , 

N 
cr( aver .)N , 

N 
cr( s .rod )N , 

N 
Δ1–4, 

% 
Δ2–4, 

% 
Δ3–4, 

% 
-64350 -47200 -73023 -57410 10.78 17.78 21.038 

cr( FEM )N  is the critical longitudinal force on the finite element method. 

cr( UCC )N  is the critical longitudinal force on the Ukrainian Construction Code. 

cr( aver .)N  is the average critical longitudinal force on the experimental model. 

cr( s .rod )N  is the critical longitudinal force in the single rod (second experimental model). 

 

The experimental studies confirm the correctness of the numerical studies' results. The hypothesis 
of an increase in the load-carrying ability of the axially loaded rods of the space frames due to their pinching 
in ball-and-socket plug-connectors is proved (the divergence of results is within 8–11 %). 

3.1.3. Research results on optimization of design concepts 
The search for the optimal constructive solution for space frames on rectangular plans with an aspect 

ratio up to 1:1 ... 1:2.8 was based on minimizing the theoretical mass of the structure. The mass of the 
structure is calculated from the final geometric parameters of the structural elements that make up the 
structure 

( )1 1min ,i i i
n m
i jG A l V= =

 → ρ +  ∑ ∑                                              (2) 

where G  is the optimized mass of the structure, ρ  is the steel density, i  = 1…n is the number of nod 

elements of the space frame, iA  is the cross-sectional area of the i-th element, il  is the theoretical length 

of the i-th element (by the centers of nodes), j = 1…m is the number of connecting nodes, iV  is the true 

volume (excluding slots) of the j-th connector. 

The space framing optimization algorithm on a rectangular plan with an aspect ratio up to 1:1…1:2.8 
was based on the objective function (2). This algorithm considers the possibility of selecting sections for 
axially loaded rods, both per the requirements of regulatory documents and using dependence (1). 
According to the MATHLAB algorithm, a program optimizes the structural form of the space frame on a 
rectangular plan with an aspect ratio up to 1:1…1:2.8 (Fig. 9). 

The optimization of the initial design solutions is carried out in two versions, using the capabilities of 
the algorithm: 

− it is a preservation of the flat shape of the original design solution and searching for the optimal 
solution by varying a single parameter which is the relative height of the covering ( ).h b  

− the original flat shape of the design solution bending and transformation into a flat rod shell with 
the search for the optimal solution by varying two parameters: the relative height of the covering 
( )h b  and the relative camber ( )f b  [45]. 

The following limitations are set when developing an optimal design algorithm: 

− the studies are conducted for structural elements made of steel with a design resistance of 
240 MPa. In the optimization process, a limited range of rod elements and ball-and-socket plug-
connectors, shown in Table 1, was used; 

− the relative height varies within (1/10…1/30) b  here b  is the short side of the plan. The reason 
for this is recommendations for the design of structures; 

− the relative camber varies within (0…1/4.5) b . It is due to the possibility of preservation of a 
uniformly distributed snow load in the structural models for all optimal designs; 
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− the change in structural design loads is in the range of 40 to 240 kg/m2 (the lower limit 
corresponds to the maximum value of the calculated constant load in the absence of snow load. 
The upper limit corresponds to the sum of the constant and maximum snow load); 

− the aspect ratio in the plan is taken in the range from 1/1 to 1/2.8, which is explained by the thin 
plates theory (maximum efficiency at a ratio of 1/1 almost there is no spatial redistribution an 
aspect ratio of less than 1/2.5 ... 1/3 ); 

− all rod elements in the structural model are tested for:  

• tension elements are tested for the strength conditions ( );yRσ ≤  

• axially loaded elements are tested for the strength and stability condition in one of two 
options specified by the project designer: in accordance with the requirements of current 
regulatory documents or per correspondence (1). 

Statistical processing of the data array is performed using the LINEST function (multiple linear 
regression) in the Microsoft 365. Searching for the required function for the value of the specific density of 
the covering ( ,G  calculated), the relative height of the covering ( ) ,h b  and the camber ( )f b  was 
performed for multiple linear regression. 

Table 7 presents the results of the optimization of structural models for the constructive structural 
form of coverings on a non-standard plan. Table 8 shows all the resulting formulas that can be the basis 
for calculating the optimal design parameters of the structure due to the setting of variable design 
parameters. 

 
Figure 9. Implementation of the optimization algorithm block-diagram. 
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Table 7. Results of optimization of design solutions for the constructive form of coverings on 
a non-standard plan. 

Structure 
covering in plan 

Calculation 
load (N/m2) 

Optimization of geometric 
parameters Mass of the structure (kg) 

One 
parameter Two parameters Before 

optimization 
After optimization 

(two param.) h (m) h (m) f (m) 

45×45 400 1.523 0.7031 7.856 22674.10 19610.10 
1000 1.934 0.7031 6.071 25155.60 21775.70 
1600 2.508 0.7031 5.174 28600.30 23384.00 
2400 2.836 0.7031 9.999 33275.80 25806.20 

45×68 400 1.523 0.7031 4.285 30834.70 27360.60 
1000 2.344 0.7031 7.142 35591.70 30921.40 
1600 2.672 0.7031 7.856 41305.80 33750.50 
2400 3.000 0.7031 9.999 49.89960 37.10420 

45×90 400 1.523 0.7031 4.107 40.82280 36.59150 
1000 2.508 0.7031 7.142 47.85630 40.68090 
1600 2.672 0.7031 9.999 56.22520 43.97220 
2400 3.000 0.7031 8.571 68.27860 48.92690 

45×108 400 1.523 0.7031 4.285 50.16080 45.18870 
1000 2.508 0.7031 7.856 59.24530 49.39490 
1600 2.672 0.7031 8.928 69.07500 52.60220 
2400 3.492 0.7031 9.999 85.05950 59.66300 

45×126 400 1.605 0.7031 5.000 57.59710 51.77130 
1000 2.508 0.7031 9.999 69.58510 58.43290 
1600 2.672 0.7031 9.999 82.64190 63.10020 
2400 3.328 0.7031 9.999 100.48210 70.88510 

 

Table 8. Resulting regression formulas. 

0 1 1 2 2,y b b x b x= ± ±                                                                           (3) 

y  is the required indicator; 1x  is the covering calculation load; 2x  is the aspect ratio in plan; 0b , 1b , 2b  is 
the support factors. 

Formula Description Correl. 
factor 

uccG 8.56004+0.03523×
×q-0.038389×a/b

=
 

Specific gravity calculated from the height of the covering. The 
application of the formula for the selection of axially loaded rods is 

possible according to the current regulatory documents 

0.99007 
 

methG 8.52905 0.03384
q 0.2448 a / b

= + ⋅

⋅ − ⋅
 

Specific gravity calculated from the height of the covering. The 
application of the formula for the selection of axially loaded rods is 

possible according to the proposed technique   

0.99004 
 

ucch / b 0.03809 0.0019
q 0.0138 a / b

= + ⋅

⋅ − ⋅
 

Relative height calculated from the height of the covering. The 
application of the formula for the selection of axially loaded rods is 

possible according to the current regulatory documents 

0.91866 
 

methh / b 0.0393 0.0018
q 0.0161 a / b

= + ⋅

⋅ − ⋅
 

Relative height calculated from the height of the covering. The 
application of the formula for the selection of axially loaded rods is 

possible according to the proposed technique   

0.91912 
 

uccG 8.24686 0.01873
q 0.47052 a / b

= + ⋅

⋅ + ⋅
 

Specific gravity calculated from the height of the covering and camber. 
The application of the formula for the selection of axially loaded rods is 

possible according to the current regulatory documents 

0.98861 
 

methG 8.20306 0.01541
q 0.73692 a / b

= + ⋅

⋅ + ⋅
 

Specific gravity calculated from the height of the covering and camber. 
The application of the formula for the selection of axially loaded rods is 

possible according to the proposed technique   

0.98379 
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0 1 1 2 2,y b b x b x= ± ±                                                                           (3) 

y  is the required indicator; 1x  is the covering calculation load; 2x  is the aspect ratio in plan; 0b , 1b , 2b  is 
the support factors. 

Formula Description Correl. 
factor 

ucch / b 0.22617 0.0000034
q 0.0234 a / b

= +

⋅ − ⋅
 
Relative height calculated from the height of the covering and camber. 
The application of the formula for the selection of axially loaded rods is 

possible according to the current regulatory documents 

0.54018 
 

h/bMeth=0.23334+0.0000046
*q-0.0429*a/b 

Relative height calculated from the height of the covering and camber. 
The application of the formula for the selection of axially loaded rods is 

possible according to the proposed technique   

0.76918 
 

 

The flexibility of supports affects the metal intensity of the covering and its optimal geometric 
parameters [46]. It should be considered when developing a design solution. Table 9 shows the results for 
the plan of 45×90 m with different ratios of the flexural rigidity of the supports and the span of the covering. 

Table 9. Results of optimization of design solutions for the constructive form of coverings on 
a 45×90 plan with the account of the pliability of the supports. 

Stiffness 
ratio 1k * 

Calculation 
load (N/m2) 

Optimization for two 
parameters 

Optimal structural covering weight (kg) 

On the fixed 
supports On the pliability supports 

h , m f , m 

∞ 

400 0.7031 10 36591.50 - 
1000 0.7031 10 40680.09 - 
1600 0.7031 10 43972.20 - 
2400 0.7031 10 48926.90 - 

10:1 

400 2.344 10 - 41189.10 
1000 3.574 9.582 - 44460.70 
1600 3.574 10 - 47992.30 
2400 2.139 10 - 52885.80 

1:1 

400 3.574 10 - 35478.00 
1000 3.369 10 - 39401.60 
1600 3.164 10 - 44270.90 
2400 2.344 10 - 48124.40 

1:10 

400 3.369 9.791 - 35801.50 
1000 2.344 6.666 - 42738.10 
1600 2.344 10 - 45771.00 
2400 2.344 10 - 50983.60 

* - Note: 1k EI D b= ⋅ , here 1k  is a coefficient considering the influence of the flexural rigidity of the span and 

supports on the optimal design parameters ratio; EI  is the rigidity of supports (columns); D  is the bending stiffness 
of the slab, b  is the distance between the supports (columns) in the cross direction. 

Table 10 gives the calculated regressional dependencies. It is possible to specify the main geometric 
parameters of the designed structure. These specifications can provide the optimal steel consumption 
considering the flexibility of the supports. 

We conclude a significant reduction in the metal intensity of the space frame according to the 
analysis. This approach, based on the appointment of the change in geometry and the usage of a refined 
assessment to the load-carrying ability of axially loaded rods, fact confirms the correctness of the 
hypotheses underlying the research work. 
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Table 10. Resulting regression formulas with account the pliability of the supports 
 Formula Description Correl. 

factor 
 

calc

calc

G 8.63805 0.00034
k1 0.01923 q

= − ⋅

⋅ + ⋅
 

Specific gravity calculated from the height of the covering and 
camber. The application of the formula for the selection of axially 

loaded rods is possible according to the current regulatory 
documents 

0.958859 
 

 
calc

calc

G 8.74417 0.00037
k1 0.01587 q

= − ⋅

⋅ + ⋅
 

Specific gravity calculated from the height of the covering and 
camber. The application of the formula for the selection of axially 

loaded rods is possible according to the proposed technique   
0.933453 

 

 
calc

calc

h / b 0.064894 0.000046
k1 0.000021 q

= − ⋅

⋅ − ⋅
 

Relative height calculated from the height of the covering and 
camber. The application of the formula for the selection of axially 

loaded rods is possible according to the current regulatory 
documents 

0.784184 
 

 
calc

calc

h / b 0.072853 0.000048
k1 0.000066 q

= − ⋅

⋅ − ⋅
 

Relative height calculated from the height of the covering and 
camber. The application of the formula for the selection of axially 

loaded rods is possible according to the proposed technique   
0.907314 

 

 

The final form of the covering structure and its geometric parameters based on the results of 
optimization is presented in Fig. 10 a–d. 

3.2. Discussion 
In this paper, the authors improved the process of designing space frames on rectangular large-span 

plans with an aspect ratio up to 1:1…1:2.8. The following step-by-step improvements are made:  

1. clarification of the traditional structural model; 

2. clarification of the bearing load-carrying ability of rod elements;  

3. optimization of the design shape. 

The hypothesis on the influence of the node's design on the load-carrying ability of loaded rods from 
the condition of stability is confirmed. The results correlate with the data of A.V. Perelmuter, V.I. Slivker, 
S.Y. Fialko [19–22], I.D. Anikeev, A.V. Golikov [16], F. Yongfeng, W. Li, T.E.E. Kong Fah [23]. The 
experimental data by Central Research Institute of Building Structures named after Kucherenko (Moscow, 
Russia) [1] correlates in cases of coincidence of slenderness and conditions of jointing of the studied rods. 

An important practical outcome of the research results is recommendations for project designers on 
using certain factors. These are the factor of the longitudinal bending ϕ  and the conversion factor from 

geometrical length to calculation one ( ).µ  The values of these factors for the rods jointed by nodes are 
given. Practical recommendations for the optimal parameters of the designed structure, which can be used 
at the initial design stage, are presented in the paper too. 

