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Abstract. The issue of soil pollution has lately gotten worse because of the increase in industrial wastes 
like heavy metals, liquid hydrocarbons, and petroleum hydrocarbons. Oil is one of the most important 
sources of industrial pollution, which deteriorates large parts of surface areas and water bodies, and oil or 
its derivatives spill into surface areas or water bodies, either spontaneously or forcibly. Petroleum-polluted 
soil has an ordinarily adverse impact on its geotechnical features making it inadequate substance for 
construction projects. Therefore, there is an urgent need to find suitable techniques for improving such 
polluted soils. This paper is prepared to show two matters: the first deals with a comparison between the 
natural sandy soil and sandy soil polluted with 11.8 % of crude oil, while the second deals with an estimation 
of the mechanical features of polluted soil after being treated with five different proportions of ordinary 
Portland cement as stabilizer agents. Many experimental tests have been applied depending on the ASTM 
standards to evaluate several geotechnical features like the consistency limits, compaction parameters, 
UCS, and direct shear characteristics. The results showed that the existence of crude-oil in sandy soil 
minimizes the dry density, moisture content, shear stress, friction angle, and effective cohesion. Otherwise, 
the utilization of Portland cement in polluted sandy soil increases such mechanical features. 

Citation: Sekhi, A.A., Shaia, H.A., Stabilization of sandy soil contaminated with crude-oil utilizing Portland 
cement. Magazine of Civil Engineering. 2025. 18(5). Article no. 13701. DOI: 10.34910/MCE.137.1 

1. Introduction 
Because of an increase in industrial wastes like heavy metals, liquid hydrocarbons, and petroleum 

hydrocarbons, the issue of soil pollution has lately gotten worse [1, 2]. Oil is one of the most important 
reasons of industrial pollution, which have deteriorated huge parts of surface areas and water bodies, and 
oil or its derivatives spill into surface areas or water bodies, either spontaneously or forcibly [3]. Oil tankers 
play a major role in polluting the soil and water, which usually spills from oil during loading and unloading 
operations, cleaning oil tanks, or oil tanker collisions or explosions, which negatively affects the 
environmental elements [4–10]. Several investigations were implemented to evaluate the impact of crude-
oil (C-oil) pollution on soils. Effective stress tests were carried out by Evgin & Das [11] on polluted and 
unpolluted sands. According to their findings, both loose and dense samples' friction angles were 
significantly lowering for the oil-saturated samples. However, they noted an increment in the volumetric 
strain. They came to the conclusion that oil pollution would cause foundation settlement to increase. 
Moreover, Al-Sanad et al. [12] demonstrated that the addition of two percent of C-oil makes an insignificant 
increment in the maximum peak point of the soil compaction curve, but the addition of C-oil more than two 
percent causes a minimization in the maximum peak point of the soil compaction curve. At the same time, 
the maximum water content (MWC) and the strength of soil determined by California Bearing Ratio (CBR) 
test were demonstrated a reduction with increase the C-oil percent. Kham et al. [13] performed experimental 
tests on C-oil with clay and sandy soils in Iran. The studied soil specimens have been mixed with four 

https://creativecommons.org/licenses/by-nc/4.0/
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different percent's of C-oil (0–16 % by weight of the soils), and the tests have carried out according to ASTM 
standards. They observed a minimization in the optimum peak point of the soil compaction curve with raise 
the percent of C-oil. In terms of strength parameter of soils, they observed a decrement in cohesion of clay 
soil and an increment in angle of friction of clay soil as the percent of oil raised. Moreover, the authors 
demonstrated a minimization in angle of friction of sand specimens as the percent of oil raised. Many 
authors, like Wang et al. [14], Akinwumi et al. [15], and Oluremi & Osuolale [16], studied the geotechnical 
characteristics of oil-polluted soil, reporting reduced soil resistance and raised Atterberg limits due to oil-
pollution. The ability of soil to allow the flow of water through also reduced notably. Moreover, Alfach & 
Wilkinson [17] concluded that the pollution of soil by C-oil had a reverse impact on the piles' bases relating 
to geotechnical performance degradation. Very few researchers indicated the possibility of using Portland 
cement as a stabilizer for C-oil polluted clay or sandy soils. Yu et al. [18] discovered that the utilization of 
Portland cement with C-oil-polluted soil could improve the resistance of soil and decrease permeability. 
likewise, Abdulhamid et al. [19] conducted a laboratory study to minimize the pollution resulting from oil 
industries in the soils of Iraqi Region Kurdistan. They tried to treat the soil polluted with 14 % C-oil by using 
8.7 % Portland cement. They reported that the presence of Portland cement could minimize the impact of 
C-oil pollution by increasing the values of compaction parameters. Based on the above literature, we find 
that there is an urgent need to prepare a study whose main objective is to understand the mechanical 
behavior of soil polluted with C-oil when treated with ordinary Portland cement (OPC). The current 
investigation concentrates on evaluating the mechanical properties of sandy soil polluted with 11.8 % of 
C-oil and treated with five different proportions of OPC. 

2. Materials and Methods 
Unpolluted sandy soil samples have been brought from a site nearby Dhi Qar Refinery – Dhi Qar 

government – Iraq. Moreover, sandy soil samples polluted with 11.8 % C-oil. The chemical features of 
natural sandy soil, and the features of pollutant are demonstrated in Tables 1 and 2, consecutively. The 
distribution curves of soil particles is demonstrated in Fig. 1. 

Type I OPC locally manufactured was utilized in this investigation as stabilizer substance, its 
chemical and physical characteristics are demonstrated in Table 3. 

Table 1. Chemical test results of unpolluted soil. 

Silicon dioxide 
percent 

Aluminium 
oxide percent 

Iron (III) 
oxide 

percent 

Calcium 
oxide 

percent 

Carbon 
dioxide 
percent 

Sodium 
oxide 

percent 

Potassiu
m oxide 
percent 

PH 

71.3 4.5 7.9 1.3 0.87 0.33 0.41 7.4 
 

Table 2. Pollutant characteristics (C-oil). 
Physical characteristics Chemical characteristics 

Dynamic viscosity at 60°, mm2/s 6.75 Paraffin, % 35 
Kinematic viscosity at 40°, mm2/s 43.9 Naphthenic, % 30 

Viscosity index, minute 98 Aromatic, % 15 
Density 0.805 Asphaltic, % 5 

Flash point 73   
Pour point –37   

Total acid content 0.1   
PH 8.1   

Specific gravity, API 28.5   
Moisture content, mg/kg 83   
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Figure 1. Size distribution curve of sandy soil according to D-6913/D6913M-17 [20]. 

Table 3. Features of cement utilized. 

Chemical Features Physical Features 
Compositions % by Wt. Features Values 
Calcium oxide 60.89 

Specific surface area (m2/kg) 326 
Silicon dioxide 22.74 

Aluminum oxide 4.51 
Setting time (min) 

Initial: 185 
Final: 225 Iron (III) oxide 3.45 

Sulfur trioxide 2.1 
Compressibility (MPa) 

After 3 days: 21 
After 1 week: 34 Magnesium oxide 3.05 

Loss on ignition 2.06 
Soundness % 0.23 Insoluble residue 0.5 

Lime saturated factor 0.7 

2.1. Preparation of Samples 
The sandy soil samples have been kept in plastic bags to keep their water content from evaporating 

when transporting them to the soil engineering laboratory in Thi Qar University. The samples have been 
laboratory oven dried at one hundred and ten degrees Celsius, then grind by using Loss Angeles device 
and obtaining suitable samples ready for the experimental program. The compaction tests have been 
implemented according to ASTM-D698-12E-21 [21] standards. According to ASTM-D3080-04 [22], cubic 
soil samples have been prepared by utilizing 60 × 60 mm standard shear box to evaluate the direct shear 
parameters of for unpolluted sandy soil, C-oil polluted sandy soil, and polluted sandy soil treated with 6, 12, 
18, 24, 30 % Portland cement. The experimental program, which adopted in the current investigation, are 
demonstrated in Plate 1, and all outcomes have been obtained as an average from three samples for each 
type of test and for each case studied. 
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Plate 1. Experimental program. 

3. Results and Discussion 
3.1. Geotechnical Features of Unpolluted Sandy Soil 

The general geotechnical outcomes got from the experimental program of unpolluted sandy soil are 
demonstrated in Table 4. The features values were 2.65 for specific gravity (Gs), 1.884 Kg/m3 for optimum 
dry density (ODD), 9.5 % for optimum moisture content (OMC), 3.115 ratio for coefficient uniformity (Cu), 
and 0.758 ratio coefficient for curvature (Cc). From Table 4, it could be noted that the collected sandy soil 
classified as SP according to unified classification system [23], and as A-2-6 according to AASHTO 
classification system [24]. 

Table 4. Geotechnical features of unpolluted sandy soil. 

Gs ODD 
(kg/m3) OMC (%) Cu Cc 

Classification 
USCS AASHTO 

2.65 1.884 9.5 3.115 0.758 SP A-2-6 

3.2. Impact of Cement Additive on Compaction Parameters 
The compaction parameters outcomes for sandy soil, represented as OMC and ODD, which got from 

the Proctor compaction tests for natural sandy soil, oil-polluted soil, and oil-polluted soil contained 6, 12, 
18, 24, or 30 % cement are demonstrated in Table 5 and Fig. 2. 

Compared with unpolluted sandy soil, the outputs demonstrated that the presence of C-oil decreased 
the dry unit weight and the moisture content by about 3.93 and 21.05 %, consecutively. This variation was 
due to the fact that oil has partially occupied the inter-particles spaces and the occurrence of oil has 
changed the soil to a state of looser material than an unpolluted sandy soil. 

Table 5. Results of compaction test. 

Samples Descriptions 
ODD (kg/m3) OMC (%) 

Test 
value 

Change 
(%) 

Test 
value 

Change 
(%) 

NS Natural soil 1.884 / 9.5 / 
CS Polluted soil 1.840 –3.93 7.5 –21.05 

CS+C6% Polluted soil treated with 6% cement 1.842 1.77 7.7 2.67 
CS+C12% Polluted soil treated with 12% cement 1.856 2.54 7.9 5.33 
CS+C18% Polluted soil treated with 18% cement 1.896 4.75 9.2 22.67 
CS+C24% Polluted soil treated with 24% cement 1.901 5.03 8.7 16.00 
CS+C30% Polluted soil treated with 30% cement 1.911 5.58 8.5 13.33 
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Figure 2. Compaction curves. 

Comparing with polluted soil, it could be noted that the presence of cement helped to increase the 
ODD by about 1.77, 2.54, 4.75, 5.03, and 5.58 % for soil treated with 6, 12, 18, 24, and 30 % of cement, 
consecutively. The increment in ODD is primarily due to the difference in Gs because the OPC has a Gs of 
about 3.15, which is higher than that of the soil. The impact of cement content on the ODD of polluted sandy 
soil is demonstrated in Fig. 3. Moreover, it could be noted that the presence of 6, 12, 18, 24, and 30 % 
cement helped to increase the OMC by about 2.67, 5.33, 22.67, 16, and 13.33 %, consecutively, comparing 
with polluted soil. This behavior could be ascribed to the fact that the C-oil is considered a dense 
nonaqueous phase liquid that will prevent both the cement and soil from interacting with water, and thus 
the cement will require more water. The impact of cement content on the OMC of polluted sandy soil is 
demonstrated in Fig. 4. 

 
Figure 3. Impact of Portland cement additive on optimum dry density  

of oil-contaminated coarse soil. 

1.6
1.63
1.66
1.69
1.72
1.75
1.78
1.81
1.84
1.87

1.9
1.93
1.96
1.99

2 7 12 17 22

De
ns

ity
 (g

/ c
m

3 )

Moisture content (%)

NS CS CS+C6% CS+C12%
CS+C18% CS+C24% CS+C30%

1.8

1.83

1.86

1.89

1.92

0 6 12 18 24 30

De
ns

ity
, g

/c
m

3

Cement %



Magazine of Civil Engineering, 18(6), 2025 

 
Figure 4. Impact of Portland cement additive on optimum moisture content  

of oil-contaminated coarse soil. 

3.3. Impact of Cement Additive on Direct Shear Parameters 
The direct shear parameters outcomes, represented as effective cohesion (C) and friction angle (φ), 

which got from the direct shear tests for natural sandy soil, oil-polluted soil, and polluted soil contained 6, 
12, 18, 24, or 30 % cement are demonstrated in Table 6. The behavior of stress vs. strain for three normal 
applied stresses 136.202, 272.405, and 408.608 kPa are demonstrated in Fig. 5. 

Table 6. Impact of cement on direct shear parameters. 

Samples 

φ (o) C (kPa) 

Test 
value Change (%) Test 

value Change (%) 

NS 36 ___ 0.04 ___ 

CS 24 –33.33 0.53 1225 

CS+C6% 24.8 3.33 2.34 341.51 

CS+C12% 26.2 9.17 3.84 624.53 

CS+C18% 27.5 14.58 6.24 1077.36 

CS+C24% 30.7 27.92 8.51 1505.66 

CS+C30% 33.8 40.83 13.45 2437.74 
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Normal stress 136.202 kPa 

 
Normal stress 272.405 kPa 

 
Normal stress 408.608 kPa 

Figure 5. Stress-strain behavior of oil- polluted soil contained cement. 
Compared with unpolluted soil, the outputs demonstrated that the presence of C-oil decreased the 

friction angle value by about 33.33 % and increased the effective cohesion value by about 1225 %, 
consecutively. Moreover, in terms of shear stress, compared with unpolluted sandy soil, the stresses have 
been decreased when soil polluted with C-oil as demonstrated in Fig. 6. It could be deduced that the shear 
stress of sandy soil reduces with polluting sandy soil by С-oil due to upon pollution sandy soil particles tend 
to be more lubricated and easy to slide. 

 
Figure 6. Shear stress – normal stress relations of oil- polluted sandy soil contained cement. 

It could be found the impact of cement content on oil-polluted soil by compared the results of oil-
polluted soil sample with cement treated soil samples. The relation between cement content and angle of 
friction values, which is demonstrated in Fig. 7, shown a significant increment in angle of friction values by 
about 3.33, 9.17, 14.58, 27.92, and 40.83 % for cement content 6, 12, 18, 24, and 30 %, consecutively, 
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compared with contaminated sand. This increase can be attributed to the action of the cement, which 
increases the agglomeration between the grains and reduces lubrication, which increases the contact 
strength between the particles. Likewise, it could be noted a significant improvement in effective cohesion 
values by about 615.09, 813.20, 1077.35, 1505.66, and 2437.73 % for cement content 6, 12, 18, 24, and 
30 %, consecutively, see Fig. 8. This is due to the cementing action, resulting from the hydration process, 
increasing the cohesion of the material. This impact could be clearly seen in Figs. 9 and 10. Moreover, in 
terms of shear stress, compared with polluted sandy soil, the stresses have been improved when cement 
content increased as demonstrated in Fig. 6. 

 
Figure 7. Impact behavior of cement content on angle of friction. 

 
Figure 8. Impact behavior of cement content on effective cohesion. 
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Figure 9. The impact of cement content on angle of friction. 

 
Figure 10. The impact of cement content on effective cohesion. 

4. Conclusion and Recommendations 
Experimental tests have been implemented to evaluate the difference in mechanical features 

between natural SP soil and such soil polluted with 11.8 % of C-oil. Moreover, Portland cement has been 
utilized in five different percentages 6, 12, 18, 24, and 30 % by weight of soil as stabilizer agents for polluted 
soil. Based on the experimental tests, the following points could be concluded: 

1. The optimum unit weight and OMC of sandy soil minimize with the presence of C-oil. 

2. The shear stress decrease when sandy soil is polluted with C-oil. 

3. In terms of shear parameters, C-oil pollution in sandy soil reduce the friction angle and increase the 
effective cohesion. 

4. The utilization of OPC in polluted soil increases the ODD, and this increment rises with increasing 
OPC content. 

5. In general, the presence of 6, 12, 18, 24, or 30 % Portland cement in polluted soil increases the 
OMC, and it should be noted that 18 % of cement content record the highest moisture content. 

6. OPC improves the shear stress of polluted soil, and this improvement is rise with increasing OPC 
content. 

7. Both of friction angle and effective cohesion of polluted soil increase when Portland cement utilizes 
as a stabilizer agent, and it should be noted that this increment is rise with increasing cement 
content. 
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Finally, the following points are recommended for future work: 

1. More investigation related with oil polluted soil must be implemented with another kinds of soil such 
as gypsum or silt soils. 

2. Long-term impact of oil-pollution on soil geotechnical features must be evaluated and made a 
comparison with the outputs of the current experimental work. 

3. Computer simulation programs must be utilized to study the impact of cement content in polluted 
soil and made a comparison with the outputs of the current experimental work. 

4. Stabilization of oil-polluted soil considered a significant topic; therefore, it must be made another 
investigation deals with utilizing other economic or recycled materials as stabilizing agents for 
polluted soil. 
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Abstract. This paper presents an experimental investigation to study the behavior of 12 recycled aggregate 
concrete-filled steel tubular (RACFST) short columns subjected to concentric axial loading. These columns 
formed from six different cross-sections involving: triangle, elliptical, and hexagon, whereas the other three 
sections included traditional forms for control purposes, involving: square, rectangular, and circular. The 
whole of the RACFST columns sections used is made of mild steel plates. All columns were divided into 
two groups and filled with recycled aggregate concrete. The steel tube thickness was the only parameter 
modified to study its effect properly. In addition, the study included the search for the best effective section 
with regard to the properties of stability and confinement, so these columns were designed so that the 
cross-sectional areas of steel tubes were approximately equal. Different data have been recorded in the 
experimental tests, including: the ultimate failure axial load, final failure stress, the reduction in the axial 
column length, failure patterns, and lateral displacement. Data obtained exhibited of RACFST columns with 
circular and elliptical sections, respectively, showed better stability, confinement for the concrete, and the 
ability to withstand greater final failure stress. On the other hand, the arrangement of all RACFST columns 
with polygonal sections in terms of bearing the ultimate failure stress was as follows: hexagonal (C.H.), 
square (C.S.), rectangle (C.R.), and triangle (C.T.). The reason for this was the increase in the number of 
corners of steel plates that formed the model. In another concept, this means that the greater the number 
of formed sides and the greater the angle between the sides (90° or more), the section can achieve more 
stability and confinement, respectively. In addition to these, the results showed, when the thickness of the 
steel tube increases, the concrete contribution ratio value decreases of the specimens examined. 