At the same time, there are several topics for further research: 

− expanding the research area for the nodal joint design and the load-carrying ability of the loaded 
rods of space frames by considering other types of nodes and steel classes; 

− conducting additional research related to the type and parameters of the specified initial geometric 
imperfection while studying the stability of axially loaded rods. An additional issue of this line may 
be a connection between the design of the node and the given initial geometric imperfection of the 
rod element shape; 

− developing the constructive form optimization algorithm associated with the expansion of the 
number of variable parameters and the specified structural forms. 
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a) – the original scheme 

 

opt
1 1h b

12 22
 < < 
 

 

b) – optimization for one parameter 

 

opt

opt

1h / b ;
64

1 1f / b  
4.5 6

 ≈ 
 
 < < 
 

 

c) – optimization for two parameters 

 

opt

opt

1 1h / b ;
12 19

1( f / b )
4.5

 < < 
 

≈

 

d) – optimization for two parameters taking into account the pliability of the supports 
Figure 10. A grapghic representaion of geomerty optimization of structural covering. 

4. Conclusions 
1. A correspondence of refining the load-carrying ability of axially loaded rods and the stability 

condition is presented. This correspondence was based on the approximation of multiple linear 
regression and has the stability condition (1). It fits for axially loaded rods of space frames 
connected at the nodes with ball-and-socket plug-connectors. The values of µ  and ϕ  factors 
considering the rod's flexibility and degree of pinching are presented. 

We proposed an algorithm for the optimal design of space frames with rectangular plans and with an 
aspect ratio up to 1:1…1:2.8 presented as a block-diagram in Fig. 9. It differs from the previously developed 
ones by the possibility of: 

− clarification of the load-carrying ability of axially loaded rods from the stability condition; 
− considering the possibilities in the manufacturing and installation of the development of an 

optimal design solution in a traditional flat form, or in the form of a two-layer rod shell of positive 
Gaussian curvature; 
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− considering the flexibility of the supports when assigning the optimal geometric parameters of 
the designed structure. 

2. The influence of support flexibility on the optimal parameters of the designed structure is presented 
in the paper. The analysis of changes in design parameters for a shell on a rectangular plan is 
represented by an example. It is found that: 

− an increase in the supporting structures' flexibility using two control parameters ( h b  and f b ) 
 necessitates an increase of the camber f b  = 1/4.5≈0.222. If it is necessary to increase the 
height of the covering to h b  = 1/16… 1/20, due to the need to increase the rigidity of the span 
of the covering; 

− the average increase of the metal intensity of the system due to the increase of the support's 
flexibility reaches 8 ... 12 %. There is a slight lowering in the metal intensity of the covering (up 
to 3 %) in some cases with a high level of support's flexibility and a low level of the design loads. 
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Abstract. This paper presents the results of numerical studies of the temperature regime and the thermal 
stressed state of the reinforced concrete wall of the nuclear power plant foundation block during the 
construction period with continuous concreting at full height. Calculations were done both using the 
dependence of the change in heat liberation over time on the hardening temperature, according to the 
theory of I.D. Zaporozhets, as well as the experimental data. It is established that if Zaporozhets equation 
is used in calculations, the correction of heat release values should be performed in the first 45 hours of 
concrete hardening. In order to correct the theoretical values of the specific heat, the last one should be 
multiplied by the correction factor. The dependence of the factor on the time within the range of 4 to 45 
hours is approximated with sufficient accuracy by the obtained fifth degree polynomial. The crack resistance 
of the structure was determined using a deformation criterion, taking into account the change in the ultimate 
elongation of concrete over time. In this particular case of concreting a structure it is shown that when the 
correction function is introduced into the calculation program there is no need to use thermal insulation. 
The direct economic effect, as well as the indirect one associated with the decrease in the construction 
period, allow avoiding the rise of the construction costs. It is proposed to use the developed methodology 
in practical calculations of thermal crack resistance of massive concrete and reinforced concrete structures 
during the construction period. 
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1. Introduction 
The hardening of massive concrete and reinforced concrete structures has a number of features. 

During the building period, the formation and development of cracks are possible. The main reasons for 
that are non-uniform temperature distribution in the concrete body and the temperature gradient between 
the core and surface of the block [1–3]. In turn, temperature non-uniformity is caused by fluctuations of the 
ambient temperature, the heat release due to cement hydration, as well as difference between the 
maximum temperature in the block and the temperature of its faces, the rate of block cooling [4–6]. The 
presence of such damage in structures of high responsibility level is unacceptable. 

The problem of assessing the thermal crack resistance of massive concrete and reinforced concrete 
structures in early period consists of determining the temperature fields based on the solutions of heat 
conductivity equations [7–10] and stresses, and verifying certain conditions meeting the thermal cracks 
formation. The allowable core-surface temperature gradient was accepted as a crack resistance criterion 
in papers [11–13]. The energy [1] and the deformation criterion [13] are more accurate and approved in 
national design codes of concrete structures. The latter one is used in the current work. 
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The heat liberation due to the cement hydration contributes greatly to the formation of non-uniform 
temperature fields of massive concrete and reinforced concrete structures during the building period. 
Special attention is paid to this factor [14–29]. 

The theory of I.D. Zaporozhets describes the kinetics of concrete heat release depending on 
temperature and time of hardening [14]. The experimental studies show that at the initial stage the heat 
release of concrete differs from the results obtained on the basis of the I.D. Zaporozhets equation used in 
computer programs [15, 16]. Moreover, the hydration temperature influence on the heat liberation process 
should be taken into account [13]. 

Neglecting the above-specified factors causes the error in the concrete thermal stressed state 
analysis. As a result, the calculated characteristics of concrete protection measures against cracking may 
be overestimated (thickness of thermal insulation, terms of its removal).  

Therefore, the aim of the current work is to develop the procedure for refining the design heat release 
function based on the experimental data for more accurate application of specific measures against 
cracking. 

2. Methods 
2.1. Analysis Procedure 

The TERM program developed at the Department of Building Structures and Materials of Peter the 
Great St. Petersburg Polytechnic University (SPbPU) was used in analysis [13]. An important feature of the 
program is the ability to take into account the influence of time and temperature on the deformative and 
thermophysical characteristics of concrete, which is relevant for the construction period. 

The first block of the program solves the problem of determining non-stationary temperature fields in 
a concrete structure in contact with the base and other elements. The inhomogeneous differential heat 
conductivity equation for 2D calculation cases is as follows: 
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where Q  is the heat of the cement hydration exothermic reaction;  

c  is concrete specific heat capacity;  

λ  is concrete internal heat conductivity coefficient;  

γ  is concrete density;  

t  is temperature;  

τ  is time. 

Concrete heat liberation according to I.D. Zaporozhets is treated as a function of time and 
temperature not depended on the coordinates of an element: 
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where maxQ  is the limit, which the concrete heat liberation goes for;  

TA  is the increase rate of heat liberation coefficient providing the constant temperature T in time;  

m  is reaction order with respect to water, which is 2÷2.3 for Portland cement; 

The temperature influence on the heat liberation is taken into account with the temperature function: 
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where ε is the characteristic temperature subtraction which shows the times of heat liberation velocity 
alteration providing the temperature variation in ε  degrees. The characteristic temperature subtraction 
depends on temperature: kt lε = + , where 0.13k ≈ ; 8l ≈  are characteristics revealed with experiment.  

On the outer contour of structure the 3-d kind boundary conditions are accepted, assuming that the 
heat exchange between the concrete surface and the air environment occurs according to Newton's 
convective heat transfer law. In this case, the heat flow, coming from the inner concrete layers to the 
surface, must be accepted by the environment. This condition is written as equality of two flows: 

 ( )cs em
t t t
n

λ β= − −
∂
∂

 (4) 

where β  is the heat exchange coefficient depended on surface heat exchange conditions (wind velocity 
and direction in the open air, curing conditions: into the temporary hide, the presence on the concrete 
surface the membrane, thermal insulation, framework); 

cst и emt  is the concrete surface and environment temperature respectively;  

n  is the normal vector to the concrete surface. 

The reduced heat transfer coefficient allows to take in account the thermal insulation, covering, 
framework influence: 
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where R  is the insulation thermal resistance. 

At the border of contact with the base or other elements of the concrete structure, boundary 
conditions of the 4-th kind are accepted. From the condition of the continuity of the temperature field, it 
follows that at the contact of two bodies in an infinitely thin layer the temperature of the first body is equal 
to the temperature of the second one. In addition, the equality of heat flows at the border of two bodies 
must be satisfied: 
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The second block of the program calculates the values of thermal stresses. The resolving system of 
integral-differential equations is obtained by substituting dependencies describing deformations taking into 
account the hypothesis of flat sections. Also the relationship between stresses and deformations considers 
creep through the relaxation function according to the linear hereditary theory of aging, and the condition 
of static equivalence to zero of the temperature forces across the section. When solving the system, the 
finite element method and numerical integration are used. 

The third block of the program evaluates the thermal crack resistance of a concrete structure. The 
criterion proposed by P.I. Vasiliev, suggesting the appearance of cracks due to the insufficient ability of 
concrete to deform under the tensile stresses, is used: 

 3 6( ) ( ) ( )b b lim bt t E tσ γ γ ε ϕ=  (7) 

where ( )tσ  is the thermal stresses at time t; 

6bγ  is the working condition coefficient; 

3bγ  is the coefficient taking in account the gradient of strain across the section influence on the 
strength of concrete in tension; 

limε  is limit concrete elongation; 

( )tϕ  is the coefficient taking in account dependence of limε  from the age; 

( )bE t  is initial elasticity modulus of concrete at age less than 180 days. 
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2.2. Initial Data 
We investigated the thermally stressed state of the monolithic reinforced concrete wall of the NPP 

foundation block, continuously concreted to the entire height with and without taking into account 
corrections in the heat release equation. Despite the reinforcement of the wall, the work of the reinforcement 
is neglected due to approximately the same thermal expansion coefficient as that of concrete. Since the 
length of the wall significantly exceeds its thickness and height, the analysis in plane strain way is 
considered in this paper. The design characteristics and design parameters are presented in Tables 1 and 
2, respectively. 

Table 1. Construction parameters. 
No Name Material Thickness, m Height, m 
1 Foundation slab Concrete B40 2.6 – 
2 Wall Concrete B30 2.0 5.4 

 
Table 2. Design parameters for the thermal stress state analysis. 

No Design parameter Property 
1 Concrete strength class B30 
2 Cement consumption for concrete, C  230 kg/m3 

3 Deformation modulus of concrete, bE  33.1 GPa 

4 Environment temperature 10 °С 
5 Concrete mixture temperature before casting 20 °С 
6 Reduced heat transmission coefficient of 20 mm plywood 

timbering and 10 mm heat insulation 
2.64 W/m2·°C 

7 Concrete maximum heat liberation, maxQ  102.4 MJ/m3  

8 Heat liberation growth rate coefficient, 20A  0.61 

9 Power index, m  2.2 
 
The comparative assessment of the calculation results is presented using Equation (2) in the original 

and corrected versions. The correction was made by introducing the correction factors equal to the ratio of 
experimental data to theoretical ones. 

2.3. Heat Liberation Experimental Results 
The heat release of concrete was determined experimentally: in a semi-adiabatic calorimeter, as well 

as by calculation: using the temperature function [14] with a reduction to isothermal hardening under a 
temperature of 20 °С. In order to reveal the dependence of the specific heat release on time, the average 
values of four samples were used. The laboratory results and theoretical values are presented in Table 3 
and Figure 1. 

Table 3. Concrete unit heat liberation. 
Time τ , h 4.0 8.0 12.1 16.0 20.3 24.2 28.2 32.4 35.8 40.0 

testq , kJ/kg 6.0 12.6 32.5 62.2 97.3 125.5 149.6 169.0 181.5 194.4 

,calcq kJ/kg 34.5 63.6 89.2 110.1 130.3 146.4 161.5 175.4 185.5 197.0 

( ) /calc test testq q q−
  

4.75 4.05 1.74 0.77 0.34 0.17 0.08 0.04 0.02 0.01 

/test calck q q=
 0.174 0.198 0.364 0.565 0.747 0.857 0.926 0.964 0.978 0.987 

NOTE: testq  is the experimental specific heat liberation of; calcq  is the theoretical specific heat liberation: according to 
Equation (2). 
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Figure 1. Specific concrete heat liberation: 1 – experimental; 2 – theoretical. 

Fig. 1 and Table 3 show that the curves are different from each other in the first 40 hours. The excess 
of the theoretical value of heat release over the experimental one is from 1 to 475%. The closer the time is 
to the beginning of concrete hardening, the more significant the distinction is, what may be explained by 
the impossibility to take into account the retarding action of gypsum, softeners and other additives in 
Equation (2). 

Correction of theoretical values of specific heat release is carried out by multiplying the correction 
factor k . The dependence of factor k on time τ in the range from 4 to 45 hours with sufficient accuracy  

( 2R = 0.9999) is approximated with the fifth degree polynomial (Fig. 2). 

 
Figure 2 Approximation of the correction factor ( )k f τ=  with the fifth degree polynomial. 