Citation: Haitham, A.S., Ali, H.N.A. Structural behavior of thin-walled steel short columns filled with 
recycled aggregate concrete. Magazine of Civil Engineering. 2025. 18(5). Article no. 13702. DOI: 
10.34910/MCE.137.2 

1. Introduction 
Recycled aggregate concrete-filled steel tubes (RACFST) are a type of composite construction 

consisting of two main sections: recycled concrete using recycled aggregate concrete (RAC) as a filler and 
hollow steel tube. These hollow steel tubes are manufactured in several ways, either by cold forming, steel 
plate welding, or hot rolling, as reported in Concrete-filled Tubular Members and Connections by X.-L. Zhao, 
L.-H. Han, H. Lu [1]. Common sections used in these columns are circular, square,  and rectangular and 
are often called “circle hollow section (CHS)”, “square hollow section (SHS)”, and “rectangle hollow section 
(RHS)”. Concrete-filled steel tubes (CFST) have many features and benefits for different buildings, including 
high resistance to force and fire, preferred ductility, and the unique ability to absorb energy, in addition to 
the lack of the need to use shutters during concrete construction, and as a result, reducing the cost and 
time of construction work. These advantages have been utilized in a wide field and led to the expanded use 
of this technique in civil engineering structures [2]. Through a previous statistical study concerning the 100 

https://creativecommons.org/licenses/by-nc/4.0/
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tallest buildings in the world according to materials, it was found, without a doubt, that the need to use these 
composite structures will increase shortly, while steel towers continue to decline, which calls for research 
in this regard [3]. 

The tensile strength of concrete is less than compressive strength. In addition, under two- or three-
axial restraint pressure, the compressive  strength is better. The tensile strength is high for steel structures, 
but the shape is likely to have local buckling under compression. 

In CFST, the properties of each material have been harnessed,  and working together leads to its 
wonderful benefits. The confining pressure of the concrete is provided by the steel tube, in turn, the concrete 
core reduces the local buckling of the steel tube. 

The ideal and commonly used forms of sections in steel columns filled with concrete are square, 
rectangular, and circular, as each type of these sections has its characteristics. The cross-section of the 
circular column gives strong confinement of the filled concrete, also the probability the local buckling 
occurred in SHS or RHS cross-sections even though CFST with SHS and RHS sections are still in great 
use in various construction sectors because it is easier to design and connect between columns and has 
high rigidity against sectional bending [2]. 

Other cross-sections with special shapes such as hexagonal, elliptical, and triangular are used for 
many reasons related to aesthetics, availability of raw materials, ease of manufacture, and low cost [4]. 
Therefore, the columns of the shapes of these sections were the focus of the researcher's study by 
comparing their behavior with the columns of commonly used sections such as circular, square, and 
rectangular. 

Previous studies showed that CFST column with elliptical section has higher strength and rigidity 
than hollow steel tube columns with the same cross-sectional shape. Concrete filler reduces the local 
buckling that may occur in steel tubes, which promotes the use of thin-walled CFST columns [5]. The short 
CFST column has shown that the shape of the hexagonal steel tube column approximates that of the 
circular column, as both work to confine the concrete more closely along the circumference thus enhancing 
the strength and ductility of the composite tube [6]. The effect of confinement was important in CFST  stub 
columns with circular sections filled with normal strength concrete (NSC), but in rectangular columns, the 
effect of confinement was not very significant, as the theoretical capacity of the cross-section was 
overestimated compared to its real capacity [7]. The intermediate CFST columns with octagonal cross-
sections showed the greatest final failure stress after when have been evaluated with all examined 
specimens [8]. The hierarchical arrangement in terms of sectional shapes of CFST columns associated 
with maximum bearing capacity and energy absorption capacity is circular, rectangular, and square. It also 
showed that the increase in the thickness of the steel tube leads to an increase in the maximum bearing 
capacity, energy absorption capacity, and stiffness [9]. 

Many previous experimental studies have proven the possibility and sufficiency of using RAC in 
structural buildings in various sectors of civil engineering, despite the initial shortcomings of recycled 
concrete related to the lack of some of its mechanical properties such as low compressive strength, 
modulus of elasticity, toughness, energy dissipation in return for strain greater peak, higher Poisson's ratio, 
creep, and shrinkage compared to natural aggregate concrete (NAC) [10–16]. Therefore, a lot of efforts 
have been made by previous researchers to enhance the using the mechanical behavior of RAC in 
construction structures. 

Chen et al. [17] reported that the researchers Konno et al. were the first in this field when introduced 
the idea of using recycled concrete as a filler in steel tubes. The target of this was to improve the mechanical 
properties of RAC.  

One of the most remarkable properties of recycled coarse aggregate (RCA) is its high ability to 
absorb water when it is not previously wet compared to natural coarse aggregate. RCA works to reduce 
the percentage of water in mixed concrete and thus increases the strength of the concrete [18]. 

This feature was confirmed by Chen et al. in [17], reached in their study that by increasing the content 
of the non-pre-wet coarse aggregate, the compressive strength of the RACFST columns is enhanced. Then 
by increasing the percentage of the wet coarse aggregate, the compressive strength of these columns 
decreases. At the same time, they have shown in their study that the use of RAC in CFST as a structural 
material is possible and safe. 

Safiuddin et al. [19] have shown that recycled coarse aggregate concrete (RCAC) can be used 
completely instead of natural coarse aggregate to obtain concrete with strength ranging 80–90 % of the 
strength of natural coarse aggregate concrete.  Azevedo et al. [20] explained that the resistance of a 
composite column depends not only on the compressive strength of concrete but as well on the ratio 
between the compressive strength of both steel and concrete, i.e. (fy/fc), besides to that, they stated the 
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confinement effect confirmed to be a significant factor in the strength of the RACFST column. Yang & Han 
[21]  presented experimental studies on the behavior of RACFST columns filled with RAC, they mentioned 
the failure of all specimens is failure buckling. Also, they illustrated that the failure patterns for those 
columns were similar to counterparts in CFST columns, and, the behavior of all tested specimens was 
ductile behaved. Yang & Han [22] showed that the behavior of failure patterns and compressive strength 
of RACFST columns were similar to that of hollow steel tubes filled with normal concrete. Also, they 
mentioned needing further investigation in this zone. 

Chen et al. [23]  showed that the failure modes of square RACFST columns were similar to CFST 
having the same cross-section filled with normal concrete (NC). Li et al. [24] mentioned the possibility of 
using RAC with CFST columns structural applications. Also, they mentioned that the researchers B. Qiu et 
al. presented experimental investigations regarding the behaviour of RACFST columns under the axial 
compression with square and circular cross-sectional shapes and made of thin walls. They explained that 
the patterns of failure and deformation of these columns are similar to those found in CFST columns filled 
with natural aggregate. In addition to that, there is also an accepted consensus that the structural behaviour 
of RACFST columns is slightly less than that of CFST columns filled with NAC. 

Wang et al. [25] showed that the experimental results listed a reduction in compressive strength of 
RACFST of a lower 10 %, this happened due to the use of RCA. Niu & Cao [26] – that the results showed 
the damage occurring and failure modes of RACFST columns with circular and squared cross-sections 
were similar to those of CFST columns filled with NC. Besides that, the results showed that the columns 
with circular cross-sections have the greater load-bearing capacity and better resistance to deformation 
compared to square-section columns that have the same cross-sectional area of concrete, material 
strength, and steel ratio. Also, using RAC instead of NC has a lesser effect on the axial compression of 
square columns compared to circular columns. 

Lyu et al. [27] showed that the compressive strength and modulus of elasticity of the circular and 
square RACFST columns decrease when using RCA instead of NC. Yang et al. [28], through their study of 
16 rectangular cross-sections RACFST columns subjected to axial stress, concluded that the deformation 
behavior and failure mode of these columns were similar to their counterparts of CFST columns filled with 
NC. Moreover, the authors stated that the RACFST column is a composite column that combines the 
mechanical efficiencies of CFST columns with the environmental and economic advantages of RAC. 

Here, it is important to be noted that the importance of this research lies in benefiting from each of 
the mechanical properties of recycled concrete and thin-walled hollow steel tubes. Improving these 
properties with the common work of both materials through composite columns and thus the effectiveness 
of these structural members increases. 

In addition, this study investigated some forms of special cross sections for thin-walled steel columns 
and tried to find the optimal section in terms of stability and confinement, while comparing it with the 
commonly used sections. Moreover, achieving the requirements of architecture from an aesthetic point of 
view, by providing sections with special shapes, while providing the required information about the 
possibility of using them in various sectors of civil engineering. 

Finally, in this research, RCA was used as fillers for these columns, due to its great importance in 
promoting environmental conservation. Through reducing the depletion of natural resources, preserving the 
environmental diversity of living organisms, reducing environmental pollution of the land and air, and 
reducing noise. Also, recycled aggregate (RA) is undoubtedly of great importance in several aspects, 
including reducing costs compared to continuing to use natural aggregate, and helping to get rid of the 
rubble of old or destroyed buildings due to wars and natural disasters. The possibility of using recycled 
concrete, including coarse aggregate, in the building and construction can effectively contribute to the 
promotion and development of sustainability. As it is known, achieving sustainability is a prerequisite for 
modern construction, and thus achieving comprehensive quality of use to achieve the well-being of 
humanity without compromising the natural resources that can be provided for future generations. 

By reviewing previous studies, it was noted that there was no extensive coverage to show the effect 
of changing the thickness of the steel tube on the ultimate stresses in the serviceability limits of RACFST 
columns. Especially when comparing these stresses for the same cross-section shape for all sections 
(circular, elliptical, hexagon, square, rectangular, and triangle), which have been used in the field of 
construction. In addition, the effect of the cross-section shape in terms of the number of ribs that formed 
the model's shape and the angles between these ribs on the ultimate bearing capacity of these columns 
has not been extensively studied. Therefore, here in this research, the effect of the variables mentioned 
above was studied. The following main goals in this manuscript are adopted. 

1. Researching the best effective cross-sectional shape for all RACFST columns when using RCAC 
concerning the properties of stability, confinement, and ultimate stress in the serviceability limits, 



Magazine of Civil Engineering, 18(5), 2025 

for special shapes such as hexagonal, elliptical, and triangular and compare them, with columns 
with conventional cross-sectional shapes such as circular, square, and rectangular. 

2. Investigating about the hierarchical arrangement in terms of the maximum capacity to withstand the 
ultimate stress in the serviceability limits for the RACFST columns with polygonal cross-sectional 
shapes such as hexagonal, squared, rectangular, and triangular. 

3. Provide practical experiments on the structural behavior of thin-walled steel short columns filled 
with RCAC under axial compression because so far, the numerical and experimental studies related 
to the compressive behavior of RACFST columns are insufficient. In addition, no design methods 
for local stability are available, for those columns. 

2. Materials and Method 
After a detailed study of the previous literature, the materials required for both mild steel plates and 

concrete made of RAC needed in the experimental work were identified and provided. Then, a total of 12 
samples were proposed. The shapes of the cross-sections of hollow steel tubes proposed for these samples 
and their details are shown in Fig. 1 and Table 1, respectively. 

2.1. Description of Hollow Steel Tubes Specimens 
The columns specimens that were used in this study are twelve RACFST columns with six different 

cross-sections, three of which are commonly used for comparison purposes, which are circular, square, 
and triangle. But the other remaining, are special sections, and they included the elliptical, the hexagon, 
and the triangle as shown in Fig. 1. 

To identify all RACFST specimens, these symbols (“C.C.”, “C.H.”, “C.E.”, “C.S.”, “C.R.”, and “C.T.”) 
were used, where the first letter represents the composite column specimen and the second letter denotes 
to circular, hexagonal, elliptical, square, rectangular, and triangle, respectively. 

 
Figure 1. Various cross sections of RACFST columns. 

All specimens were divided into two groups: the first group with a thickness of t = 1 mm, whereas 
the second group with a thickness of t = 2 mm. Sections of all RACFST columns were designed with 
approximately an equal external perimeter (P) so, thus this parameter does not affect the conclusions 
obtained from the cross-section shape effect analysis. The length (L) of each specimen was 300 mm, while 
the P of the cross-section of each column was 400 mm, with a difference of 2–3 %. The information for 
these specimens was recorded in Table 1. 
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Table 1. Data obtained from the proposed design of the RACFST columns models. 

Group no. Section's shape Symbols P 
mm 

L 
mm 

t 
mm 

As 
mm² 

Ac 
mm² 

G1 

Circle C.C. 408 300 1 408 13273 
Hexagonal C.H. 402 300 1 402 11663 

Ellipse C.E. 388 300 1 388 10053 
Square C.S. 400 300 1 400 10000 

Rectangle C.R. 402 300 1 402 8978 
Triangle C.T. 402 300 1 402 7772 

Group no. Section's shape Symbols P 
mm 

L 
mm 

t 
mm 

As 
mm² 

Ac 
mm² 

G2 

Circle C.C. 408 300 2 816 13273 
Ellipse C.E. 388 300 2 776 10053 

Hexagonal C.H. 402 300 2 804 11663 
Square C.S. 400 300 2 800 10000 

Rectangle C.R. 402 300 2 804 8978 
Triangle C.T. 402 300 2 804 7772 

2.2. Experimental Method and Properties of the Materials 
2.2.1. Ordinary Portland Cement 

Ordinary Portland Cement (OPC) in this experimental work was used as shown in Fig. 2. 

 
Figure 2. Ordinary Portland Cement used in this study. 

This type of cement was kept in a dry place to avoid exposure to moisture. The test results showed 
that the cement conformed to Iraqi Standard No. 5/1984 [29]. Tables 2 and 3 show the physical properties 
and chemical composition of cement, respectively. 

Table 2. Physical properties of OPC. 

Physical properties Test result 
Iraqi 

specification 
No. 5/1984 

Fitness (m2/kg) 398 Not less than 230 
Initial setting (min.) 174 Not less than 45 min. 
Final setting (hr.) 04:55 Not more than 10 hr. 

Compressive strength (MN/m2) for cement paste   
at 3 days of age 25.6 Not less than 15 
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at 7 days of  age 35.2 Not less than 23 
Table 3. Chemical composition of OPC. 

Compound 
composition 

Chemical 
composition 

Weight 
(%) 

Iraqi specification  
No. 5/1984 % 

Lime Ca O 62.6 – 
Silica SiO2 19.3 – 

Aluminum oxide  AL2O3 4.5 – 
Iron oxide Fe2O3 4.7 – 
Magnesia MgO 4.1 5 % max 

Sulfate SO3 1.8 2.5 % max 
Loss on ignition L.O.I 1.6 4 % max 

Insoluble residue I.R 0.6 1.5 % max 
Lime saturation factor L.S.F 0.9 0.66–1.02 

Tricalcium 
Aluminates 

C3A 4 – 

Tricalcium 
Silicate 

C3S 65.2 – 

Dicalcium 
Silicate 

C2S 6.1 – 

Tetra calcium 
alumina 
ferrite 

C4AF 14.5 – 

Chloride CL 0.04 0.1 max 
Aluminum oxide  

Iron oxide 
AL2O3 / Fe2O3 0.9 – 

2.2.2. Fine Aggregate (Sand) 
Fine aggregate with an optimum grain size of 4.75 mm has been used for the concrete mixtures in 

this investigation as shown in Fig. 3. 

 
Figure 3. Fine aggregate (sand) used in this study. 

The chemical and physical properties of this sand comply with what is required according to the Iraqi 
standard specification (IQS) No. 5/1984 [29]. The harmful, soft materials, the gradient, and chemical 
properties of this type of sand are shown in Tables 4 and 5, respectively. 

Table 4. Harmful and soft materials in fine aggregate (sand). 

Property Test result Specification limits % Iraqi 
specification No. 45/1984 

Material passing through 75 pm sieve 3.3 % < 5 % max. 
Sulfate content (SO3) 0.089 % < 0.5 % max. 
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Table 5. The grading of fine aggregate (sand). 

2.2.3. Recycled Coarse Aggregate (Gravel) 
The waste concrete, which resulted from the demolished concrete buildings, was the resource of the 

RCA. Concrete pieces with lengths ranging 400–500 mm was brought to the University of Karbala 
laboratory. After that, these pieces were smashed into small pieces by a laborer using a hand hammer. The 
aggregate used was determined to be with grading range 5–19 mm because the hollow steel tube samples 
were made with a small-scale size. This aggregate was separated by analyzing the sieve according to the 
above gradation. After that, the required quantities were weighed by using a sensitive electronic balance. 
These aggregates were soaked in water for 24 hours to get the saturated surface condition before mixing 
[28]. Fig. 4 illustrates the above steps in the preparation of RA. RCAC with NSC of 25 MPa was the material 
proposed as a filling material in all hollow steel tubes. 

 
Figure 4. Preparation stages of recycled coarse aggregate and devices used. 

Sieve size (mm) Passing accumulative % Specification limits % Iraqi specification No. 45/1984 
10 100 100 

4.75 97 100–90 
2.36 85 100–85 
1.18 71 100–75 
0.6 61 79–60 
0.3 32 40–12 

0.15 7 10–0 
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Tables 6 and 7 shows the gradient test results and the chemical properties of RCA (gravel) that 
comply with Iraqi Standard No. 45/1984 [30]. The test result found that the SO3 sulfite content (0.06 %) is 
acceptable within the limits of the Iraqi Standard mentioned above, which is allowing a maximum of 0.1 %. 

Table 6. Grading of coarse aggregate. 
Sieve size Grading of sample passing % Specification limits % Iraqi 

specification No. 45/1984 
19.5 100 95–100 
9.5 45 30–60 

4.75 4 0–10 
 

Table 7. Chemical properties of coarse aggregate. 

Property Test result Specification limits % Iraqi 
specification No. 45/1984 

Material Passing 75 pm Sieve 0.3 % < 3 % 

Sulfate content (SO3) 0.06 % < 0.1 % 

 

2.2.4. Water of Mixing 
Tap water was used in all preparations of a fresh green concrete mixture, as well as the curing 

process of all specimens. 

2.2.5. Trial Mixing to the Materials of Concrete 
After complete, from all these tests, three mixing trials of the materials of concrete have been carried 

out to find the best proportion to achieve the target compressive strength, which is 25 MPa. Firstly, three 
cubes of concrete with dimensions of 15 × 15 × 15 cm were cast for each mixture to evaluate the degree 
of compressive strength of the concrete according to BS 1881: Part 116-1989 as reported in [29]. After 24 
hours of casting these cubes, they were removed from their iron molds and placed in special water basins 
to complete the curing process for these samples. The average compressive strength of these cubes at the 
age of 28 days was taken through testing in the laboratory using a digital testing machine. Fig. 5 illustrates 
the above steps. In Table 8, the average value of the ultimate compressive strength of cylinder (f`c) and 
the average value of the ultimate compressive strength of cube (fcu) obtained from tests have been listed. 
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Figure 5. Steps of three mixing trials of concrete to achieve the target compressive strength. 

Table 8. Weights of mixing NC materials per cubic meter kg/m3. 

Trial no. 
Cement 

kg 
Sand 

kg 
R.C.A(Gravel) 

kg 
W/C Weight ratios 

for mixing 

Average 
fcu 
MPa 

Average 
f`c MPa 

1 350 650 850 0.40 1:1.857:2.43 27.075 21.65 
2 300 600 900 0.42 1:2:3 31.25 25 
3 375 600 1100 0.45 1:1.6:2.93 40 32 
 

After obtaining the target compressive strength of 25 MPa, where was the mixture selected with the 
ratio (cement: sand: RA) for 1 m3 was (300 kg/m3; 600 kg/m3; 900 kg/m3 is 1:2:3), respectively, with the 
water-cement ratio W/C = 0.42. Finally, three cylinders with a diameter of 15 cm and a height of 300 mm 
were cast, and the average splitting tensile strength after 28 days was taken according to ASTM C496 [29]. 
Fig. 6 illustrates the above steps. From this proportion, the average splitting tensile strength of this concrete 
mixture for three cylinders was 3.18 MPa. 
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Figure 6. Steps of pouring three cylinder and test of splitting tensile strength of concrete. 

2.2.6. Mechanical Properties of Steel Plate. 
To find the mechanical properties of the steel plate, which was used to manufacture the hollow steel 

tubes, standard coupon tensile tests have been carried out, which comply with the specification of American 
Steel Testing Materials (ASTM A370-22) (31). Fig. 7 shows the dimension of standard coupon as per 
ASTM-A370. 

 
Figure 7. Dimension of standard coupon as per ASTM-A370. 

The results of testing average ultimate failure stress, yield strength, and modulus of elasticity of three 
steel coupons with two thicknesses of 1 and 2 mm were 368 MPa, 258 MPa, 217 G Pa and 340 MPa, 
258 MPa, 217 G Pa, respectively. The information for these Standard coupons test was recorded in Tables 
9 and 10. 

Table 9. Properties of the steel coupon with a thickness of 1 mm. 

No. of 
coupon 

Yielding 
stress 
(Fy) 
Mpa 

Ultimate 
stress (Fu) 

M pa 

Elongation 
at 

fracture 
% 

Modulus of 
elasticity (Es) 

G pa 

Thickness 
(t) 

1 266 380 30.17 219 1 
2 257 366 31.22 217 1 
3 251 358 32.2 215 1 

Mean 258 368 31.19 217 1 
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Table 10. Properties of the steel coupon with a thickness of 2 mm. 

No. of 
coupon 

Yielding 
stress 
(Fy) 
Mpa 

Ultimate 
stress (Fu) 

M pa 

Elongation 
at 

fracture 
% 

Modulus of 
elasticity (Es) 

 G pa 

Thickness 
(t) 

1 268 353 27 220.8 2 
2 255 336 27.9 214.7 2 
3 251 331 29 215.5 2 

Mean 258 340 27.96 217 2 
 

 
Figure 8. Setup of steel coupons for a typical tensile test and types of equipment,  

and devices used. 

2.3. Manufacturing of Specimens 
Specimens of RACFST columns represented the RACFST are a type of composite construction 

consisting of two main sections: recycled concrete using RA as a filler and hollow steel tubes. In current 
analysis, these hollow steel tubes were manufactured by steel plate welding. 

2.3.1. Manufacturing of Hollow Steel Tubes 
Using the AutoCAD program, the cross sections of the columns were drawn according to the required 

measurements. After that, these cross sections and other parts of hollow steel tubes were cut from thin 
steel plates by using a CNC metal cutting machine as shown in Fig. 9. 
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Figure 9. Shows the CNC metal cutting machine setup, control system,  
and devices used, with cross-sections of specimens and other parts. 

Based on these sections, the hollow steel tubes were formed according to the required shapes. 

Each sample has been formed from two symmetrical parts so that its longitudinal welding is also 
symmetrical as shown in Fig. 10-8. 

A steel plate with a thickness of 2 mm and dimensions 20 × 20 mm was welded as a base for these 
specimens as shown in Fig. 10-4. This base provides three-side confining conditions and prevents the 
leakage of fine materials from the specimens for the concrete mixture and increases its stability. 
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Figure 10. Manufacturing steps of hollow steel tubes and types of equipment used. 

2.3.2. Pouring Stage of Hollow Steel Tubes 
According to [32], green concrete (GC) is a type of concrete that includes at least one component 

made from waste, has an environmentally friendly production process, boasts high performance, and a 
sustainable life cycle. GC mix was used, with RCA for mixing instead of using NCA. The GC mixture was 
designed with a compressive strength of 25 MPa. The hollow steel tubes were prepared and cleaned from 
the inside before pouring to achieve a strong bond between the concrete and the steel tube as illustrated 
in Fig. 11a. The tubes were filled with prepared concrete in three layers. Each layer was compacted when 
filled with a metal compacter bar with several blows ranging 25–35 times so that the number of blows was 
distributed evenly on the surface of the concrete to get rid of air voids and obtain well-compressed concrete. 
After completing the top layer of each tube, the surface of the mold was flattened using a steel trowel as 
illustrated in Fig. 11b. The specimens in the molds were protected with nylon covers to prevent the 
evaporation of water from the fresh concrete after pouring. These specimens were left for 24 hours in a 
place with a temperature of 15–20 °C for a period of 24 hours to dry, and away from any vibrations as 
shown in Fig. 11c. 
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Figure 11. Preparation of the pouring specimens process of RACFST columns. 

Finally, these samples were taken and immersed in a hot water basin at 60 °C for three days and 
then at 25 °C for a period of 28 days of age for completing the curing process as shown in Fig. 12a [33]. 
The base plates were removed from the samples after 48 hours after the completion of the pouring process 
for these samples as illustrated in Fig. 12b. 

 
Figure 12. Shows the process of curing concrete and removing bases plates from specimens. 

Moreover, the uneven surfaces of some samples were smoothed to ensure that the applied axial 
load was transmitted at the same time to both the steel tube and the concrete during the test as shown in 
Fig. 13. 

 
Figure 13. Shows smoothing surfaces of some samples. 
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2.4. Test Setup 
Before starting to apply axial compression on the samples, was checked that the test device and 

other connected devices with the control system are working properly. Next, was verified that the applied 
load could be applied to the specimens without occurring eccentricity. This was achieved by checking the 
flatness of the device surface. In addition to that, have been made sure that the center of the device's load 
cell matches the center of the sample to be examined. 

The test included a study of the failure's patterns, the ultimate load for each sample, the vertical 
deformation, the transverse deformation, the effect of steel tube thickness on the maximum load, and the 
effect of cross-section shape on value of the ultimate load. 

Three linear variable differential transformers (LVDT) devices have been used to measure the 
deflection in the sample due to the applied vertical load. One of them is to measure vertical deflection, the 
second is to measure the horizontal movement on the long side of the model and the third is to measure 
the horizontal movement on the other side of the model. All of them are installed in the middle of the column. 
The axial load was applied to all samples, in the same way. A hydraulic compressor presses the sample 
vertically from the top using the load cell. Fig. 14 shows the RACFST column with a rectangular cross-
section under the test. The load was regularly increased by 10 kN until failure or when a sudden collapse 
occurred to the specimen. Finally, the axial load was applied by a load cell with a maximum capacity of 
2000 kN linked to the computer. Fig. 15 shows one of the examined RACFST columns specimens in the 
testing machine with a schematic view with all details. 

 
Figure 14. Location of LVDT devices on RACFST column 

with a rectangular cross-section under the test. 
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Figure 15. Detail of the testing machine and schematic view setup  

for one of the RACFST columns. 

3. Result and Discussion 
3.1. Experimental Results 

Data on ultimate failure axial load (Nu) have been recorded in the experimental tests, while other 
information including: the ultimate stress (δu), strength index (SI), ductility index (DI), and concrete 
contribution ratio (CCR), which are discussed later in detail, were obtained by some mathematical 
approaches. The information for these specimens was recorded in Table 11. 

Table 11. Data obtained from the specimens test of RACFST columns. 

Group 
no. 

Sec. 
 shape 

Sym. P 
mm 

L 
Mm 

t 
mm 

As 
mm² 

Ac 
mm² 

Nu 
 kN 

δu 
MPa 

SI DI CCR 

G1 

Circ. C.C. 408 300 1 408 13273 556.534 241.2 1 2.02 5.28 
Hexa. C.H. 402 300 1 402 11663 430.763 206.9 0.857 1.63 4.15 
Elli. C.E. 388 300 1 388 10053 391.095 211.8 0.878 1.46 3.90 

Squa. C.S. 400 300 1 400 10000 329.261 177.6 0.736 1.58 3.19 
Rect. C.R. 402 300 1 402 8978 269.144 156.6 0.649 1.37 2.59 
Tria. C.T. 402 300 1 402 7772 189.758 122 0.505 1.44 1.82 

Group 
no. 

Sec. 
 shape 

Sym. P 
mm 

L 
Mm 

t 
mm 

As 
mm² 

Ac 
mm² 

Nu 
 KN 

δu 
MPa 

SI DI CCR 

G2 

Circ. C.C. 408 300 2 816 13273 614.530 218.1 1 1.54 2.91 
Elli. C.E. 388 300 2 776 10053 510.508 218.9 1.003 1.46 2.54 

Hexa. C.H. 402 300 2 804 11663 460.924 178.3 0.817 1.26 2.22 
Squa. C.S. 400 300 2 800 10000 390.701 165.9 0.760 1.78 1.89 
Rect. C.R. 402 300 2 804 8978 330.900 148.9 0.683 1.51 1.59 
Tria. C.T. 402 300 2 804 7772 278.710 135.4 0.621 3.78 1.34 
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3.2. Observation of Tested Specimens and Failure Patterns 
For all the tested columns have been behaved, ductile failure was noticed. The tested short RACFST 

columns failed due to the internal cracking that occurred in the core of the concrete and then the crash of 
the recycled concrete – where the sounds of this crashed concrete were heard when exceeding the middle 
stages of loading – and then the lateral expansion. Continuing with the loading, a local outward buckling 
occurred near the middle of the RACFST columns as a result of the thin steel plates yielding. In the later 
stages of the applied loading, more external local buckling occurred near the top and bottom edges of the 
tested columns. 

The failure patterns of all tested column specimens are shown in Fig. 16 for steel tube plates 1 and 
2 mm, respectively. In general, the section shape had a distinctive effect on patterns of failure that have 
occurred in tested specimens, as the failure patterns of polygonal cross-sections such as hexagonal, 
squared, and rectangular were slightly different from the patterns of circular and elliptical sections. 
Furthermore, the RACFST sample with a triangle cross-sectional shape had not similar failure behavior to 
the remaining shapes. For illustrate, the mechanism of failure for these columns has been shown below. 

Concerning the sample with a circular cross-section, swelling occurred in the lower half of the column 
due to the crushing of concrete, then the yielding of the steel resulting in local buckling near the upper end 
of the sample. Similarly, in the sample with an elliptical cross-section, the local buckling occurred in the 
middle of the column due to concrete crushing and expansion towards the steel tube. Moreover, local 
buckling occurred near the upper end of the sample during the last loading stages. 

 
Figure 16a. Failure patterns of tested RACFST columns of circular  
and elliptical cross section of steel tube thickness t = 1 and 2 mm. 

While the sample with a hexagonal cross-section, limited local buckling occurred only at the end of 
the upper third of the specimen's length. This behavior indicates that the RACFST column with a hexagonal 
cross-section is less damaged than the other columns when subjected to concentric axial loading up to the 
failure stage of the column. In the sample with a square cross-section, multiple local buckling occurred, 
starting from the end of the upper third of the column to its end. With loading continued, welding failure 
occurred in the middle region of the column (corner of the column) due to the weak ductility of the weld. In 
the sample with a rectangular cross-section, local buckling occurred at the beginning of the lower third of 
the column. 
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Figure 16b. Failure patterns of tested RACFST columns of a hexagonal  

and square cross-section of steel tube thickness t = 1 and 2 mm. 
The RACFST sample with a triangle cross-sectional shape had not similar failure behavior to the 

remaining shapes. Where simple local buckling occurred at the beginning of the lower third of the column. 
After that, with increasing load, local buckling occurred along the lower circumference of the base of the 
column. 

But the values of the plastic deformation limit (DL) of specimens were almost equal for the first and 
second groups. Except for the column with a circular cross-section, which gave higher results in a set of a 
thickness 1 mm. Besides, the column with a triangular cross-section gave a double value in a set with a 
thickness 2 mm as recorded in Table 11. 
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Figure 16c. Failure patterns of tested RACFST columns of a rectangle  

and triangle cross-section of steel tube thickness t = 1 and 2 mm. 

3.3. Load-Deformation Relationship Curves 
Fig. 17 shows the plots of experimental axial load (N) versus axial deformation (D1) in the axial (load 

– displacement) curve for each of the RACFST columns tested, which included both; an elastic phase and 
an elastic-plastic phase until to get the failure load. These diagrams show the stages of development of the 
axial load applied to the samples until the external local buckling of the RACFST is obtained up to the final 
strength of the column and beyond. 

The maximum axial load capacity of the cross-section related by the tested RACFST circular column 
and its slope in the relation of axial (load – displacement) curves was higher than all other RACFST columns 
as shown in Fig. 17. Anyway, the ultimate failure load here is not possible to be applied as a method of 
evaluation between the samples. This fact is because all the tested columns differ from each other in the 
concrete cross-section area of each column due to maintaining an equal cross-section area for all hollow 
steel tubes during the design despite the different shapes of these sections. Therefore, ultimate stresses in 
serviceability limits. This means using 80 % of the value of Nu to compute the values of these stresses-
were used to compare all RACFST columns, which are discussed later in detail. 
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Figure 17a. Diagrams of axial load (N) versus axial deformation (D1)  

of RACFST columns with steel tube thickness t = 1 mm. 

 
Figure 17b. Diagrams of axial load (N) versus axial deformation (D1)  

of RACFST columns with steel tube thickness t = 2 mm. 

 
a                                         b 

Figure 18. Diagrams of axial load (N) versus lateral deformation (D2)  
of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 
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As shown in Fig. 14, the LVDT positions were installed at the mid-height of the tested RACFST 
columns. Thus, the relationship was drawn linking the Nu with the lateral deformation (D2) that occurred 
in the mid-height of the specimens as illustrated in Fig. 18. 

The lateral deflection values were mostly small in the areas close to the middle of the examined 
RACFST columns. The reason behind this was, initially the application of the load was axial without 
eccentricity, next, the fact that the columns were short. 

During the test and after the applied load reached its maximum value, the outer local buckling 
developed almost equally around the columns of a symmetrical cross-sectional shape. Then, the lateral 
displacement developed significantly after reaching the post-peak stage. Moreover, it was observed that 
the RACFST column with a hexagonal cross-section had lower lateral deformation values compared to 
other columns for both G1 and G2 groups. Besides, this column showed less damage, after being subjected 
to concentrated axial loading up to the failure stage of the columns. In addition, The RACFST column with 
a triangular cross-sectional shape had the highest values of transverse deformation, which were related to 
the failure patterns of these columns. In general, increasing the steel tube thickness in these columns 
resulted in a decrease in transverse deformation values. 

 
a                                         b 

Figure 19. Diagrams of axial load (N) versus lateral deformation (D3)  
of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 

Fig. 19 shows the relationship between Nu with lateral deformation (D3) that occurred in the mid-
height of the specimens. It was observed that the transverse deformation values of the RACFST columns 
with circular and elliptical cross-sections were constant, which is due to the positions of the LVDT devices 
were perpendicular to the longitudinal welding of these models. That is, the longitudinal welding in this case 
gave additional strength to the steel tubes, which made the transverse deformation values to be constant 
throughout the period of applying the vertical load. In general, the transverse deformation values of models 
with 2 mm thick steel tubes were lower than their 1 mm thick counterparts. 