3. Results and Discussion 
The plane problem of determining the temperature fields and stresses of a reinforced concrete wall 

for two cases of taking into account the heat release of concrete was solved: 1) heat release was taken 
according to the equation of I.D. Zaporozhets (Eq. (2)); 2) heat release is taken according to the equation 
of I.D. Zaporozhets with a correcting function ( )k f τ= . Thermal insulation and formwork are dismantled 
10 days after placing the concrete mixture. 

3.1. The first design case 
Temperature and stress distributions in the center and on wall surface according to the 

I.D. Zaporozhets heat liberation theory that was not corrected with the experimental data are presented in 
Fig. 3 and 4 respectively. The notional strength is the right part of the equation (7). 
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Figure 3. Temperature variation in the center and on the surface of the wall (the 1st case). 

  
Figure 4. Stress variation in the center and on the surface of the wall (the 1st case). 

Figure 3 shows that 3 days later the temperature in the center of the wall rose to a maximum value 
of 49 °C, and the surface temperature was 37 °C. Ten days later, as a result of thermal insulation and 
formwork removing, a sharp drop in the surface temperature from 30 °C to 14 °C is observed. Along with 
it, a sharp jump up to 2.5 MPa of tensile stresses is observed. This phenomenon is called the heat stroke. 

3.2. The second design case 
Temperature and stress distributions in the center and on the surface of the wall according to the 

I.D. Zaporozhets heat liberation theory that was not corrected with the experimental data are presented in 
Fig. 3 and 4 respectively. 

Temperature and stress distributions in the center and on the wall surface using the correction 
function ( )k f τ=  to the equation of I.D. Zaporozhets heat liberation theory are presented in Fig. 5 and 6, 
respectively. 

 
Figure 5. Temperature variation in the center and on the surface of the wall (the 2nd case). 
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Figure 6. Stress variation in the center and on the surface of the wall (the 2nd case). 

In this case, there is a decrease in the maximum temperature in the wall center to 44 °C and in the 
surface layer to 33 °C. In addition, the temperature drop and the stress jump after the thermal insulation 
removal decreased to 11 °C and 2.3 MPa respectively. 

3.3. Refusal from insulation 
Reducing temperature differences and thermal stresses as a result of applying the corrective function 

and obtaining more reliable results allows us to reject the insulation and reduce the cost of concrete work, 
which is confirmed by the calculations (see Figures 7 and 8). 

 
Figure 7. Temperature variation in the center and on the surface of the wall (the 3rd case). 

 
Figure 8. Stress variation in the center and on the surface of the wall (the 3rd case). 
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The concrete thermal stress state results obtained for the 3 design cases are presented in Tables 4 
and 5. 

Table 4. Thermal stressed state calculation results on the 1st day after concrete pouring. 

No Calculation case Time, days Max temperature 
center/surface, °C 

Max temperature 
contrast, °C 

Tensile stresses, 
MPa 

1 Heat liberation 
not corrected 1 38/31 7 0.41 

2 Heat liberation 
corrected 1 31/26 5 0.26 

3 Heat liberation 
corrected and 

without 
insulation 

1 30/21 9 0.42 

 
The results of the thermal stressed state analysis on the 1st day after concrete pouring are presented 

in Table 4. Such a time step is indicative from comparing the old method of determining the heat liberation 
of concrete and the new point of view. For this purpose, the crack resistance calculation was carried out 
separately, taking into account the heat liberation according to the old method in the absence of thermal 
insulation on the upper face of the wall. As a result, on the 1st day, the crack resistance criterion is not met: 
the operating stresses are 0.66 MPa, the notional strength is 0.58 MPa, which requires a thermal insulation. 
When the calculations of crack resistance use a new method for estimating heat liberation (case 3 of 
Table 4), crack resistance is met and thermal insulation is not required. 

Table 5. Thermal stressed state calculation results for the maximum temperature rise. 

No Calculation case Time, 
days 

Max temperature 
center/surface, 

°C 

Max 
temperature 
contrast, °C 

Tensile 
stresses, MPa 

Maximum tensile 
stresses due to thermal 

stroke, MPa 
1 Heat liberation 

not corrected 3 49/37 12 0.82 2.5 

2 Heat liberation 
corrected 4 44/33 11 0.74 2.3 

3 Heat liberation 
corrected and 

without 
insulation 

3 41/25 16 0.78 0.05 

 
Turning attention to Table 5, in the first case, to ensure the thermal crack resistance of concrete, 

according to the calculation, it is necessary to apply thermal insulation. Here, the largest temperature 
difference between the center and the wall surface is observed on the 3rd day and amounted to 12 °C, with 
the corresponding tensile stress of 0.82 MPa. Tensile stresses acquire the highest value (2.5 MPa) on the 
10th day after the insulation and formwork removal. However, by this age concrete has time to gain the 
necessary strength and elasticity to resist cracking. 

In comparison with the previous case, the correction of the heat liberation formula gave a delay of 
one day for the onset of the largest temperature difference and the corresponding stress at their lower 
values (11 °C and 0.74 MPa). In addition, there was a decrease in the peak of tensile stresses during 
thermal stroke.  

Thus, the refinement of the heat release parameters on the basis of experimental data allows us to 
obtain more reliable calculation results and reject the unreasonable use of insulation. The removal of the 
formwork does not lead to the phenomenon of heat stroke (Fig. 8), and the terms of removal can be 
assigned without consideration of the thermal stressed state of the structure. 

Due to the specifics of the study made, the results can be compared with the data of other 
researchers only without taking into account the introduction of a corrective function, which are close to the 
similar calculations [2–4]. 

4. Conclusions 
1. The work shows that the theoretical dependence of the heat liberation of concrete on the 

hardening time used in the calculations of the thermal stress state differs from the experimental one and 
gives not entirely reliable results on the crack resistance of concrete. 

2. Due to the difficulties in the analytical description of the real curve of the cement exotherm, which 
has a double curvature, the possibility of bringing the theoretical dependence of heat release on time to a 
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more reliable form is shown by multiplying by correcting function obtained on the basis of experimental 
data. 

3. The work established that, using the equation of I.D. Zaporozhets, heat release values must be 
corrected in the first 40 hours of concrete hardening. During this period, the actual heat release is lower 
than the calculated one. 

4. It is shown that when the correction function is introduced into the calculation program, in this 
particular case of concreting a massive structure, there is no need to use thermal insulation. A direct 
economic effect, as well as an indirect one, associated with a reduction in the construction period of massive 
structures, will help to avoid a rise in the cost of construction. Therefore, the proposed methodology can be 
recommended for practical calculations of thermal crack resistance of massive concrete and reinforced 
concrete structures during the construction period. 

5. The offered methodology of estimating the thermal stresses of massive concrete structures during 
the building period is applicable when the concrete has acquired elastic properties. 
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Abstract. With the growth of the construction industry market there is an urgent need to evaluate the use 
of building materials from the sustainable point of view. Product stage of construction materials has a 
significant negative impact on the environment. This work represents environmental assessment of the 
construction materials of a low-rise residential building located in the temperate climate zone. To conduct 
such an analysis, we used a comprehensive methodology, product life cycle assessment (LCA), complying 
with international standards ISO 14044 and ISO 14025. The global warming potentials were calculated for 
the building life cycle product stages (A1-A3) in the equivalent of the carbon dioxide emissions (CO2e). It 
was found that external walls have the greatest negative impact on the environment compared to other 
building elements. Production of construction materials for external wall structures is responsible for 45 % 
of the total CO2e emissions. Based on the performed calculations, alternative options for exterior wall 
construction are proposed. Heat losses were calculated for each type of enclosing structures, as well as 
greenhouse gas emissions from burning fuel for heating the building. It was found that an aerated concrete 
wall with ventilated facade has the least negative impact on the environment, even though heating a building 
with such an enclosing structure requires more energy than other wall options. Environmentally reasonable 
approach of the enclosing structure selection allowed a reduction of greenhouse gas emission by 16.7 %, 
from 402.85 tons to 335.65 tons CO2e. 
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1. Introduction 
Climate change is one of the leading problems in the global community today. The specificity of the 

problem of global warming lies in the irreversibility of the consequences caused by the widespread emission 
of greenhouse gases, as well as in the direct impact on all spheres of human life. The climate map of the 
world for the periods 1980–2016 and 2071–2100 clearly shows cardinal climate changes due to global 
warming in different regions of the earth [1]. 

The development of clean energy technologies and the problem of climate change occupy one of 
the central places in the modern international economic agenda. The key achievement of recent years has 
been the conclusion of the Paris Agreement in 2015 under the auspices of the UN Framework Convention 
on Climate Change (COP-21). The energy transition taking place at the present stage involves the active 
introduction of low-carbon energy sources [2]. The European climate legislation, numbering dozens of 
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directives, norms, and decisions, regulates the entire spectrum of the climate, energy, and economic 
agenda [3]. 

According to [4], the industrial sector's contribution to the global Warming Potential (GWP – Global 
Warming Potential) was 21 % in 2010. Urban population growth requires a constant increase in residential 
buildings and the construction of urban infrastructure. If the world's population increases to 9.3 billion people 
by 2050, then there will be a need to develop urban infrastructure. However, the production of building 
materials for this infrastructure alone, using technologies available today, will lead to greenhouse gas 
emissions of approximately 470 Gt CO2 eq. According to the UN, the world's population has already 
surpassed the mark of 8 billion people [5] as of November 2022. 

Life Cycle Assessment (LCA) of buildings and structures makes it possible to assess the contribution 
of construction industry to the Global warming by calculating greenhouse gas emissions, energy consumed 
and other parameters at various stages of construction. These stages include materials production, their 
transportation to the construction site, building demolition and waste recycling [6, 7]. The LCA data of 
buildings show that 70–80 % of all greenhouse gas emissions occur precisely at the stage of materials 
production. According to [8], buildings are responsible for 40% of energy consumption, and for 36 % of 
greenhouse gas emissions throughout the EU. 

LCA of building materials is part of the Environmental Product Declaration (EPD) and comply with 
EN 15804+A21 and ISO 14025 standards (Fig. 1). The presence of EPD for a particular product is a 
convenient tool that allows you to compare analogous materials on their impact on the environment and 
choose the best option from it. 

LCA stages A1-A3 are responsible for the largest share of energy consumed and greenhouse gas 
emissions in construction, reflect the impact of processing of natural raw materials, its transportation, and 
production of building materials. 

 
Figure 1. LCA of building materials, stages. 

Use phase of building also impacts environment during the life cycle. For example, building 
orientation (rational use of solar radiation), building configuration (reducing the area of external enclosing 
structures by combining several residential buildings in-to a block [9]), use of energy-efficient engineering 
systems, service life of enclosing structures and building retrofitting measures [10–13]. 

The market provides a variety of building materials [14] with different compositions, physical 
properties obtained through the use of various production technologies. There is an urgent need to evaluate 
the use of building materials from the sustainable point of view. Preference should be given to materials 
with minimal GHG emissions, minimal energy costs and minimal waste during production, as well as 
optimization of solutions in accordance with today's environmental agenda. Furthermore, the construction 
industry must minimize the consumption of both embodied and operational energies to achieve a 
sustainable built environment [15–16]. 

The purpose of this study is an environmental assessment of the construction materials of a low-
rise residential building. This goal was reached through the following steps: 

1. Design of a low-rise residential building considering materials selection; 

2. LCA of building materials (stages А1-А3); 

3. Analysis of LCA results, conclusions and design optimization; 

4. Calculation of heat losses and greenhouse gas emissions for building heating. 
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Results analysis provides an opportunity to optimize accepted decisions and reduces the negative 
impact of construction on the environment. 

2. Materials and Methods 
The object of the study is a two-storey blocked residential building (Fig. 2) with a living area of 261 m2. 

The dimensions of the building are 11.5x15.2 m. Enclosing structures and reinforced concrete columns are 
loadbearing structures. Internal walls are made of aerated concrete. 

 

 

(a) (b) 
Figure 2. Two-storey residential house: (a) Building plan; (b) Building facade. 

The building is located in the temperate climate zone (St. Petersburg, Russia). The thickness and 
composition of the enclosing structures of the walls, roof and foundation were determined in accordance 
with local requirements. The building materials used as part of various structures are presented in Table 1, 
where the mass and volume of materials are indicated. LCA results of used materials allow us to estimate 
the contribution of each of them to the total amount of greenhouse gas emissions from construction. One 
Click LCA software was used to calculate the amount of greenhouse gas emissions at stages A1-A3 of the 
materials life cycle, which is also shown in Table 1. The software is compliant with EN 15978 standard and 
followed by Environmental Product Declarations (EPDs) based on the ISO 14044 and EN 15804 standards. 

Materials shown in Table 1 were quantified by using a 3D model of the object. The aforementioned 
software allows the user to specify the materials applied in the project and assign manufacturers to existing 
materials. One Click LCA1 can assess the potential environmental impacts associated with product 
quantifying lifetime environmental impacts. The program uses the following information, such as material 
quantity and its environmental performance derived from EPD of each material or generic database. All 
materials are divided into structures in which they were considered during the project design, making it 
possible to divide total building emissions into structure groups. LCA assesses several environmental 
impact categories, with Global Warming Potential (GWP) being the most widely recognized. Table 1 shows 
the assessment result of carbon footprint from the material product stage (A1-A3). 

Table 1. Building materials. 

Material Weight, ton Volume, m3 
Emission, 

ton of CO2e, (stage A1-
A3) 

1. Foundation – 44.76 t CO2e ~ 13 % 
Sand 43.93 26.12 0.1 

Extruded polystyrene 0.55 17.42 9.65 
Sawn timber 1.82 1.74 1.56 

Reinforced concrete 108.85 43.54 33.2 
Geotextile 0.063 0.17 0.25 

 
1 URL: https://www.oneclicklca.com 

https://www.oneclicklca.com/
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Material Weight, ton Volume, m3 
Emission, 

ton of CO2e, (stage A1-
A3) 

2. Vertical structures – 214.2 t CO2e ~ 63 % 
External load-bearing 

walls    

Stone wool 2.25 22.5 4.6 
Bricks 176 110 149 

Columns 
Reinforced concrete 13.5 5.4 2.5 

Internal walls 
Aerated concrete 26.77 53.54 28.2 

Bricks 35.2 22 29.9 
Gypsum 0.2 0.24 0.02 

3. Horizontal structures – 75.7 t CO2e ~ 23 % 
Floor slab 

Reinforced concrete 61.025 24.41 18.6 
Gypsum 2.6 3.5 0.76 

Extruded polystyrene 0.44 14 7.76 
Sawn timber 1.47 1.41 0.91 

Vapour barrier 0.02 0.03 0.84 
Roof 

Gypsum 5.3 7.13 1.54 
Sawn timber 16 35.54 11.2 

Extruded polystyrene 0.45 14.2 7.86 
Stone wool 4.27 42.67 8.62 
Shingles 12.5 3.41 14.5 

Waterproofing 
membrane 

0.66 0.43 1.4 

Vapour barrier 0.04 0.06 1.7 
4. Doors & windows – 3.4 t CO2e ~ 1 % 

Sawn timber 2 4.4 1.51 
Glass 0.89 0.4 1.91 

Total: 339 

3. Results and Discussion 
The total contribution of each type of construction to greenhouse gas emissions is shown in Fig. 3. 

 
Figure 3. Building structures contribution to the total greenhouse gas emissions. 

The greatest impact of material production on the carbon footprint is exerted by materials of the 
exterior walls (45 %). Fig. 4 shows the composition of the initial structure of the three-layer external wall of 
the considered residential building. 
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Figure 4. Exterior wall I, UI = 0.28 W/(m2 · K). 

Assessment results of the contribution of each material to the total greenhouse gas emissions at the 
A1-A3 LCA stages (Fig. 5) show that bricks, mainly as part of exterior walls, are responsible for 53 % of 
greenhouse gas emissions. Therefore, in order to reduce the initial value of emissions, first of all it is 
necessary to optimize the design of external walls by changing its composition so that its properties meet 
the requirements for thermal protection for the relevant construction region [17–19]. 

 
Figure 5. Materials contribution to the total greenhouse gas emissions. 

The purpose of the environmental assessment is mainly the choice optimization of building materials 
based on the LCA analysis results. Alternative designs of exterior walls, which are shown in Fig. 6, were 
chosen based on their popularity among private residential construction. 

   
(a) (b) (c) 

Figure 6. Types of exterior walls: (a) Type II, UII = 0.29 W/(m2 · K); (b) Type III, UIII = 0.27 W/ (m2 · K);  
(c) Type IV, UIV = 0,13 W/ (m2 · K). 

CO2 emissions from the production of 4 different types of enclosing structures are shown in Table 4. 
According to the calculations, the exterior walls II-IV are the most environmentally friendly compared to the 
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original version. All walls meet the requirements for thermal transmittance. It can be concluded that the 
exterior wall IV is the most optimal choice for the construction of a two-storey residential building. 

Table 2. Exterior walls constructions comparison. 

№ Material 
Thickness, 

m 
U-value, 

W/ (m2 · K) 

Emission, 
ton of CO2e 

(stage A1-A3) 

Construction 
contribution to 

total greenhouse 
gas emissions, % 

Total emissions 
from materials,  

ton of CO2e 
(stage A1-A3) 

I 

Solid brick 
M150 0.38 

0.28 153.6 45 339 Stone wool 0.10 
Hollow brick 

M150 0.12 

II 

Aerated 
concrete 

D500, B3,5 
0.40 

0.29 83.7 31 270 Air layer 0.04 
Hollow brick 

M150 0.12 

III 

Solid brick 
M150 0.38 

0.27 130.4 41 318 
Extruded 

polystyrene 0.10 

Air layer 0.04 
Sawn timber 0.025 

IV 

Aerated 
concrete 

D500, B3,5 
0.40 

0.13 59,5 24 244 

Stone wool 0.1 
Stone wool 0.05 
Oriented 

strand boards 
(OSB) panels 

0.016 

Façade tiles 
0.005 

 
 

The heat loss of the building through the enclosing structures is calculated to determine the amount 
of heat needed for building heating. The calculation was carried out only for external walls in order to select 
the most effective design. The amount of heat lost by the building through the enclosing structures of the 
exterior walls is determined by the formula (1): 

,Q S t T U= ⋅∆ ⋅ ⋅                                                                        (1) 

where S  is wall area, [m2], t∆  is temperature difference, [K], T  is heating period, [h], U  is thermal 
transmittance of the wall, [W/(m2 · K)]. 

The area of the facade remains unchanged for each type of structure and it is equal to 225 m2. The 
following values were taking for the calculation based on local climate data and technical standards [20]: 
external temperature is (–24 °C); internal temperature is (+18 °C); heating period is 224 days. 

Thermal transmittance was calculated earlier and given in Table 2. It is considered that  
1 kW = 1 kJ/s, 1 kWh = 3600 kJ, and 1 Gcal = 1163 kWh. It is necessary to know the calorific value of 
natural gas, the density and the amount of emissions per 1 kg of used natural gas in order to calculate the 
amount of greenhouse gas emissions. Natural gas was chosen as the most widely used type of fuel for 
building heating in Russia. The calculation is made in tabular form (Table 3). 
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Table 3. Calculation of heat losses and greenhouse gas emissions. 
Parameter External wall I External wall II External wall III External wall IV 

U-value of the wall, 
W/(m2·K) 0.28 0.29 0.27 0,13 

Facade area, m2 225 225 225 225 
Temperature 
difference, K 42 42 42 42 

Heating season, h 5064 5064 5064 5064 
Heat loss through 

external walls, W·h 13399344 13877892 12920796 6221124 

Heat loss through 
external walls, MJ 48238 49960 46515 22396 

Calorific capacity of 
natural gas for 

1 MJ/m3 
33.5 33.5 33.5 33.5 

Natural gas 
consumption per year, 

m3 
1439.9 1491.3 1388.5 668.5 

Natural gas density, 
kg/m3 0.68 0.68 0.68 0.68 

Mass of consumed 
natural gas, kg 979.1 1014.1 944.2 454.58 

Greenhouse gas 
emissions, kg CO2e 

per 1 kg of consumed 
gas 

2.64 2.64 2.64 2.64 

Total greenhouse gas 
emissions, kg CO2e 

per year 
2585 2677 2493 1200 

Heat loss through 
external walls, Gcal 11.53 11.94 11.12 5.35 

 

Let us assume that service life of the building is 50 years and calculate the total CO2 emissions 
(Table 4): 

Table 4. Total calculation of CO2 emission. 
Wall type External wall I External wall II External wall III External wall IV 

CO2e emission from 
the materials 

production, ton 
339 270 318 244 

CO2e emission from 
burning fuel for 

building heating, ton 
129.25 133.85 124.65 60 

Total CO2e emission, 
ton 468.25 403.85 442.65 304 

4. Conclusions 
It follows from the calculation results (Table 3) that the most environmentally friendly and cost-

effective option in operation is the external wall IV. Low U-value of this wall type makes the mass of 
consumed fuel several times less than value of fuel consumption in other cases. It is important to note that 
wall structures with that low U-value are rarely applied in given region because construction standards in 
Russia do not require such a low value of thermal transmittance of external walls (U-value of 0.2–0.3 is 
sufficient to meet existing requirements). Considering the data in Table 2, which shows the results of 
calculating the amount of greenhouse gas emissions during material product stage, the most 
environmentally friendly option also is external wall IV. It can be explained that prevailing material used in 
producing this type of external wall (aerated concrete) has low CO2 emission per unit of mass. Moreover, 
this type of external wall does not have brick in its composition, which has the greatest amount CO2 
emission per unit of mass. 

Operation stage of the building (building heating) does not cause such harm to the environment as 
the production of building materials despite the fact that calculations were carried out for the service life of 
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50 years. According to the results in Table 4, CO2 emissions from building heating do not exceed 1/3 of the 
total СO2 emissions. Furthermore, the lower the U-value is, the smaller this ratio is. 

The possibilities of optimization, such as the number of alternative options of certain structures as 
well as the number of materials suitable for use, have their strict limits in each specific situation, depending 
on the type of building being designed, its features, dimensions, requirements for strength, stability and 
rigidity of load-bearing structures, thermal protection of enclosing structures, etc. [21]. The calculations 
carried out in this study are an example of the fact that the choice of building materials should be 
comprehensive. It means that it is necessary to consider the criterion of environmental friendliness, which 
has a direct impact on the environment, in addition to the standard criteria. 

In many ways, a similar assessment of the building materials of a residential low-rise building was 
carried out in the study [20]. As a result, materials that have the greatest contribution to the total amount of 
greenhouse gases from the construction of the building (at A1-A3 stages of LCA) are concrete and wood 
as part of the foundation structures, ceilings and exterior walls. Also, in cases [22–24], it was found that 
concrete is the most dangerous in terms of its contribution to the total amount of greenhouse gases. In the 
study [25], ceramic bricks make the greatest contribution to the total amount of emissions. The assessment 
of the life cycle of an industrial building [26] shows that in buildings of this type, concrete (reinforced 
concrete) is the material responsible for the largest percentage of greenhouse gas emissions, due to 
massive load-bearing reinforced concrete structures. 

Thus, based on the results of this study, confirmed by other works, we can conclude that the most 
popular building materials, such as concrete and brick, which are used everywhere, are the reason for the 
large GWP in the construction industry. According to [27], in terms of the amount of greenhouse gas 
emissions and the amount of energy consumption, the use of a wooden frame is the best option for the 
construction of low-rise residential buildings. However, replacing concrete and brick with wood is not always 
possible. Therefore, it is worth paying attention to manufacturers of building materials and their 
environmental product declarations (EPD). Emissions from the same material but from different 
manufacturers may differ by several times.  

This work evaluated the product stages of building LCA (A1-A3). In further studies, it is planned to 
evaluate the construction stage (transportation to construction site A4 and installation A5). 
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Abstract. The Neva Bay is a body of water located between the delta of the Neva River and Kotlin Island. 
The goal of the study was to develop a method for numerical modeling of the shallow water equation in the 
Neva Bay, based on the finite element method. To achieve this goal, we solved a number of tasks. First, 
we selected characteristic periods in the history of the Neva Bay and formed numerical modeling options 
while determining boundary conditions. Secondly, we determined the geometric characteristics of the 
computational domain for modeling options and formed a finite element mesh for each of the options. Then, 
we found a numerical solution of hydrodynamic problems in terms of determining values of current velocity 
vectors. Finally, we conducted a comparative analysis of the results of solving the hydrodynamic problem 
of the structure of currents in the Neva Bay in different periods of history. The changes in the velocity field 
occurred because of the construction of the fairway and the dams for the Complex of flood protection 
structures (CFPS) in St. Petersburg. Today there is practically no water flow south of the Sea Canal. Water 
exchange between the Neva Bay and the Gulf of Finland is carried out due to culvert structures in the 
northern part of the CFPS and navigation facilities. The average flow of the Neva River during the 
calculation period did not change and was about 2500 m3/s (depends on the water level in Lake Ladoga); 
an increase in speeds occurs north of the Sea Canal. 
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1. Introduction 
The Neva Bay is in the eastern part of the Gulf of Finland and is its shallowest part, where the full-

flowing Neva River has an average flow of about 2500 m3/sec [1–3]. Historically, this water area, starting 
from the 18th century, was subject to anthropogenic impact and its geometric parameters changed, and to 
date the area of the water surface is about 329 km2, and the depths do not exceed 5–6 m [4–6]. The 
strongest impact on the hydrological regime of the Neva Bay was exerted by the construction of the 
Complex of Flood Protection Structures of St. Petersburg (CFPS), which was completed in 2011 and turned 
Neva Bay into a “technogenic lagoon”, a kind of internal marine area of the metropolis [2, 7–9]. 

The Neva Bay has been the subject of practical and theoretical research since the 18th century [10]. 
Special attention has always been paid to the study of the causes of the Neva floods, their development, 
and consequences [11–13]. It should be noted that many field observations and theoretical studies were 
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carried out based on various hydrodynamic models, which were constantly modernized to improve the 
quality of forecasts [6, 14–16]. At the same time, the methods and instrumental support for field 
observations were constantly improved during numerous expeditionary studies using the latest instruments 
and remote sensing data – satellite images [3, 4, 17]. Many publications have been devoted to 
environmental problems and their connection with changes in anthropogenic load [2–4, 7–9, 17, 18]. 
Scientists were also interested in the impact of currently observed climate changes on the hydrodynamics 
of the Neva Bay [2, 17, 19]. It should be noted that all researchers highlighted the importance of 
retrospective analysis of changes in the structure of currents to identify trends and make forecasts, but 
such an analysis was not systematically carried out. Such retrospective studies are always carried out using 
numerical models, but due to the lack of detailed information about the modeling features, they are difficult 
to replicate. 