Based on the above information, it can be said that the cross-sectional shape of the RACFST 
columns did not affect obviously, the relationship of the load versus lateral displacement of the column. 
Except for the behavior of the RACFST column with a hexagonal cross-section shape which showed less 
damage, and has lower values of transverse deformation than other columns. 

3.4. Ultimate Axial Failure Load of RACFST Columns  
with Thickness of Steel Tube t = 1 and 2 mm 

The results of laboratory tests of RACFST columns of various cross-sectional shapes with tube 
thicknesses 1 and 2 mm have been recorded in Table 11. These columns were filled with NSC, using RCA, 
and were subjected to concentric loads. The results showed that the Nu was for the circular section column 
and the lowest for the triangular section column. All the maximum axial loads were represented graphically 
as shown below in Fig. 20. 
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a                                         b 

Figure 20. Ultimate axial failure load of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 

3.5. Effect of Section Shape on Ultimate Stress in Serviceability Limits 
As said previously, sections of all RACFST columns were designed with approximately an equal P, 

as a result, the cross-section area of the steel tube was approximately equal for all columns. On the other 
hand, this led to a difference in the cross-section area of the concrete. Thus, it is suitable to calculate the 
strength for all RACFST columns by using the ultimate stress in serviceability limits. This means using 80 % 
of the value of Nu – to compute the values of these stresses, which happened in each column to compare 
all RACFST columns. These stresses were computed by converting the composite section into an 
equivalent section of steel to evaluate these columns rather than depending on the ultimate failure axial 
load. The ultimate stress δu in serviceability limits is calculated by the following Equation [8, 34]: 

,Nu
At

δ =                                                                             (1) 

where: At = As+Ac/n, n = Es/Ec, N equal to the 80 % of the ultimate failure axial load per column of 
RACFST columns obtained through the experiment, At represents the area of steel which equivalent to the 
cross-section area of each composite column, while n represents the modular ratio, n = Es/Ec, which 
equals 9.234 and depend on the properties of the materials used in this investigation. With normal-strength 
concrete, the elastic modulus has been compared with the ACI-318 [35] formula: 

4700 .Ec f c′=                                                                       (2) 

The ultimate stress in serviceability limits δu for each RACFST column is illustrated in Fig. 21. 

 
a                                         b 

Figure 21. Ultimate stress in serviceability limits of all RACFST columns: a – t = 1 mm; 
b – t = 2 mm. 
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In the first group with a thickness of 1 mm, the circular RACFST column showed better confinement 
of concrete and better bond stress between steel and concrete. It increased the effective compound effect 
in the member and thus its ability to bear greater ultimate stress in serviceability limits from the other cross- 
sections shapes of columns such as elliptical, hexagonal, square, rectangle, and triangle. Inversely, the 
column with a triangle cross-section showed less ability to bear the stress compared with all columns with 
other sections. 

Regarding the second group with a thickness of 2 mm, the results showed that all the columns 
maintained their arrangement about their ability to withstand ultimate stress in serviceability limits, while the 
column with an elliptical cross-section showed the ability to bear higher stress than other columns as a 
shown above in Fig. 21. 

The RACFST circular column exhibited superior concrete confinement and bond stress between the 
steel and concrete, leading to increased ability to withstand maximum pressure. The reason for this result 
was that this column was made of two pieces of steel plates, the dimensions of each piece are 
204 × 300 mm, and the dimension of 204 mm has been rotated in a half-circle shape, and 300 mm in height 
to form half of its circular column. The same work for the second piece so that the circular column is 
manufactured after welding them symmetrically from both sides along the length of the column. The welding 
positions of all hollow steel tubes used in this study are illustrated in Fig. 10-8. This rolling process was like 
a pre-stress for the steel and thus gave the circular shape a greater ability to bear the stress. Besides that, 
the circular shape was having the ability to generate better confinement of the concrete section compared 
to other columns sections. The same understanding above applies to the column with an ellipse cross-
section. 

Regarding the RACFST columns with polygonal sections, Fig. 21 shows that the ultimate stress for 
RACFST column with hexagonal cross-sectional shape (C.H.) has the highest bearing ultimate stress 
followed by a square (C.S.), rectangle (C.R.), and then a triangle (C.T.). Thus, a distinctive pattern was 
observed here with an increasing number of corners of steel plates for the model, that is mean, the greater 
the number of formed sides and the greater the angles between the sides are 90° or more, have been 
obtained cross-sectional shape for RACFST column had more stable and confinement, respectively. 

For example, the RACFST column with a hexagonal cross-sectional shape showed the highest 
ultimate stress. This section was made with a circumference of 402 mm equally distributed on six sides 
with two same sections so that they were symmetrically welded on both sides along the shape. This ribbing 
process was like a pre-stress work for the steel forming the model, which gave it an additional ability to 
bear greater stress. Also, the angles between both sides were 120°, which gave the shape greater ability 
to bear compression. Where the design of this model allowed the concrete components to overlap well with 
the steel mold, and it also reduced the possibility of occurred decay or gaps between the concrete 
components and the steel mold during pouring columns. The size of the RCA used in the concrete mix was 
with a gradient 5–19 mm to comply with the hollow steel tube samples which were made with a small-scale 
size. Therefore, the measurement of these angles for the RACFST column with a hexagonal cross-sectional 
shape gave this column a greater ability to withstand the applied compression. By increasing the area of 
confining the steel cross-section for filled concrete. 

As for the square-section column, it had a circumference of 400 mm distributed on four sides, and 
the width of each side was 100 mm, where the model was made of two halves in the form of L shape. They 
were welded longitudinally and symmetrically. The same interpretation applies to all RACFST columns with 
polygonal sections. 

3.6. Strength Index 
The ratio resulting from dividing the value of the ultimate stress of any examined column by the 

ultimate stress of the circular column is called the strength index (SI) and is used to investigate compression 
applied. It can be computed from Equation 2 as follows [8, 36]: 

,uSI
r

σ
=
σ

                                                                             (3) 

where σu represented the ultimate stress for a given column of RACFST columns, whereas σr represented 
the ultimate stress of the circular RACFST column. The SI of all tested RACFST columns is shown in 
Fig. 22, and listed in Table 11. For both groups, the results showed that when the SI values increase, the 
ultimate stress values for all RACFST columns also increase. 



Magazine of Civil Engineering, 18(5), 2025 

 
a                                         b 

Figure 22. Strength index of RACFST of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 

3.7. Ductility Index 
Ductility is a mechanical property of the material that indicates the degree of plastic deformation, as 

it is considered an effective property of the material. The DI was defined as the ratio of the total axial 
shortening of a RACFST column as a result of the ultimate failure load during plastic phase loading to axial 
shorting up to 80 % of the failure load per column. This indicator was defined as reported in [7, 8, 36, 37]. 

.
80%

uDI ∆
=
∆

                                                                      (4) 

The DI values for all tested columns were listed in Table 11 while Fig. 23 showed a graph for these 
values. 

 
a                                         b 

Figure 23. Ductility index of all RACFST Columns: a – t = 1 mm; b – t = 2 mm. 

Regarding the first group with a thickness of 1 mm, Fig. 23 shows that the DI of the circular column 
is greater than the ductility of all other shapes, and this is likely due to the good confinement provided by 
the steel tube with the circular cross-section. This in turn reflects on the failure mechanism of the circular 
column, which thus determines the value of the DI. 

But the RACFST column with a rectangular cross-sectional shape exhibited the smallest value of DI. 
This is related to the failure pattern of the model, which results from the low capacity to withstand the stress 
of failure. 



Magazine of Civil Engineering, 18(5), 2025 

As for the second group with a thickness of 2 mm, the DI values for all columns were close except 
for the triangle column showed a much higher value than the other columns. This result was due to 
increasing the thickness of the steel 1–2 mm, which led to a decrease in the percentage of concrete 
contribution ratio (CCR) to bearing the ultimate failure load. Thus, increasing the amount of axial 
deformation that appeared clearly around the lower perimeter of the base of the triangle column. 

While the RACFST column with a hexagonal cross-sectional shape exhibited the smallest value of 
DI. As a result of the symmetry of its internal ribs and angles, and the fact that the cross-sectional area of 
the concrete came second after the circular section. These properties for this column increased its ability 
to withstand ultimate failure stress and thus was reflected in its failure pattern, which did not show obvious 
deformation during the stages of applying the load. 

In addition to that, all RACFST columns, which have conventional cross-sectional shapes such as 
square and rectangular with a thickness of 2 mm, appear to have high DI than their counterparts with a 
thickness of 1 mm due to the low CCR. Finally, the elliptical cross-section of RACFST exhibited the stability 
of the DI value for the two groups, which indicated the stability of the failure pattern of the model in both 
cases. 

3.8. Effect of the Thickness of the Steel Tube on 
3.8.1. Ultimate axial failure load 

For each column, the value of the experimental failure load was obtained. The final values were 
summarized in Table 11. Also, a comparison was drawn for these Nu for RACFST by using RCA and for 
the two groups with thicknesses 1 and 2 mm, and they were illustrated in Fig. 24. As expected, the column 
strength capacity increased by increasing the thickness of the steel tube for all columns. 

 
Figure 24. Comparison of the ultimate axial failure load of all RACFST columns. 

3.8.2. Ultimate axial stress 

The experimental ultimate stress in serviceability limits (δu) values were obtained for all columns and 
are listed in Table 11. These values were also compared for the two groups with thicknesses t = 1 and 
2 mm and they were drawn in Fig. 25. 
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Figure 25. Comparison of the ultimate stress in serviceability limits of all RACFST columns. 

3.8.3. Concrete contribution ratio 
The contribution of filled concrete for all specimens was analyzed using the CCR, which can be 

calculated from Equation (4) as reported in [7, 37]: 

exp.. . . ,
, ,

NC C R
As eff fy

=                                                                         (5) 

where N exp. represented the experimental ultimate failure load; As, eff, expresses the effective cross-
sectional area of the steel tube as stated by the Eurocode 3 model as reported in [38, 39], and fy 
represented the yield strength of the steel tube. The values of CCR were calculated for each column and 
their values are recorded in a Table 11 for both groups. 

The results, which have been obtained, support what was noted for the failure load. As expected, 
the CCR of RACFST columns with a steel tube thickness of 2 mm decreases as a result of the practical 
increase in the cross-sectional area of the steel. Regarding RACFST columns with triangular cross-
sections, the CCR values were the lowest, due to the smaller concrete area compared to the other columns. 

In general, for the two groups with a thickness of 1 and 2 mm, the results showed that the higher 
values of CCR led to an increase in the values of SI, accompanied by an increase in the values of ultimate 
stresses for all specimens. But by comparing the columns with the same sections, it was found that when 
the thickness of the steel tube increased, this led to a decrease in the values of CCR and thus a decrease 
in the ultimate stress for these columns due to the increase in the cross-section area for the steel tube. 

4. Conclusion 
This manuscript showed an experimental study of the behavior of twelve RACFST short columns 

under concentric axial loads. Two groups of thin-walled steel tubes with a thickness of 1 and 2 mm for 
different shapes of cross-sections were studied. Depending on the analysis of the data obtained from the 
investigational work of this study, the observing conclusions below were obtained. 

1. For all the tested RACFST short columns have been behaved, ductile failure was noticed. The 
tested short RACFST columns failed due to the internal cracking that occurred in the core of the 
concrete and then the crash of the recycled concrete – where the sounds of this crashed concrete 
were heard when exceeding the middle stages of loading – and then the lateral expansion. 
Continuing with the loading, a local outward buckling occurred near the middle of the RACFST 
columns as a result of the thin steel plates yielding. In the later stages of the applied loading, more 
external local buckling occurred near the top and bottom edges of the tested columns. 

2. The shape of the cross-section of the RACFST column had a clear effect on the failure patterns 
that occurred in the tested samples, where the failure pattern of the columns with polygonal cross-
sections such as hexagonal, and rectangular were slightly different from the failure pattern of the 
columns with circular or elliptical sections. But the failure pattern was so different in the RACFST 
column with a square cross-section where multiple local buckling occurred, starting from the end of 
the upper third of the column to its end. Also, the RACFST column with a triangular sectional shape 
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had behaviour not similar to the remaining shapes. Where the local buckling occurred along the 
lower circumference of the base of the column. 

3. Regarding the cross-sectional shape of the RACFST columns, no clear effect on the relationship 
between load and lateral displacement was observed. Except for the behaviour of the RACFST 
column with a hexagonal cross-section shape, which showed less damage, and has lower values 
of transverse deformation than other columns. After being subjected to concentric axial loading up 
to the failure stage of the columns. On the other hand, and in general, it was found that an increase 
in the thickness of the steel tube for these columns, results in lower values of transverse 
deformation. 

4. Regarding both groups G1 and G2 with steel plate thickness 1 and 2 mm, RACFST circular and 
elliptical columns, respectively, showed better stability and confinement of concrete, and the ability 
to withstand greater ultimate stress in serviceability limits. Thus, these shapes can create better 
confinement of the concrete section compared to other column sections. 

5. The results exhibited that the order of all tested RACFST columns with polygonal cross sections 
concerning the ultimate stress in serviceability limits was as follows: hexagonal (C.H.), square 
(C.S.), rectangle (C.R.), and triangle (C.T.). The order of capacity for these columns firstly was due 
to the increase in the number of ribs of steel plates that were being formed to form the model, 
secondly, the greater the angle between the sides of the steel plates, which formed the model 90° 
or more, the model can achieve additional stability and confinement. 

6. When the angles between the sides of steel plates, which formed the model, were 120° or more as 
in the RACFST column with a hexagonal cross-sectional shape, these angles gave the column 
additional ability to resist the axial load, by allowing the concrete components to overlap well with 
the steel mold, during pouring specimens to be examined. Thus, the possibility occurred decay or 
gaps between the concrete components and the steel tube is less. 

7. It was found that the ultimate stress values of these RACFST composite columns decrease with 
the increase in the thickness of the steel tube 1–2 mm due to the increase in the steel section area. 

8. When the thickness of the steel tube increases, the CCR value decreases due to the practical 
increase in the cross-sectional area of the steel tube. Finally, this led to a decrease in the ultimate 
stress for examined specimens. 

9. Regarding ductility, all RACFST columns for both groups with a circular section exhibited high-level 
ductile behaviour amongst wholly other shapes, whereas columns with a rectangle (C.R.) shaped 
cross-section exhibited a low-level rate of ductility. In addition to that, columns with conventional 
cross-section shapes that are circular and squared look to have a comparatively high value of DI. 
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Abstract. This study investigates the thermal and acoustic insulation properties of lightweight concrete 
modified with nanosilica and porcelanite aggregates. Eight lightweight concrete formulations with varying 
nanosilica content (0%, 1%, 1.5%, and 2%) and aggregate sizes (4 mm and 5 mm) were developed and 
tested. The results indicate that incorporating nanosilica significantly enhances both thermal conductivity 
and acoustic impedance. Concrete samples with 4 mm porcelanite and 1 % nanosilica achieved a thermal 
conductivity reduction of 24.85 %, while samples with 5 mm porcelanite and 2 % nanosilica demonstrated 
an 8.42 % increase in acoustic impedance. These findings underline the synergistic effects of nanosilica 
and aggregate size, providing insights for optimizing lightweight concrete performance in thermal and 
acoustic insulation applications. 
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1. Introduction 
Lightweight concrete (LWC) is recognized for its low density and thermal conductivity, offering 

enhanced thermal and acoustic insulation compared to conventional concrete [1-5]. These characteristics, 
attributed to LWC's porous structure – formed by both aggregate and cement matrix pores – make it 
advantageous in energy-efficient construction, where high thermal resistance is essential [6,7]. Despite its 
benefits, optimization of LWC's thermal and acoustic properties remains limited in existing studies. 

In recent decades, nanotechnology has introduced nanoscale admixtures, such as nanosilica, known 
for their high reactivity and minimal additive requirements, to improve cementitious composites  
[8-11]. Recent research has increasingly focused on the effects of nanomaterials, such as graphene 
nanoplatelets (GNPs), on the performance of cementitious composites, with parallels in the study of 
nanoscale admixtures in LWC. For instance, studies have examined the mechanical properties and 
durability of GNP-reinforced concrete, revealing improvements in structural performance through advanced 
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dispersion and hydration techniques and microstructural optimization. In a similar vein, investigations into 
the anticorrosion performance of nanomaterial-modified epoxy coatings indicate promising applications for 
enhancing concrete resilience in challenging environmental conditions. These studies underscore the 
potential of nanomaterials to transform cement-based materials, motivating further exploration of 
nanosilica's role in optimizing LWC for enhanced thermal and acoustic properties  
[10,12-16]. 

Research on nanosilica primarily focuses on normal-weight concrete, which has demonstrated 
enhanced hydration, microstructural integrity, and mechanical properties through nucleation, filling, and 
pozzolanic effects [17-21]. However, investigations targeting the simultaneous improvement of thermal and 
acoustic insulation in lightweight aggregate concrete through nanosilica modification are limited, particularly 
concerning porcelanite aggregates [22]. 

This study addresses the aforementioned research gaps by examining the effects of nanosilica at 
varying cement replacement ratios on the thermal and acoustic properties of lightweight porcelanite 
aggregate concrete. Field Emission Scanning Electron Microscopy (FESEM) was employed for 
microstructural analysis. This research evaluates the impact of nanosilica content on thermal conductivity 
and acoustic impedance, aiming to optimize LWC formulations for enhanced insulation performance. 

2. Materials and Methods 
2.1. Materials 

For the experimental series, Portland cement Type I from Krista (Mass Factory) was utilized across 
all mix designs, in accordance with the ASTM C150/C150M-16e1 [23]. 