In the world you can find estuaries that are to some extent similar to the Neva Bay and which raise 
similar problems related to sedimentation characteristics and changes in the ecological situation for the 
worse [20–24]. Typically, estuaries are studied in highly urbanized regions. The accumulation of bottom 
sediments in river mouths is being studied, which usually has a serious impact on the ecological state of 
the water area. The publications provide a series of hydrographic and bathymetric studies analyzing 
currents, sediment transport and morphological processes at the river mouth. Simulation results of 
sediment flow and circulation across seasons are typically studied using time series collected from 
hydrographic surveys. In addition, many authors use retrospective analysis to analyze trends in changes in 
hydrological conditions [25–27]. 

Thus, researchers of hydrodynamic phenomena in estuaries emphasize the importance of 
retrospective analysis of changes in the structure of currents for making forecasts and calibrating 
computational models; the task remains relevant. Most researchers use the “shallow water” model when 
modeling currents in estuaries [28–32]. At the same time, researchers recommend using the finite element 
method for estuaries that have the same complex configuration of the computational domain as in the Neva 
Bay [31–33]. 

In general, we can conclude that there is a gap in research that is focused on creating a methodology 
for implementing numerical modeling of currents in the Neva Bay for the purpose of conducting a 
retrospective analysis, and on the other hand, would make it possible to predict the development of the 
hydrological situation during various catastrophic phenomena. 

The purpose of this work is to develop a method for numerical modeling of the shallow water equation 
in the Neva Bay based on the finite element method. To achieve this goal, the following tasks were solved: 

• selection of characteristic periods in the history of the Neva Bay and the formation of 
numerical modeling options with the determination of boundary conditions; 

• determination of geometric characteristics of the computational domain for modeling options; 
• generation of a finite element mesh for each option; 
• numerical solution of hydrodynamic problems in terms of determining the values of current 

velocity vectors; 
• comparative analysis of the results of solving the hydrodynamic problem of the structure of 

currents in the Neva Bay in different periods of history. 

2. Materials and Methods 
When selecting characteristic periods for numerical modeling, the following criteria were used. Firstly, 

the timing of the construction of hydraulic structures, which significantly influenced the structure of currents 
in the Neva Bay. Such periods were defined as before and after the construction of the Sea Canal from 
Kronstadt to St. Petersburg [33], as well as before and after the commissioning of the CFPS [7]. For these 
periods, it was necessary to determine the availability of nautical charts for the selected periods. These 
maps can be obtained in scanned form from the Archive of the Navy, a branch of the Central Archive of the 
Ministry of Defense of the Russian Federation [34]. Also, in the Archive, you can obtain data on currents in 
the Neva Bay, which allows you to determine the boundary conditions for the direction and speed of the 
current. 

The geometric characteristics of the computational area for modeling options are obtained thanks to 
map digitization using GIS technologies [35]. In this case, the calculation area was selected along the 
boundary of the currently existing CFPS dam. 

A digital representation of the Neva Bay will allow us to move on to the next stage of constructing a 
finite element mesh. In this case, at the beginning, the finite element mesh was built automatically, and 
then it was manually optimized around islands and other inhomogeneities. 
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2.1. Methodology for numerical modeling of the Neva Bay reservoir 
Numerical modeling was based on solving shallow water equations in the ANSYS environment in the 

following form [29]: 
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In equations (1)–(3) the following notations are used (Fig. 1): ( ), ,h x y t  is the height of the water 

level, measured from the bottom surface, ( ),b x y  is the bottom level, which is measured from the deep 

point, ( ), , ,xu x y t  ( ), ,yu x y t  are components of the horizontal velocity vector, g  is gravitational 

acceleration, ( ), , ,xf x y tν  ( ), ,yf x y tν  are components of the vector of volumetric external force acting 

on the entire thickness of the water layer, ( ), , ,s
xf x y t  ( ), ,s

yf x y t  are components of the surface 

external force vector, ( ) ( ) ( ), , , , ,x y t h x y t b x yξ = +  is the water surface level, ( )0 , ,h x y t  is the height 

of the equilibrium water level, then the deviation from equilibrium value ( ) ( ) ( )0, , , , , .x y t h x y h x y tη = −  

 
Figure 1. Input data for the shallow water equation. 

One of the well-known methods for numerically solving water flow equations for small reservoirs is 
the finite element method [36]. According to the basic idea of the finite element method, a continuous 
function is approximated by a set of piecewise continuous functions defined on a finite set of nodes in the 
domain under consideration. The problem solution area (a reservoir with its geometric characteristics) is 
divided into a finite number of elements according to the continuity condition. The main advantages of the 
method are the ease of approximation of boundaries when solving problems in the area of a reservoir of 
complex shape, since water elements can have a curvilinear shape and heterogeneous physical properties. 

Calculation using the ANSYS Fluent package is carried out on a structured mesh containing 
1,600,000 to 4,000,000 elements. The 1877 model does not have the Sea Channel, which, due to the small 
size area relative to the design area and the need to compact the grid, accounts for a significant part of the 
elements. 

To adjust the FEM grid, the automatically generated finite element grid was manually adapted. After 
refining the grid, the basic size of which is 20 meters to 1 meter in places of sharp changes in depth. 

Boundary conditions of the computational domain: 
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At the boundaries of the computational domain (bottom and shore), the flow rates are equal to 0. 

This makes it possible to consider the influence on the structure of the current of the coastline of the 
Neva Bay, on which traditional no-flow condition (the normal projection of velocity to the solid boundary is 
zero). For the Neva River, the Chezy coefficient is 55, for deep sections (sea canal and fairways) 75, for 
the rest of the Neva Bay 45. 

At the coastal boundaries, no-slip conditions on a solid surface (zero velocity vector) were used for 
velocities, and at the mouth of the Neva (in the branches) and along the CFPS boundary, known long-term 
values were used [10]. at the open border in the area of the Liteiny Bridge, the average annual flow rate 
(2500 m3/s) in the Neva River was set. In the Neva Bay area, along the CFPS axis: 

1. at the open boundary in the CFPS location area, the free water surface elevation was set 
(h+b=const); 

2. on the open CFPS at the locations of navigation and culvert structures, the free water surface 
elevation was set (h+b=const) (Fig. 2). 

 
Figure 2. Scheme of the Protective Structures Complex. 

Fig. 3–6 show, respectively, the results of calculations in the ANSYS Fluent (CFD) package of a finite 
element three-dimensional model of the Neva Bay with depth-averaged values of water flow velocities. The 
graphical image editor shows current velocity vectors and their numerical calculated values in m/sec. 

A comparison of the results of numerical calculations and measurements shows that the values 
calculated on the finite element model are in good agreement with the measurement results, reproducing 
the maximum and minimum values of the flow parameters. 

To model the Neva Bay reservoir, a three-dimensional 8-node fluid isoperimetric element (FLOW3D) 
was used. General description FLOW3D 8-node element for 3D problems for calculating water flow. 
Properties of fresh water: Dynamic viscosity VISC=1.005E^(-3) Pa∙sec., Density DENS=1000 kg/m3. The 
resulting values are the speed values displayed at each node. Numerical simulation results were obtained 
for four time periods. 

The results present the structure of water flows in the form of velocity vectors. 

To verify the results of calculations using the proposed model, data from field observations at the 
KZS in culverts B2, B6 were used. The average speed is 0.4 m/s. Which corresponds to the calculated data 
obtained from the model. The deviation of the calculated data and observational data is no more than 5 %, 
which makes it possible to confidently use this model for calculating flow rates. Fig. 3 shows velocity 
measurements at culvert B6. Field observations were carried out at a water level in Lake Ladoga 
(Petrokrepost) of 453 cm, which corresponds to the average flow in the Neva River equal to 2500 m3/s [1]. 
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Figure 3. Velocity at culvert B6. 

3. Results and Discussion 
The solution to the problem is presented in the form of a field of velocities and streamlines of currents. 

The maximum speed at the water entry into the Neva Bay from the Neva River delta is set to 0.2 m/s. The 
speed in the Neva River ranges from 0.8 to 1.1 m/s. 

Fig. 3 shows the calculated currents for 1877. The main current lines run from the north of Kotlin 
Island and from the south between Kotlin Island and Fort Kronshlot. The water speed in the Neva River 
delta is more than 0.6 m/s. Due to the high current speed (more than 0.6 m/s), a ravine formed between 
Kotlin Island and Fort Kronshlot, along which a historical fairway was formed. Velocities in the northern part 
of the Neva Bay between Kotlin Island and Lisiy Nos are distributed evenly and amount to 0.1 m/s. In the 
coastal zone there is practically no water flow. 

 
Figure 3. Velocity field and streamlines for the 1877 model. 

Since 1877, construction began on the St. Petersburg Sea Canal, connecting the southern part of 
Kotlin Island and Gutuevsky Island and exiting through an artificial canal into the bed of the Bolshaya Neva. 
To protect the Sea Canal from silting, a sea canal dam was created, which had a significant impact on the 
currents, limiting the currents towards the southern part of the Neva Bay. The average values in this part 
of the Neva Bay have decreased and do not exceed 0.15 m/s. Currents from the northern part have not 
undergone significant changes and average 0.1 m/s; there is practically no current in the coastal zones. 
Fig. 4 shows the velocity field and streamline for the 1920 model. 
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Figure 4. Velocity field and streamlines for the 1920 model. 

Figure 5 shows the velocity field and streamline for the 1997 model. By 1997, the main work on filling 
the CFPS earthen dam was completed. For the passage of water, culverts B1-6 and navigation passages 
C1, C2 were left, and additional fairways were created, such as the fairway connecting navigation passage 
C2 with the Sea Canal, as well as the “Petrovsky Canal” connecting the Marine Canal with the Malaya 
Neva. Due to this, the currents became less uniform, and jets began to form in the flow with a higher speed 
of 0.11 m/s. Also, due to shallowing, the average current speed north of the Sea Channel increased, 
amounting to 0.15 m/s. 

 
Figure 5. Velocity field and streamlines for the 1997 model. 

Figure 6 shows the velocity field and streamline for the 2022 model. The 2022 model is characterized 
by the completion of the construction of all elements of the CFPS, the construction of the Western High-
Speed Diameter (WHSD), and the elevation of ground levels in the western part of the Vasilievsky and 
Krestovsky Islands, as well as in the Lakhtinsky Razliv area. Due to the reasons described above and the 
significant shallowing of the Neva Bay, local average speeds increased north of the Sea Canal, and speeds 
around culverts B4-B6 increased. As a result, gullies began to form around culverts B4-B6 and navigation 
structures C2. The maximum water speeds through culverts and navigation structures are 0.4–0.6 m/s, 
which corresponds to field observations, so the average speed in the B-6 culvert is 0.4 m/s. Average speeds 
north of the Sea Channel increased and amounted to 0.15 m/s. 
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Figure 6. Velocity field and streamlines for the 2022 model. 

4. Conclusion 
We developed a method for numerical modeling of the shallow water equation in Neva Bay based 

on which a solution to the hydrodynamic problem was performed for 4 characteristic dates in the history of 
Neva Bay. As a result of solving hydrodynamic problems, the velocity fields and streamlines of water flows 
were determined, and an analysis of the results obtained was performed. As a result of solving the problem, 
the following conclusions were drawn: 

1. Changes in the velocity field occurred due to works on the fairway and the construction of dams of 
the CFPS, which contributed to the shallowing of the Neva Bay water area. 

2. Today there is almost no water flow south of the Sea Canal. Water exchange between the Neva 
Bay and the Gulf of Finland is carried out due to culverts in the northern part of the CFPS and 
shipping facilities; average speeds are 0.6 m/s. 

3. Since the average flow of the Neva River during the calculation period has not changed and is 
2500 m3/s, an increase in speeds occurs north of the Sea Canal; the maximum speeds in the center 
of the Neva Bay are 0.2 m/s. 

4. Due to changes in currents, the formation of local high-speed flows towards culverts is observed. 
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Abstract. Non-pressure filtration flows with a free surface, on which the fluid pressure is a constant and 
equal to the external atmospheric pressure, are essential characteristic of groundwater filtration through 
such hydraulic structures as, dams, water drawdowns, drains, foundations, and pits during their drain. The 
problems of fluid filtration in porous media are distinguished by a variety of boundary conditions for the 
desired complex filtration potential, geometric and physical characteristics of the filtration flow. Solving such 
problems by analytical methods becomes significantly more complicated due to the nonlinearity of the 
equation describing the filtration movement, the presence of a free surface and the geometry of the slopes 
of the structure. An alternative to their solution is the use of numerical methods for estimating unsteady 
free-flow filtration flows. This research is dedicated to developing a hydrodynamic analysis approach of the 
process of unsteady filtration by the methods of computational fluid dynamics on the example of a 
rectangular cofferdam of various configurations to apply the results in the design of hydraulic structures. 
Numerical modeling of an unsteady free-flow filtration in a rectangular cofferdam using the finite volume 
URANS method (ANSYS FLUENT) and finite-element method (PLAXIS 2D) was carried out. The 
depression curve evolution through time was obtained. Also, numerical results have been compared both 
with the experimental results and classical theoretical assumptions. Was found that the constructed models 
both for finite-volume and finite-element methods are consistent enough with the experimental data, and 
on the other hand, theoretical assumptions don’t agree with experimental and numerical data. Further, the 
filtration patterns in rectangular cofferdams with different drain positions were obtained using the developed 
calculation model, which allows to choose the most effective drain position for different purposes. 
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1. Introduction 
Non-pressure filtration flows with a free surface, on which the fluid pressure is a constant and equal 

to the external atmospheric pressure, are essential characteristic of groundwater filtration through such 
hydraulic structures as, dams, water drawdowns, drains, foundations, and pits during their drain. These 
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characteristics occupy more than 80% of all designed and built groundwater hydraulic structures in the 
world. 