The experiments incorporated natural sands from AL-Ukhaidir, conforming to a grade-confined zone 
II with a maximum particle size of 4.75 mm. The fine aggregate's particle size distribution was methodically 
analyzed, with the results and grading curves detailed in Tables 1 and 2 and illustrated in Fig. 1. In 
accordance with IQS No. 45/1984 [24], the classification for the fine aggregates, along with their sulfate 
content, was meticulously determined, ensuring compliance with established standards. 

Table 1. Analyzing the sand sieve. 

Sieve size (mm) Percentage of passing % Limited of IQS No. 45/1984 zone 2 

10 100 100 

4.75 95 90–100 

2.36 84 75–100 

1.18 60 55–90 

0.60 49 35–59 

0.30 18 8–30 

0.15 6 0–10 
 

 

Table 2. Sand's physical characteristics. 

Physical properties Results Limit of IQS No. 45/1984 
Specific gravity 2.6 – 

Bulk density (kg/m3) 1729 – 
Sulfate content (%) 0.343 ≤ 0.5 % 

Fineness modulus (mm) 2.69 – 
Water absorbing (%) 2 – 
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Figure 1. Grading curve of sand. 

In this project, natural porcelanite lightweight aggregate rock, sourced from the Trefawi region near 
Rutba in the Al-Anbar province of the western Iraqi desert, was selected as the coarse aggregate [16]. 
Porcelanite, a sedimentary rock vital for industrial applications, is primarily characterized by its opal-CT 
(cristobalite-tridymite) composition, as initially defined by Kastner et al. [25]. Fig. 2 represents porcelanite 
aggregate. 

The experimental work also incorporated nanopowder (nanosilica) (SiO2) with a particle size of 20 nm 
and a surface area of 160 m2/g, produced by Sky Spring Nanomaterials, USA. 

Additionally, a synthetic superplasticizer, EUCOBET SUPER VZ, conforming to SIA, BS 5075 1/1974 
ASTM-C494 Category G, and DIN standards, was employed to enhance the concrete's workability and 
physical properties. 

 
Figure 2. Poreclanite rock. 

2.2. Methods 
2.2.1. Porcelanite aggregate's crush, sieve, and wash processes 

The porcelanite aggregate underwent a thorough preparation process to ensure optimal performance 
in concrete applications. Initially, it was mechanically crushed to reduce it to smaller, more manageable 
sizes. Subsequently, mechanical sieving was employed to categorize porcelanite particles into two distinct 
particle-size groups, facilitating precise control over the aggregate's characteristics in the concrete mix. The 
lightweight aggregate was soaked in water for several hours to achieve saturated surface dry conditions. 
This pre-soaking process was critical for ensuring the aggregate's moisture content was at an ideal level, 
enhancing the batching of lightweight aggregates by allowing more accurate water-cement ratios and 
improving the concrete's overall performance. 

2.2.2. Dispersion of nanosilica in mixing water 
Prior to the integration of nanosilica into the cement mix, it is essential to ensure its homogeneous 

distribution within the water. The homogeneous distribution is achieved through a manual process that 
effectively disperses the nanomaterial. Due to the potential health risks associated with handling 
nanomaterials, it is imperative to adopt safety measures, including wearing a face mask and gloves, before 
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initiating dispersion. These precautions help mitigate any harmful effects and ensure a safe working 
environment during the preparation phase. 

2.2.3. Samples preparation 
As detailed in Table 3, eight distinct mixtures were prepared: A1 (Reference), A2, A3, and A4, which 

are porcelanite aggregate concretes with a particle size of 4 mm and varying ratios of nanosilica; and A5 
(Reference), A6, A7, and A8, representing porcelanite aggregate concretes with a particle size of 5 mm 
and varying nanosilica ratios. 

A proportion of 1:1:1 for (cement: sand: porcelanite coarse aggregate) that would be appropriate 
after 28 days was created using a water-to-cement mix of w/c = 0.35 plus a superplasticizer with 0.4 percent 
of cement weighting. The concrete mix proportions are listed in Table 3. 

The mixtures followed a 1:1:1 ratio of cement, sand, and coarse porcelanite aggregate, with a water-
to-cement ratio (w/c) of 0.35 and a superplasticizer content of 0.4 % by cement weight. Special molds with 
a 40 mm diameter and 10 mm thickness were used for casting, in accordance with BS 874-73 [26]. For 
thermal conductivity measurements, Lee's disc method was employed, and for acoustic insulation testing, 
cube samples measuring 10×10×10 cm were prepared in accordance with ASTM C 597-02 [27] using 
porcelanite particles with a size of 4,5 mm. 

On the 28th day, thermal conductivity tests were conducted, along with FESEM testing on selected 
samples. 

Table 3. Mixed design of the experiment 

Mixture kind Cement 
Kg/m3 

Sand 
Kg/m3 

Porcelanite 
Kg/m3 

Water-to-cement 
ratio 

Nanosilica 
(NS), 
Kg/m3 

Superplasticizer 
wt.% 

A1 Ref. 550 550 550 0.35 0 0.4 
A2 544.5 550 550 0.38 5.5 0.4 
A3 541.75 550 550 0.38 8.25 0.4 
A4 531 550 550 0.38 11 0.4 

A5 Ref. 590 590 590 0.35 0 0.4 
A6 584.1 590 590 0.38 5.9 0.4 
A7 581.15 590 590 0.38 8.85 0.4 
A8 578.2 590 590 0.38 11.8 0.4 

3. Results and Discussion 
3.1. Thermal Conductivity 

In Table 4, the thermal conductivity outcomes for the eight concrete mixes reveal a decrease in 
thermal conductivity across all nanosilica ratios A2, A3, A4, A6, A7, A8 as illustrated in Figs. 3 and 4. This 
reduction is attributed to the altered balance between the concrete's pore volume and its solid structural 
volume [28], indicating that while pore shape and size distribution have a marginal impact, the presence of 
nanosilica significantly enhances the concrete's thermal performance. The comparison in Table 4 
underscores the superiority of nanosilica-enhanced porcelanite concrete over mixes without nanosilica, 
particularly highlighting that a porcelanite particle size of 5 mm results in lower thermal conductivity, 
demonstrating the critical role of nanosilica in reinforcing concrete's thermal insulation properties. 
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Table 4. Thermal conductivity. 

Mix type Specimen 
dishes 

Conductivity  
(w/m. cº) 

Reduction  
rang (%) 

Time 
(µsec) 

Velocity 
Ultrasonic 

Pulse Velocity 
(UPV) (Km/sec) 

Acoustic 
impedance 
(Rayl) *106 

Enhanced 
rang (%) 

A1 Ref. A 0.806 0 39.0 2.69 4.48 0 

 B 0.610 0 40 2.60 4.29 0 
A2 A 0.550 22.3 37.9 2.71 4.44 1.2 

 B 0.514 27.4 38.9 2.69 4.38 –0.1 
A3 A 0.625 11.7 36.7 2.72 4.30 –1.9 

 B 0.589 16.8 36.4 2.85 4.60 4.9 
A4 A 0.584 17.5 36.0 2.77 4.55 3.7 

 B 0.537 24.1 35.9 2.78 4.55 3.7 
A5 Ref. A 0.616 0 36.3 2.75 4.81 0 

 B 0.616 0 37.6 2.65 4.74 0 
A6 A 0.497 29.8 35.3 2.94 5.11 16.5 

 B 0.553 21.8 37.9 2.63 4.64 5.8 
A7 A 0.429 39.4 36.9 2.84 4.95 12.8 

 B 0.582 17.7 36.2 2.87 4.96 13.1 
A8 A 0.550 22.3 34.3 3.03 5.30 20.8 

 B 0.496 29.9 35.1 2.93 5.18 18.1 

3.2. Acoustic Insulation 
The acoustic insulation effectiveness is significantly enhanced by adding nanosilica as demonstrated 

on day 28 (referenced in Figs. 4, 5, and Table 4 and in line with ASTM C 597–02 standards [27]). The 
improvement in acoustic insulation was notably sequential, with A4, A6, A7, and A8 showing increased 
effectiveness. The study highlights the dependency of LWC's insulation properties on its density and the 
elapsed time in microseconds. Notably, specimens A2 and A3 did not show an improvement in acoustic 
insulation by day 28, suggesting that the optimal nanosilica concentration for reinforcing concrete under 
the current dispersion conditions is between 1 % and 2 % by cement weight. 
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Figure 3. Porcelanite concrete's thermal conductivity  

with 4 mm particle size using various nanosilica ratios. 
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Figure 4. Porcelanite concrete's thermal conductivity  

with 5 mm particle size using various nanosilica ratios. 

 
 

Figure 5. Acoustic impedance and velocity UPV of porcelanite aggregate concrete  
at 4 mm porcelanite particle size with various nanosilica ratios. 
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Figure 6. Acoustic impedance and velocity UPV of porcelanite aggregate concrete  

at 5 mm porcelanite particle size with various nanosilica ratios. 

3.3. Microstructure by FESEM 
The FESEM analysis reveals that porcelanite concrete incorporating nanosilica, specifically in 

mixture A7 with a 5 mm porcelanite particle size and 1.5 % nanosilica, exhibits the lowest thermal 
conductivity, as shown in Fig. 7. 

This microstructure is characterized by its uniformity, compactness, and absence of cracks. Further 
examination of the acoustic impedance in plain concrete, particularly in mixture A8 (containing 5 mm 
porcelanite particles and 2 % nanosilica), corroborates these findings, showing a consistent, crack-free 
microstructure, which implies enhanced performance in both thermal insulation and acoustic impedance, 
as shown in Fig. 8. 

 
Figure 7 (A and B). Porcelanite concrete at 5 mm particle size has nanosilica 1.5 %  

at magnifications of 13000X and 50000X, respectively. 
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Figure 8 (A and B). The microstructure image of plain porcelanite concrete at 5 mm particle size 

using nanosilica 2 % at magnifications of 13000X and 25000X, respectively. 

4. Conclusions 
The study meticulously examines the influence of nanosilica incorporation on the thermal and 

acoustic properties of LWC, utilizing diverse ratios and particle sizes of porcelanite aggregates. Based on 
the results of this research, the derived conclusions are as follows: 

1. Enhanced Thermal and Acoustic Properties: Incorporation of nanosilica into porcelanite aggregate 
concrete significantly reduces thermal conductivity and increases acoustic impedance compared 
to standard porcelanite aggregate concrete. 

2. Microstructural Improvement: FESEM analyses reveal that nanosilica serves dual purposes: 
mitigating microcracks and acting as a hydration activator, thereby improving the microstructure 
when uniformly distributed. 

3. Optimal Mix Proportions: The mixture containing 1.5 % nanosilica (specimen A7) demonstrated a 
remarkable 39.4% reduction in thermal conductivity. On the other hand, a 2 % nanosilica mixture 
(specimen A8) exhibited a 20.8% increase in acoustic impedance. 

4. Catalytic Role of nanosilica: Beyond microcrack prevention, nanosilica accelerates hydration, 
optimizing concrete performance. 

5. Future Implications: These findings suggest potential guidelines for designing concrete mixtures 
with improved thermal insulation and sound-dampening capabilities, highlighting the critical role of 
nanoparticle distribution and concentration. 
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Abstract. In this research, a special model for assessing the impact of static load on flexible pavement 
behavior is studied, through the use of crawling screening parameters. Relying on previous experiments, 
the FEM simulation was done using the Abaqus program, which is accurately predicted the behavior of the 
static load. The results showed that this pregnancy greatly affects the sidewalk response, and thus leads 
to the accumulation of stress and emotion and their development in asphalt concrete, in the end, it leads to 
the formation of permanent distortion. The FEM analysis shows an increase in the depth of distortion of the 
static load result, which means the importance of taking its impact into consideration when designing the 
sidewalk and maintenance strategies. The research underscores the value of enhanced rutting prediction 
models to improve pavement performance and support the development of more durable and sustainable 
road infrastructure. 

Citation: Al-Gabri, N., Shanbara, H. Analytical evaluation of the rutting response under the static loading 
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1. Introduction 
Asphalt concrete (AC) road is one of the kinds of roads used, and although it is commonly used due 

to its many advantages, it is prone to a number of types of breakdowns such as cracks of all kinds, fatigue, 
rutting, and others, which is undesirable because of the problems it causes to the road and its users. This 
type of failure occurs as a result of stresses exceeding the capacity of the roadway, lack of materials, design 
error of the asphalt mix, traffic loads of its dynamic and static types [1, 2]. One of the most harmful loads 
on the pavements is static load [3, 4], which occurs in places where vehicles stop, such as at checkpoints, 
at intersections, and in places on roads with high traffic volume (congestion), almost complete cessation of 
traffic [5], weather. This failure is considered a danger to the pavement because it poses a danger to road 
users and causes permanent deformation of the pavement, reducing the performance of the pavement [6, 
7]. This failure is limited to one layer, that is, AC, or several layers, that is, all layers of the pavement. 
However, as a result of the impact of this deformation on the transport infrastructure and its sustainability, 
rutting must be predicted before construction to ensure that roads are preserved from deterioration. This is 
done either through laboratory tests or by using simulation programs to represent the real conditions of the 
pavement using more accurate programs than laboratory tests, in this way a technique is use [8]. 

Finite element, a powerful numerical method used in fields such as pavement geometry, and Abaqus 
program uses this technique to perform vim simulations in the context of this prediction. It enables the 
development of various models and also predicts the impact of vehicle loads, environmental conditions, 
and various pavement materials. The program, used by many researchers, creates complex models of 
finite elements by dividing the model into a number of finites. The program can conduct a detailed analysis 
of stress, overstrain, traffic loads, etc. [9]. The Abaqus program can predict the rutting before the pavement 
is built over time at the impact of static load. By simulating static load, which provides an insight into the 

https://creativecommons.org/licenses/by-nc/4.0/
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pressure distribution on the pavement as well as its impact during the maintenance period, heavy 
equipment is often placed on pavements with constant loads, thereby assessing the structural response to 
alternating current and the problems that occur. In general, static load simulation provides a remedy for 
cases of slow-moving static conditions, which provides a comprehensive approach to the pavement under 
various conditions. Finally, by simulating vim with Abacus program, the degree of resistance of the 
pavement to deformation is assessed, materials are selected, and construction practices are improved. 
This predictive ability enhances the decision-making process in the design of sidewalks, contributing to the 
improvement of flexible and sustainable transport infrastructure. This research paper aims to simulate the 
grooving behavior of an AC layer before construction using the Abacus program and under the influence of 
static load. 

2. Methodology 
The methodology of this research involves predicting the permanent deformation of the AC layer 

through the use of the finite element model (FEM), which is carried out by simulating a wheel track test and 
depending on previous research [10, 11]. All the necessary parameters were taken from the modulus of 
elasticity and creep test parameters, as well as load distribution and other factors, for the purpose of 
simulating this in an exam in the Abaqus program. Also, measure the distribution of stress and strain in the 
slab under the influence of traffic loads, especially static loads. The purpose of stress and strain forecasting 
is to measure the range of resistance of alternating current to applied loads and its durability, which makes 
it more powerful and reliable. 

2.1. Program of Testing 
There are many laboratory tests that are performed for asphalt or asphalt mixtures in order to ensure 

its structural integrity when built. When simulating a wheel track examination in this research using the 
Abaqus program, it requires entering some of the necessary parameters to identify the materials as well as 
those related to the examination. This is made based on past lab tests such as uniaxial compressive cyclic 
(creep), indirect tensile stiffness modulus (ITSM), and wheel tracking [12]. 

2.2. Uniaxial Compressive Cyclic (Creep) Test 
The creep test of asphalt, also called as the uniaxial compressive cyclic test, is a laboratory 

procedure used to estimate the viscoelastic behavior and deformation features of AC pavement materials 
below repeated loading. Through the creep test, an asphalt specimen is prepared according to standard 
procedures and placed in a machine of testing [13]. The specimen is then subjected to a fixed compressive 
load, typically applied at a specified rate, and maintained for an extended time. As the load is applied, the 
asphalt mix specimen undergoes deformation, which is monitored and measured with time. The distress 
behavior is typically measured as axial strain, representing the various in length of the sample relative to 
its original length. This test is evaluating asphalt's viscoplastic response under sustained loading, know its 
deformation behavior with time and the model given by Equation 1, also developed in the Abaqus program. 

2.3. Indirect Tensile Stiffness Modulus Test 
Indirect Tensile Stiffness Modulus Test is one of the tests used to measure the viscoplastic behavior 

of asphalt, i.e., the creep test parameters that depend on the material and the deformation characteristics 
of the mixture as a result of repeated loads on the model. This examination is carried out by preparing 
samples according to the standard specifications for the examination. The sample is then subjected to a 
constant, compressive load inside the testing device at a specific rate, which results in deformation of the 
sample and is measured over time. The axial strain is measured through it, which is the ratio of the change 
in length to the original length. This way, the performance of the material over time is known, and it also 
gives an equation that contains the creep test parameters, as in Equation 1, and it was also developed in 
the Abaqus program. 

2.4. Wheel Tracking Test 
Wheel tracking testing is a standard laboratory procedure used to evaluate the rutting resistance of 

asphalt pavement materials under simulated traffic loading conditions [14]. A wheel tracking apparatus is 
used for testing the asphalt samples that are prepared according to standard procedures. The dimensions 
of this apparatus differ depending on its manufacturer, but in our case, they were equal to 50 mm in 
thickness, and 400 mm × 305 mm [15]. The device contains a wheel that moves back and forth across the 
sample surface, applying a constant load following a predetermined path pattern. Usually, such a test is 
performed to imitate the effects of traffic loads, among which may also be the static loads on pavement 
grooves. 
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It is a regular practice to perform groove depth measurements during the test in order to assess how 
much deformation or rutting occurs on the sample of asphalt. The data obtained from wheel track tests is 
then processed in order to estimate the resistance of the asphalt mixture to permanent deformation, which 
is an important criterion for assessing the operational characteristics of pavements under simulated traffic 
loads. 