The filtration theory for such water management, transport and environmental hydraulic structures 
was developed by N.N. Pavlovsky [1]. It is noted in [2] that in the exact formulation, the study of  
non-pressure motion presents significant mathematical difficulties. Therefore, the researches of 
P.Y. Polubarinova-Kochina, who obtained some exact solutions to the problem of an unpressurized filtration 
flow through a rectangular cofferdam [3–5]. 

The existing methods of filtration calculation of dams and barrier dams are based on the use of a 
model with a linear filtration law (Darcy's law) [4], which establishes a relationship between the filtration 
velocity vector u and the pressure field p, which causes a filtration flow 

pu k H ;H y ,
gρ

= − ⋅∇ = +  
(1) 

where g is the gravity acceleration, ρ is the density of the filtering liquid, k is the filtration coefficient of the 
porous medium, y is the height (parallel to the direction of gravity). 

It should be noted that the analytical solutions to the problems of non-pressure filtration flows are 
obtained under the assumption of stationarity of fluid motion in a porous medium. The assumption of motion 
stationarity is fundamentally important [2–6], since the classical methods for calculating seepage flows use 
the apparatus of the theory of analytic holomorphic functions. 

Subsequent studies showed the need to improve Darcy's law. The researches [7–9] indicate the 
reasons for such a correction. The first is that the application of the macroscopic law of motion when filtering 
sufficiently fast flows inside a porous medium (Darcy's law) must consider the volume force of viscous 
resistance acting on the fluid from the side of the porous skeleton. Such conditions are typical for filtration 
through gravel, pebbles, granular media in industrial process plants. The second is the difference between 
the rheological relationships of the filtered liquid from the Navier-Stokes law. In [10], a review of the 
calculation approaches that considers the nonlinear, nonstationary regime of liquid filtration through a 
porous medium. In [11, 12], a criterion for the nonlinear regime of liquid filtration through a porous medium 
was proposed. In the papers of [13–15], numerical methods for solving the fluid flow through a porous 
medium with a nonlinear filtration is proposed.  

The application of analytical and numerical methods of filtration for a classical object such as a 
rectangular cofferdam and objects with a complex hydrogeological structure is considered in [16–19]. The 
filtration methods for liquids in modern medical and building materials with a regular and random structure 
are considered in [20–22]. 

In the context of the current literature on unsteady pressureless filtration flow, it is important to 
highlight St. Petersburg Polytechnic university contribution to the study of the impact of unsteady flow 
conditions on filtration processes in porous media. The scientific group of M.R. Petrichenko proceeded both 
theoretical studies [28–29], in which Crocco equation is employed to describe filtration, and experimental 
[27, 30–31], where filtration process was modelled with special experimental rig and also some numerical 
work was proceeded. 

In many engineering filtration problems, it is required to determine the instantaneous characteristics 
of filtration flows [15–18], which leads to the need to study unsteady motion modes. For example, the 
instantaneous positions of the depression curve and the height of the seepage interval characterize the 
drain efficiency of the construction pit and the dimensions of the sheet pile wall fixing the slope. The 
instantaneous positions of the depression curve in the body of the earth cofferdam must be considered 
when the water level changes in the pools. 

The unsteady mode of the filtration flow interaction with a porous medium affects the strength and 
stability of soil hydraulic structures. Thus, the location of the depression curve determines the boundary of 
the area occupied by saturated and unsaturated media, thereby determining the area suitable for 
construction work. The exit of the depression curve to the tailwater slope is accompanied by the formation 
of a seepage gap. The value of the seepage interval must be considered to prevent frost heaving of the 
alluvial soil and failure of the slope. At the same time, the problems of fluid filtration in porous media are 
distinguished by a variety of boundary conditions for the desired complex filtration potential, geometric and 
physical characteristics of the filtration flow. 

Solving such problems by analytical methods becomes significantly more complicated due to the 
nonlinearity of the equation describing the filtration movement, the presence of a free surface and the 
geometry of the slopes of the structure.  
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An alternative to their solution is the use of numerical methods for estimating unsteady free-flow 
filtration flows. 

This research is dedicated to developing a hydrodynamic analysis approach of the process of 
unsteady filtration by the methods of computational fluid dynamics on the example of a rectangular 
cofferdam of various configurations to apply the results in the design of hydraulic structures. So, this 
cofferdam is a research object and the depression curve in this cofferdam that obtained through filtration is 
the research subject. To achieve the aims of the research, the following tasks were formulated and solved: 

• The simulation of the problem of establishing a flow in a rectangular cofferdam was performed 
using the PLAXIS and ANSYS software packages FLUENT. 

• Verification of the obtained numerical solutions by comparing them with experimentally based 
analytical solutions. 

• A study of the efficiency of the cofferdam in the presence of drain was carried out and the 
characteristic features of the transient process for one of the selected solutions were described. 

2. Methods 
With non-pressure fluid filtration through the body of a hydraulic structure (dam), caused by the 

difference in the hydrostatic pressure of the fluid on opposite walls of the dam, the area of fluid movement 
is limited from above by a free surface, called the depression surface, at each point of which a constant 
pressure act. The section of the surface of the depression along the movement of fluid through the body of 
the structure is a depression curve. In the works of [23–26], it is shown that the exit of the free surface to 
the wall of the structure is carried out not at the level of the tailwater, but above. The resulting gap between 
the outlet of the depression curve and the tailwater is the seepage surface. 

The filtration calculation scheme (Figure 1) assumes a non-stationary nature of filtration in a porous 
medium. Stationary filtration modes are treated as limiting (for "large" times) states of the filtration flow. The 
starting identity is the continuity condition for unsteady motion: / / 0,h t q x∂ ∂ + ∂ ∂ = moreover, due to the 

Dupuis condition ,hq kh
x
∂

= −
∂

where k is the filtration coefficient. Then to distribute h ( t , x) the Boussinesq 

equation is achieved: 

h hm kh
t x x

∂ ∂ ∂ =  ∂ ∂ ∂ 
, 

(2) 

where t is time, x is coordinate, h=h (t,x ) is seepage flow depth, he≤h0<h≤H, m is porosity coefficient, 
0< m <1. 

The change of variables ' : 0,ktt
mH

= >  ' ,xx
H

=  '0 : / ,x l Hλ< < =  : / ,L Hλ ≤ Λ =  : / ,u h H=

0 0 01, / ,u u u h H< < =  brings the Boussinesq equation to a dimensionless form: 

' ' '
u uu
t x x
∂ ∂ ∂ =  ∂ ∂ ∂ 

, 
(3) 

The solution of the Boussinesq equation for unsteady flows is associated with significant difficulties 
and requires the search for approaches to its solution, one of which is the use of numerical simulation. 

The problem of establishing a filtration flow in a vertical plane in a rectangular cofferdam is 
considered. For setting the tasks variants, a linear drain is used, located on the lower face of the cofferdam. 
The distance from the tailwater to the beginning of the drain varies (l0 = 0H, 1H, 4.5H, 8H). The length of 
the drain is H. The problem is formulated in a dimensionless setting (Figure 1), the height of the cofferdam 
is H, equal to 1 meter, is chosen as the length scale. The time scale is introduced – τ=kt/mH. 
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Figure 1 Statement of the problem. 

3. Results and Discussions 
3.1. Conditions for modeling the non-pressure filtration process 

A constant hydrostatic pressure and a free boundary condition is set on the tailpipe, where the 
pressure is extrapolated from within the computational domain. On the lower boundary of the computational 
domain, except for the drain area, the no-slip condition is set. At the lower boundary in the drain area and 
at the upper boundary, a constant overpressure p =0 is set. 

The convergence criterion for the class of problems under consideration is the constancy of the flow 
rate through the tailwater and drain; for a numerical experiment, the problem can be considered converged 
if, at the next time step, the flow rate has changed by less than 0.5% relative to the previous one, as well 
as the position of the depression curve, which does not change over time. 

To solve the filtration problem, a two-dimensional finite-volume method was used. Non-stationary 
Navier-Stokes equations are solved numerically together with the Volume of Fluid method for tracking the 
position of the interface between media. Since the velocity of the liquid during filtration is small, it is 
considered that filtration is laminar. The cofferdam is modeled by a porous body with сonstant isotropic 
resistance (porosity is 0.2, absolute permeability – 10-6 m2). For each geometry of the cofferdam, a 
structured finite-volume mesh with sizes from 3,000 to 7,000 elements was constructed. The problem was 
solved with a time step of 0.1 s. Water with a density of 998.2 kg/m3 and a viscosity of 1.003*10-3 Pa*s and 
air with a density of 1.22 kg/m3 and a viscosity of 1.7*10-5 Pa*s were employed as working fluids. At the 
interface in the VOF model, a surface tension of 0.072 N/m is established. 

3.2. Numerical simulation of filtration flow in a rectangular cofferdam in the ANSYS 
software package FLUENT: Data verification 

The calculation of a rectangular cofferdam was performed without drain at a ratio L/H equal to 10. 
Since the fields of quantities at any time can be obtained as a result of the solution, the field of the liquid 
volume fraction was reduced during its evolution in time, Figure 2. The position of the interface zone, where 
the volume fraction is 50%, is essentially the depression curve. The flow pattern changes most actively in 
the period from τ = 0 to τ = 50, then from τ = 50 to τ = 200, where the flow pattern changes slightly, however 
the depression curve still changes its shape, Figure 3. The flow after τ = 200 is considered to be steady. 

 
τ=0 

 
τ=5 

 
τ=10 
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τ=50 

 
τ=100 

 
τ=150 

 
τ=200 

 
Figure 2. Volumetric concentration of liquid in the calculation area at different moments of the 

given time for setting without drainage. 

 
Figure 1Depression curves at different time points. 

An important characteristic of the transient seepage process is the tailwater flow. In the case of 
calculations in the ANSYS software package, it is possible to compare the results with experimental data 
and, thus, verify the calculation model. The flow rate is reduced to a dimensional form for ease of 
comparison with the results of experimental research carried out by D.D. Zaborova [27] as shown in 
Figure 4. The flow mismatch at the initial moment of time is due to a sharp increase in the flow rate in the 
calculation, the flow rate increases from 0 to some unsteady level. The observed flow peak is due to the 
possibility of instantaneous "opening" of the damper in the calculation, which is difficult to achieve on an 
experimental stand. In general, the consumptions rate at t/tset > 0.3 differ by 5% or less, which indicates a 
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good agreement between the calculation model and experimental results. Based on the gained results, the 
ANSYS non-stationary computational model has been verified experimentally. 

 
Figure 4. Comparison of reduced discharges across the tailwater. 

3.3. Numerical simulation of filtration flow in a rectangular cofferdam in the PLAXIS 
2D software package 

Similar calculations of rectangular lintels in an identical formulation were performed by the PLAXIS 
2D software package. 

The calculations were carried out for lintels with linear dimensions L/H=0.2, 0.4, 0.6, 0.8, 1.5, 2. The 
results were obtained on computational grids that ensure the convergence of the solution. Figure 5 shows 
the volumetric concentration fields of liquid in the cofferdams with a linear size L/H=0.2, 0.8, 1.5 after the 
establishment of the filtration flow. 

   

( a) 

L/H=0.2 

(b) 

L/H=0.8 

(in) 

L/H=1.5 

Figure 5. The volumetric concentration field of liquid in the cofferdams of various lengths after the 
establishment of the filtration flow. 

Since is impossible to compare the instantaneous positions of the drawdown curves due to the 
difference in the applied approaches to the solution implemented in the considered software packages, the 
comparison of the drawdown curves was carried after the establishment of the filtration flow. Figure 6 shows 
the values of seepage gaps depending on the longitudinal size of the cofferdam, obtained analytically and 
numerically. 
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Figure 6. A comparison of the seepage intervals values obtained analytically and numerically. 

The seepage intervals obtained using the ANSYS and PLAXIS 2D software packages practically 
coincide. The mismatch is observed for the cofferdams of L/H≤1. Seepage gaps obtained according to the 
theory of P.Y. Polubarinova-Kochina [3] are significantly smaller for lintels with L/H ≤1.7 in relation to the 
solutions obtained using numerical analysis. For cofferdams with L/H≥ 1.7 analytical solution overestimates 
the value of the seepage interval.  

3.4. Time evolution of the depression curve for the problem with drain 
A similar problem to the solved task 1, however with the presence of drain, is considered. The 

problem without drain is referred to by the number “1”, while the problem with drain is referred to by “l0” and 
indicated at l0 = 0 – 2, at l0 = 1 - 3, at l0 = 4.5 – 4, and at l0 = 8 – 5. To track the evolution of depression 
curves, a comparison between the tasks of tasks 1–5 were carried out as shown in Figure 7. 

In the absence of drain or its location near the tailwater (tasks 1–3), the shape of the steady 
depression curves between the drain (if any) and the upstream is identical. However, the depression curves 
at the initial moments of time (up to τ = 10 inclusive) have the greatest difference in shape and characterize 
the structure of the filtration flow. For tasks 2 and 3, a soft slope "descent" of the depression curve (than in 
task 1) is observed in the drain area at this time stage. 

For the formulated problems 3–5, after τ = 50 the depression curve is divided into two sections, the 
gap is located at the site of drain, the maximum of the left part of the depression curves is located exactly 
between the drain and the tailwater, and the left part of the depression curve itself is symmetrical. At the 
same time, the liquid remains between the runoff and the tailwater remain even in problem 3. 

In the case of tasks 4 and 5, at the initial moments of time (up to τ = 10 inclusive), the depression 
curve, on the contrary, has a steeper “descent” in the drain area. The position of the lower point of the 
depression curve for tasks 4 and 5 coincides. It should be noted that in the case of problem 5, due to the 
extremely small distance between the upstream and the runoff, the depression curve on the right side is 
established faster than on the left. 
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Figure 7. Evolution of depression curves for tasks 1-5 (numbering from left to right, top to 

bottom). 

3.5. Study of the work of a cofferdam with drain depending on its position 
For a more visual demonstration of the operation of the drain from its position, a comparison was 

made of the steady depression curves for tasks 1–5 as shown in Figure 8. The shape of the left side of the 
curve for tasks 3–5 is identical, the shape of the right side of the curve is also identical for tasks 1–5. The 
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left parts of the curves are similar to each other and can be obtained from each other by scaling along the 
X and Y axes, while the right parts of the curves are also similar but can be obtained from each other by 
scaling along the X axis. 

According to the obtained depression curves, it can be concluded that it is rational to place the drain 
one caliber away to the right of the tailwater to accelerate the drain of saturated masses in a rectangular 
cofferdam of a fixed height. This approach allows to drain a larger volume of the porous body to the tailwater 
slope. 

The introduction of linear drain at some distance to the right of the tailwater is equivalent to reducing 
the length of the cofferdam under consideration by the value of this distance, however, the time for the 
complete establishment of such a problem will be slightly longer, since in the interval from the tailwater to 
the location of the drain, a hilly area saturated with liquid is formed, the drain of which occurs exclusively 
due to the forces of gravity. 

The result obtained is of significant practical importance, since if linear drain is located close to the 
upstream, a reservoir with a depth of about 0.3H and a width of 9H can be drained in a time equal to the 
time of setting the problem without drain. 

 
Figure 8. Steady-state depression curves for tasks 1–5. 

The efficiency of drain is an essential practical task in the researched area. To evaluate the 
effectiveness, the given consumptions rates for tasks 2–5 are compared as shown in Figure 9. 

The discharge through the drain is significantly higher than the discharge through the tailwater for all 
considered problems. When the drain is removed from the tailwater, the flow through it increases. This is 
justified by the fact that the size of the hilly area saturated with liquid increases, the liquid filtration in this 
area occurs solely due to the action of gravity. At the same time, at the initial stage, the configuration from 
task 3 is the most effective, in this case, both drain and tailwater show the largest reduced flow rate in the 
time interval from 0 to 0.2 t/t set. For tasks 2 and 3, almost the entire flow rate, when the current is 
established, goes through the drain; in the case of tasks 4 and 5, a small part of the flow goes through the 
tailwater. 
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Figure 9. Comparison of the given consumption rates for tasks 2-5 (numbering from left to right, 

top to bottom). 

4. Conclusion 
According to the analysis of experimentally verified proposed numerical models of an unsteady free-

flow filtration in a rectangular cofferdam using the ANSYS FLUENT and PLAXIS 2D software packages, 
the following are concluded:   

1. Numerical modeling of an unsteady free-flow filtration flow in a rectangular cofferdam using 
ANSYS software packages FLUENT and PLAXIS 2D allows obtaining instantaneous values of 
the coordinates of the depression curve and instantaneous values of the seepage interval. The 
proposed models are consistent with the theoretical solutions. 

2. A verification of the proposed models was carried out through a comparison of the gained results 
using the numerical developed model built in ANSYS FLUENT with the existing experimental data 
in the literature. It was found that the numerical gained results show a good consistency with the 
existing in the literature experimental results, thereby, the proposed models were verified. 

3. With the help of the verified models, the filtration patterns in rectangular dams with different drain 
positions were obtained. It was found that, in the case of a sufficient removal of the drain from the 
tailwater, the established drawdown curve will be divided into two parts by the drain. 

4. According to the criterion of the reduced flow rate, the most effective is a cofferdam with drain 
removed from the tailwater by one height of the cofferdam. 

The obtained results can be applied in the design of hydrotechnical construction objects. 
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Abstract. During the literature review analysis, the main causes of bitumen binders aging were identified 
and the kaolinite modifier was proposed that have increased the bitumen aging resistance. The physical 
and mechanical properties of bitumen modified by kaolinite for the following indicators were studied: 
penetration at 25 °C, softening point, ductility at 0 °С, Fraas brittle point, dynamic viscosity at 105 °C, 135 °C 
and 165 °C. The bituminous binder aging was simulated in an RTFOT oven. The aging quality was 
determined by the softening point change, after aging in the RTFOT oven. The possibility of short-term 
aging reducing of modified bitumen at a kaolinite content of 2 % to 8 % by 12.5–28.6 % has been 
established. The characteristic peaks of bituminous binder aging: 1738, 1640, 1654, 1217, 1033 cm-1 were 
revealed by the IR spectroscopy method. It was established that the kaolinite introduction into bitumen has 
caused a significant decrease of aging processes, which has confirmed by the IR spectroscopy data: the 
peaks at 1640, 1564 and 1217 cm-1 almost completely have disappeared in the difference spectrum, and 
the intensity of carbonyl absorption band at 1738 cm-1 has decreased. The obtained experimental data 
confirmed the similarity of the processes described in previously published studies of other authors and the 
continuing research prospects in the direction of increasing the bitumen binders aging resistance at 
searching for new modifiers types and determining them optimal quantities. 

Citation: Bulanov, P.E., Vdovin, E.A., Stroganov, V.F. Increasing the level of aging stability of bitumes 
modified by kaolinite. Magazine of Civil Engineering. 2023. Article no. 12413. DOI: 10.34910/MCE.124.13 

1. Introduction 
Asphalt concrete consists of various types of coarse-grained and fine-grained aggregates, connected 

by bitumen. In asphalt mix the bitumen makes up only 3.5–7 % by weight or approximately 11–18 % by 
volume. The bitumen makes up only 3.5–7 % by weight or approximately 11–18 % by volume of asphalt 
concrete mixture and provides the significant effect on the road surfaces durability, exhibiting its elastic 
properties at negative ambient temperatures and viscous properties at high air temperatures [1, 2]. 

However, due to the constant increase of traffic intensity and axial loads on asphalt concrete 
pavements prepared from ordinary bitumen, various types of defects are formed: plastic rut, fatigue cracks, 
low-temperature cracking, wear, spalling, aging, etc. [3, 4]. 

Bitumen, being one of the main building materials in road construction, is exposed to air for a long 
time, solar radiation, wind, rain and vehicles [5, 6]. Road bitumen is the organic binder that constantly 
changes its properties, group and chemical composition as part of the road surface [7]. One of the main 
factors affecting the defects formation in asphalt concrete is the bitumen aging [8]. The bitumen aging is a 
complex process, the consequence of which is the rigidity increase and the fragility increase, both during 
the asphalt concrete mixtures (short-term aging) preparation and during the asphalt concrete (long-term 

https://creativecommons.org/licenses/by-nc/4.0/
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aging) operation. The aging process mainly involves material oxidation and manifests itself in physical 
changes such as volatile fractions loss or bitumen hardening [7, 9]. 

Bitumen aging results to increase its cohesive strength and softening temperature. In addition, 
oxygen-containing functional groups are formed (determined by IR spectroscopy) as a result of interaction 
with oxygen. There are changes in the four main bitumen fractions, namely, saturated and aromatic 
hydrocarbons, resins and asphaltenes, in the form of components transition from less to more polar 
fractions. Since the bitumen fractions have different reactivity during oxidation, the result is the decrease of 
naphthenic aromatic compounds content with a corresponding increase of asphaltenes proportion [10]. 

One of the main factors is thermal oxidative bitumen aging, which is an irreversible chemical reaction 
between bitumen and atmospheric oxygen [10]. Bitumen oxidation can occur during mixing with hot 
aggregates, during transport, laying and compaction of mixture. In addition, bitumen aging is possible when 
it was modified by polymers due to increased preparation temperature (more than 170 °C) and high shear 
rate for a long time (2–4 hours) [11, 12]. Slow oxidation processes occur during the entire service life in 
road pavements [13]. 

There are number of publications confirming the effectiveness of studies about bitumen modification 
by nanoparticles of titanium dioxide, copper, zinc, silicon, etc., as well as nanoparticles of clay minerals 
(kaolinite, montmorillonite, etc.) [14–16]. It has been established that these additives have improved the 
bitumen quality, including increasing the binder aging resistance [17–19]. It should be noted that the studies 
performed with these modifiers were considered on residual bitumen, and in Russia, oxidized bitumen was 
mainly used. These bitumens are obtained by oxidizing oil residues with atmospheric oxygen in various 
types of oxidizing reactors. Residual bitumen is mainly obtained by two technologies: with a sufficiently high 
vacuum of the oil distillation residue or by compounding oil residues [20]. There is the fundamental 
difference in the road bitumen quality produced by domestic oil refineries from bitumen produced abroad, 
where only oils of a certain group and chemical composition, in which there is practically no solid paraffin, 
are used as raw materials. The number of oils suitable for the residual bitumen production is limited in 
Russia. This explains the fact that almost the entire volume of consumed bitumen is produced by the 
oxidation of various oil residues [21]. 

In this regard, there are practically no studies on improving the bitumen aging resistance in Russia. 

Studies [22, 23] describe the possibility of clay minerals using as modifiers. One of these minerals is 
kaolinite [19, 24, 25]. 

In this regard, the purpose of the work is to establish the degree of properties change and the 
possibility of aging resistance increasing of Russian bitumen modified by kaolinite. 

To achieve this goal, the following tasks were solved: 

− study the kaolinite influence on basic physical and mechanical properties of modified bitumen; 
− study the effect of kaolinite on the change of softening temperature of modified bitumen after 

aging in the RTFOT furnace; 
− study by IR spectroscopy the main absorption bands as a result of bitumen aging in the RTFOT 

furnace; 
− establishment by the method of IR spectroscopy of the kaolinite influence on the modified 

bitumen aging resistance. 

2. Materials and Methods 
The study used bitumen grade BND 100/130 produced by Novokuibyshevsk Oil Refinery JSC in 

accordance with Russian State Standard GOST 33133-2014 (Table 1). 

Kaolinite clay is produced in Samara region, LLC NPP Industrial Minerals. In accordance with 
Russian State Standard GOST 9169-75, according to mineral composition, it refers to kaolinite clay with a 
kaolinite mineral content up to 95 %. 

The preparation of modified bitumens was carried out on a SILVERSON L5M laboratory mixer (Great 
Britain). The packing used was a standard high shear mixing head with square holes. Mixing of the modified 
bitumen was carried out in tin cans with a volume of 1 liter. An oil bath Memmert ONE 22 (Germany) was 
used to heat and maintain the required operating temperature during the preparation and ripening process. 
Silicone oil PMS-100 (LLC Penta Junior, Russia) was used as a heat carrier. A tin with a measured amount 
of bitumen was immersed in an oil bath (the coolant liquid did not reach the top of the tin by 2–3 cm). 

The modified bitumen preparation was carried out as follows: a pre-weighed amount of bitumen in 
can was immersed in an oil bath. The bitumen was heated up to operating temperature of preparation – 
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160 °C. The mixer head was immersed in bitumen and a mixing speed of 2500 rpm was created. Kaolinite 
clay, previously dried to constant weight, was introduced at a rate of 5 g/min. After the introduction of 
additives, mixing was carried out for 10 minutes at a temperature of 160 °C and a rotation speed of 
2500 rpm. It was previously established [19, 22, 23] that significant changes occurred in the range of 2–6% 
kaolinite content in bitumen. Taking these data into account, research estimates range from 2 to 8%. 

Table 1. Physical and technical properties of bitumen grade BND 100/130. 

 

Modified bitumen tests were carried out in accordance to Russian State Standard GOST 33133-2014 
requirements for the following indicators: 

− Penetration at 25 °C. The test method consists in measuring the depth to which the penetrometer 
needle is immersed in the test bitumen sample under certain conditions (temperature, load and 
duration of load application), which is expressed in units corresponding to tenths of a millimeter 
(0.1 mm). The LinteL PN-20 penetrometer, produced by JSC Bashkir Special Design Bureau 
Neftekhimavtomatika, was used as a device. 