2.5. Finite Element Modeling 
The FEM is generally used in engineering to analyses complex structures, including asphalt layers. 

In this context, the FEM helps to model and simulate the behavior of asphalt below several conditions, 
considering parameters like load, temperature, and material properties. It permits engineers to predict how 
the AC layer will respond to different stresses, assisting in the design and optimization of road structures. 
There are many techniques used to anticipate rutting of flexible pavements. One of these techniques is the 
finite element method, which has been used successfully to analyses the performance of flexible 
pavements. This technique has become more important and has been adopted by many researchers, and 
it is one of the best techniques used to analyze the permanent deformation behavior of the road under 
different conditions. Thus, in this research, on this technique for the solid structural analysis of the AC layer 
using the C3D8R element, which is eight-node bricks elements with reduce integration [16–19] to simulate 
the AC casting section for the entire simulation, as in Fig. 1, which gives the finite element mesh. The goal 
is to analyze the model accurately by dividing it into smaller units and analyzing it through an appropriate 
mesh test that gives the appropriate results. However, the FEM has dimensions of 50 mm, thickness of the 
pavement layer, and other transverse dimensions 305 × 400 mm, but a quarter of the model was modeled. 
To reduce the cost and time of analysis, symmetry boundary conditions were used along the symmetry 
plane [20]. Apply a 3D model of the pavement layer, which is more accurate than 2D. As for the boundary 
conditions, in reality or the real conditions of the sidewalk, it is allowed to move freely in the vertical direction 
only and is restricted in the horizontal direction. As for the model, the surface part is free to move, the lower 
part is restricted in all directions, and the rest of the edges are prevented from moving in the horizontal 
direction. Regarding the loads imposed on the model in the Abaqus program, the load is 0.7 MPa of 
pressure load, which is distributed uniformly over the contact area with dimensions 230 × 50 mm to simulate 
the static load of the model as shown in Fig. 2. Where ther is also shown the load distribution and boundary 
conditions. 

 
Figure 1. Finite element mesh of pavement model. 

 
Figure 2. Boundary conditions and load distribution using Abaqus program for pavement model. 

2.6. Material Properties 
The behavior of the viscoplastic and elastic material of hot mix asphalt (HMA) was used, that is, 

based on creep testing for the purpose of using creep coefficients to predict realistic rutting, in addition to 
the material’s modulus of elasticity and Poisson’s ratio of 0.35. The creep test equation was used, 
Equation 1 and Table 1 show the material properties of the pavement: 

,vp A n tε = σ⋅ ⋅                                                                     (1) 
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where A, n, and t are the creep power law parameters that relate to the material properties as: vpε  – 

viscoplastic strain, A – power law multiplier, n – equation stress order, t – time order. 

Table 1. Elastic and viscoplastic properties of HMA(16). 
A N M E (MPa) 

8.19×10-4 1.758 –0.0123 835 

3. Result and Discussion 
The FEM finite element approach was used to analyze the AC layer using a 3D model with 

appropriate material properties and loading conditions described in the previous sections. A model was 
implemented to analyze the pavement. In this research, the permanent deformation, stress, and strain of 
the AC were evaluated. For the purpose of understanding the behavior of this layer when exposed to static 
loads. Fig. 3. shows the effect of the static load on the model, as it leads to the formation of rutting on the 
pavement over time, and thus leads to premature damage to the pavement. Figs. 4 and 5 show the vertical 
strain and stress of the road. Vertical strain refers to the amount of change (elongation) in the layer as a 
result of the load. This indicates that it has an important effect because it leads to damage to the pavement. 
As for stress, it also represents the internal changes that occur in the pavement as a result. Traffic loads or 
temperatures, and based on the results of Figs. 4 and 5, it was found that static traffic loads also affect the 
pavement, i.e., cause damage to the pavement. Therefore, all of this indicates that static traffic loads cause 
damage to the road in terms of stress, strain, and rutting, and this results in premature maintenance or 
rebuilding of the sidewalk. Therefore, the effects of these loads must be taken into consideration, and this 
agrees with what was stated by [20]. 

 
Figure 3. Rutting deformation of AC under the effect of static load. 

 
Figure 4. Vertical strain distribution of AC under the effect of static load. 

 
Figure 5. Vertical stress distribution of AC under the effect of static load. 

4. Conclusions 
This research presents a viscoplastic model of AC using a hot asphalt mixture that is subjected to a 

constant load. This model was developed to simulate the AC layer at this load. It is required for the purpose 
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of knowing the effect of static load on the pavement in terms of depth of deformation, stress, and strain, 
which gave important results, through which we can know the effect of this load on the asphalt. 

1. The generalized model can be used effectively to determine the effect of static load on asphalt and 
by using creep test parameters for asphalt. 

2. The developed model can predict rutting accurately, based on the results. 

3. The static load has an effect on the pavement, where it leads to the formation of stress, strain. 
Permanent deformation results in premature failure of the pavement. 

4. FEM results indicate a somewhat high rutting depth as a result of the static load that matches with 
results of previous studies. 
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Abstract. Expanding the raw material base and diversifying supplementary cementitious materials based 
on distribution, availability, and competitiveness with traditional materials is a key focus for promoting the 
production and application of low-carbon cements. This approach is crucial for ensuring the sustainable 
development of the cement industry. Extensive research and practical experience in recent decades have 
highlighted the promising potential of using thermally activated clays to create low-emission cements. 
Calcined clays have now become significant and growing part of the range of reactive aluminosilicates 
suitable for use as primary or supplementary sources in producing clinker-free or low-clinker cements. This 
is facilitated by the abundant reserves of clay raw materials and the high reactivity of activated clays. The 
practical implementation of thermally activated clays followed extensive, long-term studies on the potential 
use of various types of clays. Research focused on the influence of chemical and mineralogical 
compositions, activation methods, and other factors on their reactivity. While important parameters for 
kaolin clays, such as kaolin content, optimal temperature and duration of thermal treatment, and fineness 
of grinding, are well-defined and included in standards, these aspects are not thoroughly studied for 
polymineral and montmorillonite clays. This study examines the impact of temperature and duration of 
calcination on the reactivity of montmorillonite-kaolinic clay with an average clay minerals content and 
explores its potential in environmentally-oriented low clinker cements. 

Citation: Sabirov, I.R., Rakhimova, N.R., Morozov, V.P., Eskin, A.A. Exploring the potential of calcined 
montmorillonite-kaolinite clay with medium percentage of clay minerals for low-carbon cements. Magazine 
of Civil Engineering. 2025. 18(5). Article no. 13705. DOI: 10.34910/MCE.137.5 

1. Introduction 
The development of modern Portland cements (PC) that meet the requirements of sustainable 

development has led to the need to expand and adapt the mineral raw material base of the cement industry 
for the production of eco-friendly binders. In recent decades, research aimed at increasing the variety of 
supplementary cementitious materials (SCMs) for composite and multicomposite cements has intensified 
[1–7]. A reasonable approach to expanding the raw material diversity of SCMs is to search for more 
widespread natural and technogenic resources that are widespread and readily available compared to 
traditional pozzolans additives and mineral fillers. The growing demand for affordable and high-quality 
SCMs has sparked increased interest in carbonate and clayey raw materials as both individual and binary 
SCMs to PC [1, 8–10]. As a result, at the current stage of PC development, these rocks are not only practical 
non-alternative mineral sources for the production of PC clinker as a basic part of PC but also SCMs, among 
other natural and man-made resources, adapting cements to the current environmental requirements for 
reducing the impact of cement production on the environment. 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-1735-1758
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Clay rocks, which account for 70 % of sedimentary rocks, are known for their large reserves, 
widespread deposits around the world, diverse chemical and mineralogical compositions, and varied 
content and structure of main rock-forming minerals. Among the many clay minerals, kaolinite and smectite 
are considered to have the highest value when used in the activated state as SCMs for various binder 
systems. Kaolin clays, particularly metakaolin, have been extensively studied for their application as SCMs 
and are used in the production of cement and concrete on an industrial scale. However, the global reserves 
of kaolin clays are limited compared to other types of clays, and they are predominantly found in regions 
with tropical and subtropical climates. In regions with arid and cold climates, 2:1 clay minerals, such as 
smectite, illite, chlorite, and mixed-layer minerals more common [9]. This has led to a significant amount of 
research focusing on clays with medium and low kaolin content, non-kaolin clays, and polymineral clays to 
identify alternative sources of clay raw materials for the production of reactive aluminosilicates [11–20]. 

A number of studies [20–32] have established the effectiveness of smectites in initial, modified, and 
activated states when used as SCMs for PC. The positive effect on the physical and mechanical properties 
of cement composites depends on the chemical and mineralogical compositions, crystallochemical features 
of minerals, method and mode of activation, dispersity, concentration of montmorillonite additives, and other 
factors. Thus, Vallina et al. [19], reported that active smectites consisted in starting form an amorphous 
content of approximately 80 wt% exhibited pozzolanic activity comparable to clay with 30–35 % kaolinite 
as determined by the R3 test. According to Liu [32], the addition of 8–10 % Na-bentonite with an average 
particle size of 10 µm resulted in 77.5 % increase in the compressive strength (CS) and a 54.5 % increase 
in flexural strength the of cement-sand mortars. The strengthening effect of Ca- and Mg-bentonites was 
found to be less significant. The permeability reduction was highest with Mg-bentonite addition (137.3 %), 
followed by Na- (115.7 %) and Ca-bentonite (101.9 %). 

If we consider kaolin clays, aspects, such as the limit of kaolin content, optimal temperature and 
duration of heat treatment, fineness of grinding, etc., are determined by the results of complex studies and 
included in the standards [33]. However, for montmorillonite clays these issues have not been fully studied. 
An analysis of the results of studies of the influence of calcined bentonite on the physical and mechanical 
properties of cement composites shows that not all results are consistent in terms of positive influence or 
level of improvement of indicators. This inconsistency is likely due to various parameters, such as chemical-
mineralogical composition of clays, particle size, purity, crystallinity of clays, temperature and time of 
calcination, which need to be considered and systematized. The optimal calcination temperature for 
montmorillonite clays reported in the literature were 600 °C [20], 750 °C [21], 800 °C [19, 22–25], 830 °C 
[26–28], 850 °C [29], 900 °C [30, 31]. Additionally, only a few papers provide the exact quantitative mineral 
composition of clays [19, 24, 31, 34, 35]. The optimal duration of heat treatment according to study results 
can range be from 1 to 5 h. Determining the optimal heat treatment modes has its own peculiarities for 
clays with a mixed mineralogical composition. 

In the present study, we investigate the influence of temperature and calcination duration on the 
reactivity of montmorillonite-kaolin clay, as well as its impact on the properties of fresh and hardened 
cement pastes. 

2. Methods and Materials 
The ordinary PC and montmorillonite-kaolinite clay were used as starting materials in this study. The 

chemical compositions of the mineral sources are listed in Table 1. The mineralogical composition of PC 
was as follows: C3S – 72.0 %, C2S – 9.8 %, C3A – 5.0 %, C4AF – 11.4 %. The mineralogical composition 
of montmorillonite-kaolinite clay from the Biklyansky deposit of Russia (% wt.) was: 

montmorillonite (PDF 03-0015) (Na,Ca)0.3(Al,Mg)2Si4O10(OH)2•H2O – 36 %; 

kaolinite (PDF 00-058-2028) (Al2Si2O5(OH)4) – 13 %; 

quartz (PDF 01-079-1910) (SiO2) – 22 %; 

albite (PDF 01-084-0752) (NaAlSi3O8) – 7 %; 

microcline (PDF 01-084-1455) ((K0.95Na0.05)•AlSi3O8) – 8 %; 

muscovite (PDF 01-070-1869) (K0.77 Al1.93(Al0.5Si 3.5)O10•(OH)2) – 10 %; 

clinochlore (PDF 01-070-1869) ((Mg2.96Fe1.55 Fe0.136Al1.275)•(Si2.622Al0.376O10)•(OH)8) – 4 %. 
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Table 1. Chemical composition of the starting materials (% wt). 
Material SiO2 Al2O3 Fe2O3 CaO MgO 

PC 20.7 4.5 3.5 65.0 3.1 
Clay 50.9 20.73 7.6 0.84 2.09 
 

The chemical composition of the source materials was determined using an atomic emission 
spectrometer (OPTIMA 4300 DV). The clay was ground using a ball mill. The particle size distributions of 
the source materials were measured using a laser particle size analyzer (Horiba La-950V2). The clay was 
dispersed in ethanol using ultrasound as the dispersion medium. Details of the size distributions are 
provided in Fig. 1. The ground calcined clay (CC) was calcined at 700, 800, and 900 °C with a heating rate 
of 3.3 °С/min. Dwell times of 1 and 2 h were used. 

 
Figure 1. Particle size distribution of the CC. 

X-ray diffraction (XRD) and thermal analyses (TG/DSC) were conducted on ground CC. The XRD 
results were obtained using a D2 Phaser X-ray diffractometer in a Bragg-Brentano θ–2θ configuration with 
Cu Kα radiation operating at 40 kV and 30 mA. Data analysis was performed using the DIFFRAC plus 
Evaluation Package EVA Search/Match and PDF-2 ICDD database. The mineralogical composition of the 
clays was determined by analyzing the X-ray diffractograms of the software product Diffrac.eva V3.2. A 
STA 443 F3 Jupiter simultaneous thermal analysis apparatus was used for the TG/DGA. The CC was 
heated from 30 to 1000 °C at a heating rate of 10 °C/min. The data were analyzed using Netzsch Proteus 
Thermal Analysis software. Scanning electron microscopy (SEM; FEI XL-30ESEM) was performed at an 
accelerating voltage of 20 keV. FTIR spectra were recorded using a Spectrum 65 (Perkin-Elmer) ranging 
from 4000 to 600 cm−1. 

The PC and calcined clay were mixed for 3 minutes using a mixer. Water was then added to the dry 
mixture, and mixing continued for 5 minutes and then the pastes was poured into 20 × 
× 20 × 20 mm cubic steel molds and compacted on a vibration table to remove trapped air. Simultaneously, 
all the specimens were covered with a plastic sheet to prevent moisture evaporation. After 24 hours of 
casting, the specimens were de-molded. They were then cured in water at 20 ± 1 °C until the testing age. 
Two sets of samples were prepared. The CS of the first set was tested after 2, 7, 28 and 90 days of curing 
at ambient temperature (25 °C) and 98 % relative humidity. The second set of hardened cement pastes 
was tested after steam curing, following a thermal curing program of 3 h to reach the desired temperature, 
6 h of dwell time at 80 °C, and 4 h of cooling. Mechanical tests were conducted by applying a vertical load 
between the two parallel surfaces during casting. Each CS determination was based on the average of six 
measurements from the same cast. Water adsorption was determined by calculating the ratio of the weight 
increase of samples after immersion in water to their dry weights (the samples were dried to a constant 
mass at a temperature of 102–105 °C). Mortar samples were prepared in the same order, with a PC:sand 
ratio of 1:3, a water/PC(PC+CC) ratio of 0.5, and sample sizes of 4 × 4 × 16 cm. 
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3. Results and Discussion 
3.1. Characterization of As-received and Calcined Clay 

In order to determine the optimal calcination mode, including temperature and duration, studies were 
conducted on the influence of calcination temperature at 700, 800 and 900 °C and duration for 1 and 2 h 
on the mineralogical and phase compositions. Fig. 2 shows the X-ray diffractograms of the as-received clay 
and clays calcined at 700, 800, and 900 °C for 1 h. The thermal treatment of clay resulted in an increase in 
the loss of crystallinity with an increase in calcination temperature, which is related to the structural 
transformations of kaolinite, montmorillonite, and muscovite. The calcination of clay at 700 °C resulted in 
decomposition to an amorphous phase and the disappearance of the peak assigned to kaolinite while the 
reflection assigned to montmorillonite was reduced in intensity, indicating a decrease in crystalline 
montmorillonite content. The montmorillonite transformed into an anhydrous form Na-Mg-Al-Si4O10 (PDF 
07-0304). Further increase in calcination temperature to 800 °C led to an increase in amorphous phase 
content, and the percentage of crystalline montmorillonite decreased from 43 to 27 %. These observations 
are consistent with existing literature, indicating that dehydroxylation of 2:1 clay minerals disrupts the 
stacking of layers in the crystallographic c-axis but does not disrupt along the a and b-axes within the layer 
plane [36, 37]. The different temperature of dehydroxylation for kaolinite and montmorillonite is due to water 
molecules being easier to remove from the kaolinite structure compared to montmorillonite [38]. Since 
calcined products have structural differences, the solubility of Si and Al of metakaolin in alkaline conditions 
is greater than that for metamontmorillonite by 4 and 12, respectively [37]. This means that considering the 
presence of both kaolinite and montmorillonite, clay after thermal treatment contains reactive Si and Al, 
which have different chemical reactivity, and the content of highly reactive components is proportional to 
the percentage of kaolinite in the clay. Further increase in treatment temperature up to 900 °C results in 
the disappearance of montmorillonite reflecting its amorphization, and weakening of peaks associated with 
muscovite. 

 
Figure 2. X-ray diffractograms of as-received clay (1), clay calcined at 700 °C for 1 h (2),  

clay calcined at 800 °C for 1 h (3), clay calcined at 900 °C for 1 h (4) 
(Mm – montmorillonite, Q – quartz, Ca – calcite, Ab – albite,  

Mi – microcline, Tr – tridymite, Cr – cristobalite, Mu – muscovite, Pw – pseudowollastonite,  
Cl – chlorite, Kl – kaolinite, Hm – hematite). 