− Softening point. The test method consists in determining the temperature at which bitumen, 
poured and cooled inside rings of given sizes, softens under test conditions and, moving under 
the weight of a steel ball, touches the bottom plate. As a device, an automatic apparatus for 
determining the softening temperature of petroleum bitumen Lintel KISH-20, manufactured by 
JSC Bashkir Special Design Bureau Neftekhimavtomatika, was used. 

− Ductility at 0 °C. The method consists of stretching of bitumen sample at a constant rate, at a 
given temperature, to determine the maximum tensile force and bitumen extensibility. As a 
device, an automatic apparatus for determining the extensibility of oil bitumen LinteL DB-20-100, 
manufactured by JSC Bashkir Special Design Bureau Neftekhimavtomatika, was used. 

− Fraas brittle point. The test method consists of cooling at a uniform rate and periodically bending 
the bitumen sample and determining the temperature at which cracks appear or the bitumen 
sample breaks. As a device, an automatic apparatus for determining the temperature of oil 
bitumen LinteL ATX-20, manufactured by JSC Bashkir Special Design Bureau 
Neftekhimavtomatika, was used. 

− Sample weight change and softening point change after aging in the RTFOT oven. The method 
consists of exposing a moving thin film of bitumen to high temperature (163 °C) and air and 
determining the effect of this exposure on the bitumen by comparing the physical and chemical 
parameters of the bitumen obtained before and after exposure. Rolling thin-film B066N1 
equipment (Matest, Italy) was used. 

− Dynamic viscosity at 105 °C, 135 °C and 165 °C, respectively, according to Russian State 
Standard GOST 33137-2014. The test method is to measure the relative flow resistance caused 
by shearing bitumen by rotating configuration elements. Dynamic viscosity is calculated as the 
ratio between applied shear stress and shear rate. A Brookfield DV2T viscometer (Brookfield, 
USA) was used.  

Indicator name Unit Actual 
values 

Requirements Russian 
State Standard GOST 

33133-2014 
Test Methods 

2 3 4 5 6 

Penetration at 25 °C 0.1 mm 107 101–130 Russian State Standard GOST  
33136 

Softening point °С 46 not lower than 45 Russian State Standard GOST  
33142 

Ductility at 0 °С cm 4.6 not less than 4.0 Russian State Standard GOST  
33138 

Softening point change 
after warming up °С 5,6 No more than 7.0 

Russian State Standard GOST 
33140 

Russian State Standard GOST  
33142 

Fraas brittle point °С -21 Not higher than -20 Russian State Standard GOST  
33143 

Flash point, not below ºС 293 230 Russian State Standard GOST  
33141 

Sample mass change 
after aging, %, no more % 0.21 0.6 Russian State Standard GOST  

33140 
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The IR spectroscopy method was used to identify functional groups, as well as to determine the 
effect of aging after the RTFOT oven. The registration and processing of IR spectra was carried out using 
a Miracle ATR for FT-IR Spectrometer ATR attachment (ZnSe crystal) in the region of 4000-650 cm–1 on a 
Perkin Elmer FT-IR Spectrometer model Spectrum 65 spectrophotometer under standard recording 
conditions and the supplied software. 

3. Results and Discussion 
It can be seen (Figure 1) that kaolinite introduction in an amount of 2–8% into bitumen, the softening 

point, Fraas brittle point, dynamic viscosity at 105 °C, 135 °C and 165 °C increased by 1.1–2.6 %,  
9.5–28.6 %, 9.2–33.1 %, 6.9–24.1 %, 11.1–55.6 %, respectively. The following indicators decreased: 
penetration at 25 °C by 8.4–22.4 %; ductility at 0 °C by 4.3–15.2 %; sample weight change and softening 
point change after aging in the RTFOT oven by 12.5–28.6 %. 

1)  2)  

3)  4)  

5)  6)  
Figure 1. The dependence of bitumen physical and mechanical characteristics  

from the kaolinite content: 
1 – softening point; 2 – penetration at 25 °C; 3 – ductility at 0 °C; 4 – softening point change after 

aging; 5 – Fraas brittle point; 6 – dynamic viscosity at 105 °C, 135 °C and 165 °C. 
It should be noted that the effect increased with the increasing of kaolinite amount and it was 

observed in seven studied dependencies (Figure 1). The exception is the parameter that determines the 
softening temperature change after RTFOT oven aging. The effectiveness of the kaolinite influence on 
bitumen with a content of more than 6 % for the softening temperature change after RTFOT oven aging is 
sharply reduced. 
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In our opinion, the increase of dynamic viscosity and softening point, as well as a decrease of 
penetration at 25 °C and ductility at 0 °C, are possibly associated with the solid clay particles presence in 
bitumen, which cause less mobility of bitumen matrix and, consequently, higher flow resistance. In addition, 
the following assumption is interesting [26, 27]: due to the dual nature (polar and nonpolar), clay plates can 
be located at the interface between asphaltenes and maltenes, and aromatic compounds, due to their lower 
molecular weight, can intercalate between clay plates. Clay plates, partially exfoliating, can be distributed 
in aromatic compounds and resins, located mainly at the interface between them. In the intercalation 
process, the clay mineral plays the surfactant role, which provides and enhances the interaction between 
the asphaltene and maltenic phases. The consequence of this process is a decrease in asphaltene micelles 
size. As a result, the amount and mobility of the "free" aromatic fraction decreases. This, obviously, is the 
reason for the resulting increase of modified bitumen viscosity. 

The established dependencies (Figure 1) show that the short-term aging reduction with the kaolinite 
introduction in amount from 2 % to 8 % into the bitumen composition was 12.5–28.6 %. 

The given IR spectra of the original bitumen and bitumen after aging in the RTFOT furnace and their 
difference spectrum (Figures 2 and 3) allow us to judge the changes that occur after aging in the middle 
spectrum part with following peaks: 1738, 1640, 1654, 1217, 1033 cm-1 absent in the original bitumen. The 
band at 1738 cm-1 corresponds to stretching vibrations of C=O carbonyl groups formed during the thermal-
oxidative degradation, and the 1217 cm-1 peak corresponds to C-O stretching vibrations, which are part of 
the ester groups. The 1033 cm-1 peak corresponds to S=O bonds of sulfoxide groups, which are also formed 
during aging. These newly formed groups intensity in the bitumen spectrum (after aging in the RTFOT 
furnace) is quite high, which indicates intensive processes of bitumen thermal degradation during aging in 
the RTFOT furnace. 

 
Figure 2. The original bitumen IR spectra  

and bitumen after aging in the RTFOT furnace: 
1 – original bitumen; 2 – bitumen after aging in the RTFOT furnace. 

 
Figure 3. Difference IR spectrum of the original bitumen 

and bitumen after aging in the RTFOT furnace. 
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In the middle spectrum part the methylene CH2 groups bending vibrations correspond to a peak at 
1460 cm-1, and to methyl CH3 groups - a peak at 1380 cm-1 (Figure 3). In the middle spectrum part these 
vibrations are separated, while in the high-frequency part, at 2800-3000 cm-1 stretching vibrations, they are 
strongly superimposed. 

Along with the fact that all the "aging" bands at 1738, 1217, 1033 cm-1 are clearly manifested in the 
difference spectrum, it is noteworthy that the 1380 cm-1 band becomes noticeably more intense than the 
1460 cm-1 peak, while in the original spectrum the dependence is inverse. This means that the CH3 groups 
concentration increases during aging significantly. Methyl groups are usually the end groups of chain linear 
or slightly branched organic molecules, and methylene CH2 groups form the chain backbone. A significant 
increase of end groups concentration should mean a general significant molecules "shortening" as a result 
of thermal degradation and, as a result, a decrease of weighted average molecular weight of bitumen 
macromolecules after aging by the RTFOT method.  

Bitumen IR spectra before and after aging in the RTFOT furnace (Figure 4, curves 1 and 2, 
respectively), the spectrum of bitumen modified by kaolinite after aging in the RTFOT furnace (curve 3), as 
well as the difference spectrum of bitumen modified by kaolinite after aging in RTFOT furnace and original 
bitumen (Figure 5) shows a significant increase the bitumen aging resistance level. As can be seen from 
the spectra, the kaolinite introduction has a very significant effect on the aging processes: the “aging” peaks 
at 1640, 1564 and 1217 cm-1 almost completely disappear in the difference spectrum, and the carbonyl 
absorption band at 1738 cm-1 intensity significantly decreases. It is difficult to judge the sulfoxide groups 
behavior in this case, since the 1033 cm-1 S=O groups absorption peak in this case is superimposed on a 
very intense 1030 cm-1 Si-O kaolinite peak, which is the reason of sharp increase of peak intensity in the 
modified by kaolinite bitumen spectrum, after aging in the RTFOT furnace and the original bitumen. 
However, it can be assumed that the kaolinite introduction inhibits the sulfoxide groups formation as well 
as carbonyl ones. We add that the peaks intensities ratio at 1460 cm-1 and 1380 cm-1 of the CH2 and CH3 
groups deformation vibrations in the modified by kaolinite bitumen spectrum, after aging in the RTFOT 
furnace, becomes equally comparable (Figure 5). The above facts quite convincingly testify to the 
unambiguous kaolinite influence on the thermal and mechanical bitumen degradation processes. 

 
Figure 4. IR spectra: 

1 – original bitumen; 2 – bitumen after aging in the RTFOT furnace; 
3 – bitumen modified by kaolinite, after aging in the RTFOT furnace. 
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Figure 5. Difference spectrum of bitumen modified by kaolinite after aging in the RTFOT furnace 

and the original bitumen. 
It was noted in [23] that in bitumen, which is in an intermediate state between a sol and a gel, some 

asphaltenes combine to form open-packed irregular micelles, which are peptized by resins. In our opinion, 
in a binary mixture of bitumen modified by kaolinite, due to clay plates located mainly at the asphaltene 
interface, solvation processes with a bitumen structure close to sol proceed more actively. This raises the 
possibility that these processes result clay plates inhibit the bitumen molecules oxidation and the light 
fraction from the binder volatilization. As a consequence of these processes, as noted in [26, 27], as a result 
of the clay plates introduction the paths for the oxygen influx and the light fraction molecules exit from the 
bitumen matrix become more elongated, which significantly affects the bitumen binder aging mechanism. 

The effect of mass change after RTFOT oven aging was studied. When kaolinite is introduced in 
bitumen from 2 to 8 %, the mass changes were 0.6, 0.32, 0.21, 0.11, 0.09 %, respectively, which confirmed 
the decrease the light fraction molecules yield as a result of binder thermal oxidation [27, 28]. 

The experimental data obtained in this work confirm the similarity of the processes described in the 
studies [19, 22–28]. 

4. Conclusions 
It was found that the kaolinite introduction in amount of 2–8 %, the softening point, Fraas brittle point, 

dynamic viscosity at 105 °C, 135 °C and 165 °C increased by 1.1–2.6 %, 9.5–28.6 %, 9.2–33.1 %,  
6.9–24.1 %, 11.1–55.6 %, respectively. The following indicators decreased: penetration at 25 °C by  
8.4–22.4 %; ductility at 0 °C by 4.3–15.2 %. The increase of dynamic viscosity and softening point, as well 
as the decrease of penetration at 25 °C and ductility at 0 °C are obviously associated with the solid clay 
particles presence in bitumen, which causes bitumen matrix less mobility and, consequently, higher flow 
resistance. In addition, the following assumption is interesting: due to the dual nature (polar and nonpolar), 
clay plates can be located at the interface between asphaltenes and maltenes, and aromatic compounds, 
due to their lower molecular weight, can intercalate between clay plates. Clay plates, partially exfoliating, 
can be distributed in aromatic compounds and resins, located mainly at the interface between them. In the 
intercalation process, the clay mineral plays the surfactant role, which provides and enhances the 
interaction between the asphaltene and maltenic phases. This process consequence is a decrease the 
asphaltene micelles size. As a result, the amount and mobility of the "free" aromatic fraction decreases. 
This, obviously, is the resulting reason of increasing the modified bitumen viscosity. 

Based on the analysis of changes the physical and mechanical properties and structure by IR 
spectroscopy, it was established that the short-term aging reducing on 12.5–28.6 % of modified bitumen 
with a kaolinite content of 2 % to 8 % have been possible. It was established that the kaolinite introduction 
into bitumen have caused a significant decrease of aging processes, which has been confirmed by the IR 
spectroscopy data: the peaks at 1640, 1564 and 1217 cm-1 almost completely have disappeared in the 
difference spectrum, and the intensity of carbonyl absorption band at 1738 cm-1 has decreased. In our 
opinion, in the binary bitumen mixture modified by kaolinite, due to clay plates located mainly at the 
asphaltene interface, solvation processes with a bitumen structure close to sol proceed more actively. This 
suggests the possibility that clay plates prevent the oxidation processes of bitumen molecules and 
volatilization the light fraction from the binder. As a result of clay plates introduction, the oxygen inflow paths 
and the light fraction molecules exit from the bitumen matrix become more remote, which significantly 
affects the aging mechanism of bituminous binder. 
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The obtained experimental data confirmed the similarity of the processes described in previously 
published studies of other authors and the continuing research prospects in the direction of increasing the 
bitumen binders aging resistance at searching for new modifiers types and determining them optimal 
quantities. 
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