The increase in the duration of calcination from 1 to 2 h did not reveal any significant differences as 
shown in Fig. 3. This allows us to conclude that 1 h is sufficient for the thermal activation of clay. Therefore, 
clay samples obtained after calcination for 1 h were used in further research. 
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Figure 3. X-ray diffractograms of as-received clay (1),  

clay calcined at 800 °C for 1 h (2), clay calcined at 800 °C for 2 h (3) 
(Mm – montmorillonite, Q – quartz, Ca – calcite, Ab – albite,  

Mi – microcline, Tr – tridymite, Cr – cristobalite, Mu – muscovite, Pw – pseudowollastonite,  
Cl – chlorite, Kl – kaolinite, Hm – hematite). 

XRD results are confirmed and complemented by thermal analysis data presented in Figs. 4, 5. 

 
Figure 4. DTA and TG curves for as-received and clays calcined at 700, 800, and 900 °C for 1 h. 

 
Figure 5. DTA and TG curves for as-received and clays calcined at 800 °C for 1 and 2 hours. 
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The DTA curves of as-received clay and clays calcined at 700 and 800 °C show 2 endothermic peaks 
accompanied by the highest mass losses in their respective temperature ranges. The first DTG peak 
position corresponds to the dehydration phase (in the region of 30–140 °C) – the loss of adsorbed and 
interlayered water was registered at 91.4 °C, and the second peak is related to the dehydroxylation stage 
(in the region of 425–800 °C) – the loss of OH groups from the structure of montmorillonite at 483.3 °C. It 
can be observed that the intensity of both peaks becomes weaker with increasing temperature and duration 
of calcination, and they eventually disappear after treatment at 900 °C. It should be noted that for raw clay, 
the mass loss in the range of 425–700 °С was 5.73 %, 700–800 °С was 0.64 %, 800–900 °С was 0.56 %, 
and 900–1000 °С was 0.79 %. This may indicate a decrease in the intensity of reactions in the 
dehydroxylation and amorphization stages, while an increase in mass loss in the region of 900–1000 °C is 
characteristic of muscovite decomposition. 

 
a) 

 
b) 

Figure 6. FTIR spectra of as-received and calcined clays: a) – 1300–4000 cm–1, b) – 600–1200 cm–1. 
Fig. 6 shows the FTIR spectra of as-received and calcined clays. The stretching bands [40] (2800–

3800 cm–1) assigned to the structural hydroxyl and adsorbed water in clay minerals disappear at a 
treatment temperature 700 °С. The vibrations assigned to the aluminosilicates in the region 400–
1200 cm–1 shift to higher wavenumbers with an increase in thermal treatment temperature [39, 40]. The 
position assigned to Si-O at 991 cm–1 for the as-received clay shifted to 1011, 1015, and 1051 cm–1 for 
clays calcined at 700, 800, and 900 °C, respectively. This shift is attributed to increased structural disorder 
of local bonding environments within the tetrahedral sheet of montmorillonite [41]. Bands corresponding to 
Al-R(Al, Mg, Fe)-OH vibrations (where R is an octahedral site of Al, Mg or Fe) at 910 cm–1 are not detected 
in calcined clays, justifying the structural disorder in the octahedral sheet [42]. With increasing calcination 
temperature, the Si-O stretching bands around 1030 cm–1 broaden, indicating the presence of amorphous 
silica [40]. The decrease in the intensity of (H–O–H) bending vibrations of water molecules at 1635 cm–1 
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and (Al–Al–OH) of octahedral Al in montmorillonite at 916 cm–1 also indicates the decomposition of the 
smectite mineral structure [43, 44] The stretching bands at 691 cm–1 assigned to Al-O-Si become weaker, 
indicating the rupture of the octahedral and tetrahedral sheets, and hence the disruption of long-range 
periodicity along the c-axis [45,46]. 

The results of the evaluation on the influence of temperature and duration of thermal treatment on 
the reactivity of CC, as estimated by the CS of hardened cement paste with 15 % CC additions, are 
presented in Fig. 7. The data shows that calcination at 800 °C for 1 h provides the highest reactivity 
compared to other calcination methods. These findings are consistent with previous studies [19, 22–25], 
which indicated that the peak reactivity occurs at a calcination temperature of around 800 °C. Additionally, 
in this study, the clay containing metamontmorillonite used exhibited slightly higher reactivity with a 37 % 
amorphization after calcination compared to the clay containing fully amorphized montmorillonite after 
calcination. These results align with Vallina et al.’s findings [19], suggesting that the optimal calcination 
temperature should not completely amorphize the montmorillonite phase and does not necessarily coincide 
with the maximum amorphization. In the authors opinion, the reason for this is an intermediate situation 
between the hydroxylated Q3 of montmorillonite and condensed Q4 species, as well as the presence of 
Al(V), which may justify the highest reactivity. Conversely, a decrease in clay reactivity was observed after 
calcination at 900 °C, resulting in the total amorphization of montmorillonite. This decline could be attributed 
to the reduction in the specific surface area of the clay after treatment at this temperature, as was 
established through visual observations and requires further research for a quantitative assessment of 
these changes. Subsequently, the clay obtained by thermal activation at 800 °C for 1 hour was utilized in 
further studies. 

 
Figure 7. The effect of temperature and duration of calcination on the CS  

of hardened cement paste after steam curing, incorporated with 15 % of CC. 

3.2. Effect of Calcined Clay on the Properties of the Fresh and Hardened 
Pastes 

Figs. 7, 8 show the results of experiments evaluating the influence of CC on the standard 
consistency, CS, density, and water absorption of hardened cement pastes. According to the data 
presented in Fig. 8 increasing the CC content from 0 to 20 % leads to increased water demand from 27.5 
to 29.4 %. As a result, hardened cement pastes incorporated with CC demonstrated lower density and 
higher water adsorption when compared to reference samples. Moreover, as shown in Fig. 9, increasing 
the loading of CC up to 20 % deteriorates mechanical characteristics both during curing under normal 
conditions and after steam curing. However, the level of strength reduction depended on the additive 
content and curing time. Thus, the greatest strength reduction of specimens at the introduction of CC was 
observed at the age of 2 days – 10.1–27.2 %. At further curing, the specimens with the content of 5–10 % 
additives at the age of 28 and 90 days were inferior to those without additives by 3.0–6.5 % in strength after 
curing by 3.0–6.5 %, and by 1.8–2.3 % after curing under normal conditions. The introduction of CC in 
amounts exceeding 15–20 % resulted in a decrease in the CS of hardened cement paste by 14.7–31.1 % 
depending on the curing time. The results indicate that with dosages – up to 10 % thermally activated 
montmorillonite-kaolin clay, the reactive aluminosilicate phase shows activity, evident from 7 days of curing. 
This activity is sufficient for replacing PC without significantly reducing hardened cement paste CS at 7, 28, 
and 90 days and after steam curing. Increasing the replacing content beyond 10 % causes a significant 
decrease in the CS of hardened cement paste due to dilution of PC with less reactive CC with a relatively 
low specific surface area. 
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Figure 8. Standard consistency, water absorption, and density of cement pastes,  

incorporated with 0–20 % of CC. 

 
Figure 9. CS of the hardened cement pastes, incorporated with 0–20 % of CC. 

3.3. Effect of Calcined Clay on the Mechanical Properties  
of the Hardened Mortars 

Table 2 shows the results of experiments evaluating the influence of CC on CS and flexural strength 
(FS) of hardened mortars. 

Table 2. Mechanical properties of hardened mortars. 

CC (%) 
CS (MPa) FS (MPa) 

2 d 7 d 28 d 2 d 7 d 28 d 
– 30.0 48.3 54.9 7.0 7.1 8.6 
15 28.1 45.9 52.0 6.5 6.7 8.0 

 

As can be seen from the presented data, mortar samples with a 15 % activated clay additive are only 
slightly inferior in strength to control samples. 

4. Conclusions 
Thermally activated clays, with their abundant raw material base and high reactivity, show promise 

as aluminosilicate materials for producing low- and no-clinker cements. However, incorporating clays with 
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their wide range of chemical and mineralogical compositions to blended cements requires comprehensive 
studies. These studies must consider all factors that impact effectiveness, quantitative criteria for assessing 
suitability and potential, and determine the best way to utilize these materials. 

The results presented in this study show the optimal conditions for thermal activation of mixed 
montmorillonite-kaolinite clay with the montmorillonite content of 36 % and kaolinite content of 13 % are 
800 °C for 1 h. The maximum activity of the clay as observed in the study resulted in a 37 % decrease in 
the crystallinity of montmorillonite. It was found that thermally activated clay with this mineral composition, 
with a d50 of 77.3 µm, can be used as a SCM to PC in amounts of 5–10 % without a significantly reducing 
the CS of hardened cement paste at 7, 28 and 90 days, as well as after steam curing. Furthermore, it is 
possible to enhance the efficiency of using this CC use as SCM to PC by adjusting the particle size and 
incorporating water-reducers. Therefore, further research in these areas is recommended to explore the 
potential for increasing PC replacement and improving physical and mechanical properties of blended 
cements. 
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Abstract. In this paper, the contact stress of the spherical hinge is analyzed. By comparing the finite 
element model with the calculation results of the related contact theory, it is found that the distribution mode 
of the contact stress of the spherical hinge is similar to that of the vertical compressive stress distribution 
model of the spherical hinge, while Hertz contact theory is not suitable for analyzing the contact problem of 
the spherical hinge. In addition, the existence of unbalanced weight and inadequate contact between the 
upper and lower spherical hinges are studied in this paper. The results show that for a 30,000-ton swivel 
bridge, when the unbalanced moment is 0.5×104 KN·m~2.0×104 KN·m, the contact stress in the middle 
area of the spherical hinge increases, and the contact stress difference between the two sides also 
increases gradually, up to 16.97 % of the maximum contact stress. When the non-contact area of the middle 
of the spherical hinge is 10 %, 20 % and 40 %, the maximum contact stress and friction force at the edge 
of the spherical hinge increase by 9.41 % and 16.16 % respectively compared with the normal situation, 
but the total friction torque hardly changes. 
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1. Introduction 
With the rapid development of the transportation industry, the demand for bridge construction in 

areas with complex terrain and high traffic volumes has been steadily increasing [1]. In particular, when 
bridges are required to span mountainous regions, deep rivers, or existing transportation corridors, 
conventional construction methods often face significant limitations. To ensure construction safety and 
reduce interference with underlying traffic, the swivel construction method has emerged as an effective 
solution [2–6]. 

The swivel construction method involves rotating the prefabricated bridge superstructure into its 
designated position, during which the entire load is transferred through a specialized rotating system. This 
method has been successfully applied to various bridge types, including beam bridges [7], rigid frame 
bridges [8], arch bridges [9, 10], and cable-stayed bridges [11–15]. However, during the swivel process, 
factors such as wind load, unbalanced driving force, and superstructure eccentricity can significantly affect 
both the dynamic behavior of the bridge and the performance of the rotating system. Ensuring the stability 
of the rotating process and the mechanical reliability of the swivel components is therefore critical. 

Among these components, the spherical hinge plays a pivotal role as the central load-bearing and 
rotating element. Although the construction technology of the swivel system has become increasingly 
mature, theoretical research and design guidelines related to the spherical hinge have lagged behind. The 
calculation method currently prescribed by design standards is overly simplified, often neglecting the 

https://creativecommons.org/licenses/by-nc/4.0/


Magazine of Civil Engineering, 18(5), 2025 

camber-induced stress states and assuming idealized contact conditions. Furthermore, due to the nearly 
identical radii of curvature and contact areas of the upper and lower spherical components, the assumptions 
underlying Hertz contact theory—such as small contact areas and dissimilar radii—are not satisfied, limiting 
its applicability to spherical hinges. These shortcomings have prompted numerous studies focusing on the 
contact stress, geometric optimization, and design criteria of spherical hinges  [16–19]. For example, Feng 
et al.  [10] analyzed radial stress distributions and proposed parameter selection guidelines; Quan et al. [6] 
introduced design methods for conditions involving unbalanced torque; Zhao  [20] examined the mechanical 
behavior of steel spherical hinges in asymmetrical swivel systems; and Huang et al.  [21] refined the 
calculation method for interface friction. 

In light of the above, a more accurate understanding of the contact behavior of spherical hinges is 
essential for improving design safety and construction reliability. This study investigates the mechanical 
characteristics of spherical hinges used in the swivel construction of a cable-stayed bridge at the Xiangyang 
North Railway Yard. Through finite element simulations and theoretical analysis, the distribution pattern of 
contact stress is compared with classical models, demonstrating that the actual stress distribution more 
closely aligns with vertical compression patterns rather than the predictions of Hertz theory. The aim is to 
provide an improved theoretical basis and reference for the design and analysis of spherical hinges in 
swivel bridge construction. 

2. Methods 
2.1. Project Profile 

The bridge across Xiangyang North Railway Marshalling Station is a control joint project of 
Xiangyang Loop speed improvement project. The bridge is a hybrid girder cable-stayed bridge with double 
single tower and double cable planes, and the span arrangement is (200 + 294 + 226 + 200) m. Considering 
that the bridge spans the passenger line, the swivel construction method is used to reduce the impact on 
the railway line. After the construction of T3 and T5 bridge towers to 73 m above the bridge floor, the bridge 
began to rotate. The beam length of the swiveling part of T3 bridge tower is 122.75 m, of which the length 
of the side span concrete part is 51 m, and the length of the main span steel-concrete composite part is 
71.75 m. The beam length of the swiveling part of the T5 bridge tower is 120.75 m, of which the length of 
the side span concrete part is 49 m, and the length of the main span steel-concrete composite part is 
71.75 m as shown in Fig. 1a. The total weight of the upper swiveling structure is about 30,000 tons. Fig. 1b 
shows the elevation of the rotary system. The curvature radius of the spherical hinge is 800 cm, the bearing 
radius is 260 cm, and the aperture of the pin is 18 cm. 

 
(a) Elevation of bridge structure (unit: m) 

 
(b) Elevation of rotary system (unit: cm) 

Figure 1. Structure of bridge across Xiangyang North Marshalling Station. 
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2.2. Contact Theory 
This section will introduce the engineering simplified calculation method and related theory of 

spherical hinge contact problem. 

2.2.1. Engineering simplified algorithm 

The simplified algorithm assumes that the contact surface of the upper and lower spherical hinges is 
a plane, and the contact pressure of the spherical hinge interface is [22]: 

2 ,F
R

σ =
π

                                                                         (1) 

where F  is the self-weight load of the superstructure; R  is the bearing radius of the spherical hinge. 

2.2.2. The normal distribution force on the boundary of the half-space body 

Assuming that the uniform normal load q  acts on the circular area of radius ,a  the Poisson's ratio 
of the spherical hinge material is ,µ  and the stress at any point on the spherical hinge structure can be 
solved by the superposition method. For the stress at any point on the z -axis, the contact stress formula 
of the spherical hinge is [23]: 
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when ,q  ,a  µ  is known, the contact stress of the spherical hinge is only related to ,z  that is, the above 
formula represents the distribution law of the contact stress of the spherical hinge. 

2.2.3. Vertical compressive stress distribution model of spherical hinge 

For the contact surface of the spherical hinge, the vertical compressive stress distribution mode is 
[24]: 

2

0 21 ,
n

rp p
a

 
= −  

 
                                                               (3) 

where r  is the distance from a point on the contact surface to the contact center; a  is the contact radius; 

0p  is the vertical stress of the contact center as shown in Fig. 2. When the pressure distribution is the 
pressure distribution of the Hertzian contact, n  is 1/2. When the contact surface produces a uniform normal 
displacement, n  is −1/2, then the pressure distribution of the spherical hinge contact can be described [25]. 

 
Figure 2. Vertical compressive stress distribution diagram of spherical hinge contact surface. 
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2.3. Hertz Contact Theory 

 
Figure 3. Schematic diagram of Hertz contact model. 

Fig. 3 shows a schematic of the Hertzian contact model. In the case of an internal contact between 
the two spheres, the maximum contact stress of Hertz contact theory can be expressed as [24]: 

1 2
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1 2

1 2

1 1
1 6 ,

1 1
R RF

E E
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                                                          (4) 

where F  represents the load, 1,R  2R  represents the radius of curvature of the inner and outer circles; 

1,E  2E  represents the elastic modulus of the inner and outer circles; 1,µ  2µ  represents the Poisson's 

ratio of the inner and outer circles. When 1E  = 2,E  1µ  = 2µ  = 0.3, the maximum contact stress is 
simplified as: 
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FE R R
R R

−
σ =                                                             (5) 

2.4. Numerical Methods for Contact Problems 
At present, the finite element method is widely used in highly nonlinear problems and highly nonlinear 

contact problems. In this project, the simulation of the contact of the spherical hinge is highly nonlinear 
contact problems. Therefore, this study will use the finite element method to analyze the spherical hinge 
contact problem. The contact problem is characterized by the dynamic change of the contact surface, which 
will lead to the constant change of the constraint conditions in the contact process. Therefore, the 
incremental method is often used to deal with the contact problem. The contact constraints of the contact 
problem in the bonded or sliding state can be expressed by the following formula [21, 26, 27]: 
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where ,A
Nu  B

Nu  are the normal displacement increments of contact A  and B , respectively; Ng  is the 

distance between contact points; ,A
Tu  B

Tu  are the tangential displacement increments of contact A  and 

B , respectively. ,A
TF  A

NF  are the tangential and normal forces of the contact body ,A  respectively. The 
virtual work equation of the incremental method contact problem based on Lagrange scheme is [21, 26, 
27]: 
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where J  is the two vertical directions of the contact surface, J  = 1,2. The left superscript of the tensor 
t t+ ∆  is the incremental step expressed in time. The first term of the equation is the virtual strain energy, 
the second term is the external virtual work generated by the surface force, and the third term is the virtual 
work generated by the contact force on the contact surface. 

The Lagrange multiplier method is introduced to consider the additional constraints. The variation of 
the displacement increment by the corresponding modified functional is as follows [21, 26, 27]: 
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In the formula, the first term is the virtual strain energy, the second term is the external virtual work 
generated by the surface force, and the third term is the virtual work generated by the constrained variable 
λ  (Lagrange multiplier variable). 

The whole region is discretized, and the node displacement is used as the basic variable of the shape 
function. The final finite element solution equation is as follows [21, 26, 27]: 
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                                    (9) 

where LK  is the linear term of the global stiffness of the contact; NLK  is the nonlinear term; cK λ  is the 

interface constraint stiffness; LQ  is the equivalent nodal load vector. 

The first term of matrix (9) is essentially a discrete form of (8). The second term is the discretization form 
of constraint condition (6). It can be seen from equations (6)–(9) that before solving the contact equation, it 
is first necessary to determine whether the shortest distance between the two contact points after 
discretization meets the contact constraint conditions. By adjusting the coordinates of contacts A and B in 
each incremental step, the new contact point position is obtained, and then calculated according to equation 
(6). Based on the above theory, the finite element method can simulate the contact problem. The 
comparison between the simulation results and the theoretical calculation results will be introduced in the 
next section. 

3. Results and Discussion 
3.1. Contact Model Comparison 

In this paper, ABAQUS finite element analysis software is used to analyze the contact of spherical 
hinges. Fig. 4 is the schematic diagram of the spherical hinge contact model. The spherical hinge contact 
model includes a turntable, an upper spherical hinge, a lower spherical hinge, and a foundation slab. The 
turntable circle and the upper spherical hinge, the foundation slab and the lower spherical hinge adopt tie 
constraint, while the upper and lower spherical hinges are set as surface to surface constraint, the normal 
behavior is set to "hard contact", the tangential behavior is set to friction, and the friction coefficient is 0.024 
according to the test. The boundary condition is the solid connection between the foundation slab and the 
ground, and the weight of the superstructure acts on the upper turntable in the form of pressure. All 
components are finely meshed to ensure a structured grid. All solid components adopt the 3-degree of 
freedom 8-node element to ensure solution accuracy. 
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Figure 4. Schematic diagram of spherical hinge contact model. 

The contact stress cloud diagram of the spherical hinge during the swivel process is shown in the 
Fig. 5. The distribution law of the contact stress is gradually increasing from the center of the spherical 
hinge to the outside. The center contact stress is almost 0 MPa, and the edge contact stress is 58.64 MPa. 
The contact theory introduced in Section 3 is applied to this problem, and a series of theoretical solutions 
are listed in the Table 1. The radial distribution of contact stress along the spherical hinge is shown in the 
Fig. 6. According to equation (1), the contact stress of the spherical hinge obtained by the simplified 
engineering algorithm is 14.21 MPa, which is no change along the path of the spherical hinge. According 
to equation (2), the maximum contact stress calculated by the normal distribution force on the boundary of 
the half-space body is 11.10 MPa. The calculation results of these two methods are quite different from the 
maximum contact stress obtained by simulation. According to the calculation result of equation (3), it can 
be seen that the vertical compressive stress distribution model of the spherical hinge is close to the finite 
element results in the distribution law. According to equation (4), since the curvature radius of the spherical 
hinge is the same, the maximum contact stress of the Hertz contact theory is 0. 

 
Figure 5. Spherical hinge contact stress cloud diagram. 

Table 1 Comparison of finite element and theoretical calculation results. 

Theory/algorithmic 
model 

Distance from center of spherical hinge 
200 600 1000 1400 1800 2200 2580 

3.1 14.21 14.21 14.21 14.21 14.21 14.21 14.21 
3.2 8.17 8.30 8.57 8.97 9.52 10.23 11.10 
3.3 7.13 7.30 7.70 8.43 9.85 11.12 57.39 
3.4 0 0 0 0 0 0 0 

Finite element method  4.50 5.11 5.53 7.19 8.96 14.07 58.19 
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Figure 6. Comparison of contact stress under different calculation methods. 

The calculation results of equation (3) show that the contact stress increases rapidly at the edge of 
the spherical hinge, which is close to the finite element results. In the range of 2000 mm from the center of 
the spherical hinge, the contact stress calculated by equation (3) is greater than the result of finite element 
simulation, but it is very consistent with equation (2). In summary, it can be considered that equation (3) is 
suitable for simulating the contact stress of spherical hinges. For the spherical hinge contact model, the 
radius of curvature of the inner and outer circles is infinitely close, and the contact stress calculated by 
Hertz theory is almost zero, which is inconsistent with the actual situation. Therefore, Hertzian contact 
theory is not suitable for analyzing spherical hinge contact. 

In practical engineering, the superstructure and substructure of the swiveling system are connected 
only through the free contact surface between the upper and lower spherical hinges, and the normal 
operation of the spherical hinges is the key to ensure the safety of the swiveling process of the bridge. 
Various influencing factors may lead to the destruction or abnormal operation of the spherical hinge, which 
in turn leads to the overturning of the bridge during the swivel process. Therefore, this section analyzes the 
parameters of two kinds of common problems in rotary construction, namely unbalance weight and 
inadequate contact of spherical hinges. 

3.2. Influence of unbalanced weight on spherical hinge 
In the process of swivel, the bridge is affected by the uncertain factors such as wind load and 

temperature action, which will produce additional unbalance torque and cause the risk of overturning. This 
section explores the influence of unbalance weight on the spherical hinge, and sets five unbalance 
moments, respectively 0, 0.5×104 KN·m, 1.0×104 KN·m, 1.5×104 KN·m, and 2.0×104 KN·m, which 
accounts for 0 %, 1.67 %, 3.33 %, 5.00 %, and 6.67 % of the total weight, when the moment arm is taken 
1 m. The five conditions are defined as load case Ⅰ, load case Ⅱ, load case Ⅲ, load case Ⅳ, and load 
case Ⅴ. 

Fig. 7 is the schematic diagram of the spherical hinge data extraction path. Fig. 8 shows the spatial 
displacement curve on the spherical hinge path. With the increase of unbalanced moment, the position 
2000 mm away from the center of the spherical hinge becomes the largest part of the vertical displacement 
of the whole spherical hinge, and the vertical displacement is –0.843 mm, –0.856 mm, –0.870 mm, –
0.883 mm, respectively. Through the displacement cloud diagram and displacement curve of the spherical 
hinge, it can be seen that the existence of unbalanced moment leads to the dislocation between the upper 
and lower spherical hinges, and as the unbalanced moment increases, the deviation between the two 
spherical hinges increases. 
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Figure 7. The schematic diagram of the spherical hinge data extraction path. 

 
Figure 8. the spatial displacement curve on the spherical hinge path. 

Fig. 9a is the contact stress distribution curve on the spherical hinge path. Fig. 9b shows the difference 
between the contact stress of each point on the path and load case Ⅰ under five load cases. When there 
is no unbalanced moment, the contact stress curve is symmetrical about the center of the spherical hinge, 
and the maximum contact stress is 58.19 MPa. When there is an unbalanced moment, the maximum 
contact stress at the edge of the spherical hinge decreases, but the contact stress within 2000 mm from 
the center of the spherical hinge increases. This occurs because when the upper and lower spherical hinges 
are misaligned, the edge of the spherical hinge becomes suspended, resulting in a decrease in stress. 
Conversely, the middle contact area diminishes, leading to an increase in contact stress. In addition, the 
contact stress curve of the spherical hinge with unbalanced moment is no longer symmetrical about the 
center of the spherical hinge, and with the increase of unbalanced moment, the contact stress difference 
between the two sides of the spherical hinge increases, reaching 1.05 MPa, 3.89 MPa, 5.71 MPa, and 
7.56 MPa, which accounts for 2.51 %, 9.11 %, 13.09 %, and 16.97 % of the maximum contact stress. 

  
(a) (b) 

Figure 9. Contact stress (a) and contact stress difference (b) of spherical hinge path under 
different load case. 
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3.3. Influence of Inadequate Contact on Spherical Hinge 
Inadequate contact between the spherical hinges will change the contact state, thus affecting the 

force of the spherical hinge. This section explores the impact of inadequate contact on spherical hinges by 
setting different contact areas for the upper and lower spherical hinges, that is, slightly changing the 
curvature of the upper spherical hinges, so that some areas of the upper and lower spherical hinges do not 
have contact. As shown in Fig. 10, four contact conditions are set respectively, which are defined as load 
cases Ⅰ, Ⅱ, Ⅲ, and Ⅳ. Load case Ⅰ is that the upper and lower spherical hinges have the same curvature 
and are in complete contact. Load case Ⅱ to load case Ⅳ is that the middle part of the spherical hinges is 
suspended without contact. The uncontacted part accounts for 10 %, 20 %, and 40 % of the total area of 
the spherical hinge, respectively. 

 
Figure 10. Contact diagram of the spherical hinge (Shadows represent untouched parts). 
Fig. 11a is the contact stress curve of the spherical hinge path, and Fig. 11b is the contact stress 

difference of spherical hinge path. It can be seen that with the decrease of the center contact area, the 
maximum contact stress on the edge of the spherical hinge gradually increases. However, due to the 
small contact stress in the middle of the spherical hinge, the inadequate contact of this part has little 
effect on the overall force of the spherical hinge, so the contact stress distribution of the spherical hinge 
is almost unchanged. The maximum edge contact stress of load case Ⅰ to load case Ⅳ is 58.64 MPa, 
59.94 MPa, 61.90 MPa, and 64.06 MPa, which increases by 2.21 %, 5.56 %, and 9.41 %, respectively, 
compared with load case Ⅰ. The growth rate of contact stress shows a gradually increasing trend. 

  
(a) (b) 

Figure 11. Contact stress (a) and contact stress difference (b) of spherical hinge path under 
different contact area. 

Fig. 12a is the friction curve of spherical hinge path, and Fig. 12b is the friction force difference of 
spherical hinge path. Similar to the contact stress, the distribution of friction force also shows the law of 
large edge and gradually decreasing toward the center. The edge friction of spherical hinge under load 
case Ⅰ to load case Ⅳ is 28.46 KN, 30.22 KN, 31.87 KN, and 33.06 KN, which increase by 6.18 %, 
11.98 %, and 16.16 %, respectively, compared with load case Ⅰ . The frictional resistance moments 
extracted by ABAQUS during the rotation of the spherical hinge are all 5.8×103 KN·m, so the total tractive 
force required for the rotation of the spherical hinge will not change. 
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(a) (b) 

Figure 12. Friction force (a) and friction force difference (b) of spherical hinge path under different 
contact area. 

4. Conclusion 
Based on the swivel construction project of the bridge across Xiangyang North Railway Marshalling 

Station, this paper analyzes the swivel system, especially the spherical hinge, and compares the contact 
stress of finite element simulation and the results of various spherical hinge contact theory calculations. In 
addition, this paper also analyzes the response of the spherical hinge under the action of unbalanced 
moment, and the internal force change of the spherical hinge when the upper and lower spherical hinges 
are not fully contacted. The conclusions are as follows: 

1. The contact stress distribution of the spherical hinge obtained by the finite element simulation is 
similar to the distribution law of the vertical compressive stress distribution model. In the contact 
problem of the spherical hinge, the curvature radius of the upper spherical hinge and the lower 
spherical hinge is almost the same. The contact stress calculated by the Hertz contact theory is 0, so 
the Hertz contact theory cannot be applied to the calculation of the contact of the spherical hinge. 

2. The unbalanced moment will lead to the offset of the upper and lower spherical hinges, and the 
contact stress distribution of the spherical hinge is not symmetrical about the center of the spherical 
hinge. Under the same conditions, the contact stress of the edge of the spherical hinge without 
unbalanced moment is greater, and the contact stress of the middle part of the spherical hinge with 
unbalanced moment is greater. For a 30,000 ton rotary bridge, when the unbalanced moment is 
0.5×104 KN·m (1.67 %), 1.0×104 KN·m (3.33 %), 1.5×104 KN·m (5.00 %), and 2.0×104 KN·m 
(6.67 %), the contact stress difference between the two edges of the spherical hinge reaches 
1.05 MPa, 3.89 MPa, 5.71 MPa, and 7.56 MPa, which accounts for 2.51 %, 9.11 %, 13.09 %, and 
16.97 % of the maximum contact stress. 

3. The inadequate contact between the upper and lower spherical hinges will lead to the increase of the 
maximum contact stress and the maximum friction force at the edge of the spherical hinge. When the 
non-contact area of the spherical hinge is 10 %, 20 %, and 40 %, the maximum contact stress of the 
spherical hinge edge increases by 2.21 %, 5.56 %, and 9.41 %, and the friction force of the spherical 
hinge edge increases by 6.18 %, 11.98 %, and 16.16 %, respectively, while the total frictional moment 
hardly changes. 
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Abstract. The present research was carried out due to the insufficient study of the effect of gamma radiation 
on concrete and mortar. The research took into account the availability of developed and experimentally 
tested methods for the analytical determination of radiation, thermal, and radiation-thermal changes in 
concrete and its components under neutron irradiation and heating, as well as radiation changes in the 
aggregates and hardened cement paste (HCP) under the influence of gamma radiation. The aim of the 
work was to establish the possibility of using these existing analytical methods to predict radiation changes 
in concrete and mortar under the influence of gamma radiation. In this case, the existing experimental 
results of the influence of gamma irradiation on 7 different concretes and 11 cement mortars were used. 
The studies performed have shown the possibility of using existing analytical methods to predict radiation 
changes in the dimensions of concrete under the influence of gamma radiation. The results of the studies 
of predicting radiation changes in the strength of concrete and mortars under the action of gamma radiation 
showed significant differences between the calculated and experimental changes when using the existing 
analytical methods applied under neutron irradiation and heating without their correction. It is assumed that 
this is due to differences in the processes of acceleration of hydration and carbonization of HCP under the 
action of gamma radiation under neutron irradiation-heating and under gamma irradiation. It is proposed to 
take into account these differences in the values of one of the parameters of the method for analytical 
determination of strength changes in early age HCP and to introduce an additional correction factor that 
takes into account the effect of aragonite and vaterite formation during carbonization of mature HCP under 
the action of gamma radiation. The values of this parameter and its dependence on the change in the 
volume of early age HCP under the action of gamma radiation are established. The values of the additional 
coefficient taking into account the effect of aragonite and vaterite formation for the considered mature 
concretes and its dependence on the absorbed dose and the estimated amount of carbonates are 
determined. It is shown that by using the adjusted parameter for early age concrete and an additional 
coefficient for mature concrete, the existing analytical methods can be used to predict radiation-induced 
changes in the strength of concrete and cement mortars under the influence of gamma radiation. 

Citation: Denisov, A.V. Prediction of radiation changes in concrete and mortars under the influence of 
gamma radiation. Magazine of Civil Engineering. 2025. 18(5). Article no. 13707. DOI: 10.34910/MCE.137.7 

1. Introduction 
Concretes, as the main materials for radiation protection of nuclear facilities, are exposed to ionizing 

radiation. These radiations cause changes in structure and composition, size and volume, physical 
properties, cracking of concrete and its components, release of water, hydrogen, and oxygen [1–15]. 
Radiation changes, release of water and gases can be significant, therefore excluding the possibility of 
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using or long-term use of materials. In this regard, the issues of radiation resistance, radiation changes in 
concrete, and release of water and gases from them are quite important. At present, this is especially 
important when extending the operation of nuclear power plants and research reactors. Of greatest 
importance are changes in size and volume (radiation deformations), as well as physical and mechanical 
properties, since radiation deformations (like thermal ones) cause additional stresses in structures, and a 
decrease in physical and mechanical properties reduces the load-bearing capacity of structures. 

The most significant radiation changes in concrete and its components occur under the influence of 
neutrons. In this regard, radiation changes in these materials because of neutron exposure have been 
studied most experimentally and theoretically. It has been established that radiation changes in concrete 
and its components significantly depend not only on the magnitude of radiation loads and irradiation 
conditions but also on the type, mineral composition of aggregates, characteristics of cement, and 
technological composition of concrete. Due to the impossibility of studying radiation changes in the entire 
variety of concrete, methods have been developed and experimentally tested for analytical determination 
of radiation and thermal (from accompanying heating) changes in concrete and its components, including: 

1. Methods for the analytical determination of radiation changes in mineral crystals, radiation and 
thermal changes in hardened cement paste (HCP) based on data on radiation and thermal loads, 
irradiation conditions, described in the works [12, 16]. 

2. Methods of analytical determination of radiation and thermal changes: 

− aggregates based on data on mineral changes [12, 17]; 
− cement mortars based on data on changes in fine aggregate and HCP [12, 18, 19]; 
− concrete according to change data coarse aggregate and mortar [12, 18, 19]. 
The existing methods of analytical determination use a number of simplifications. The main 

simplifications are based on the fact that microstructural stresses in concretes and cement mortars at the 
level of interaction of aggregates and HCP completely relax due to cracking, and microstructural stresses 
in aggregates at the level of interaction of mineral crystals due to crack formation are reset to a value 
corresponding to the tensile strength of crystals. In this regard, the mathematical expressions of these 
methods have a fairly simple form, convenient for analysis and use. However, despite the simplifications, 
the possibility of practical use of these methods has been proven on experimental data. 

The effects of gamma radiation on concretes, mortars, and their components have been less studied. 
Although the volumes of concretes from nuclear power plants and other nuclear power facilities exposed 
to gamma radiation are more significant than the volumes exposed to neutrons, there are only a few data 
on specific concretes, cement mortars, and their components [1, 2, 20–38], indicating the presence of 
radiation changes after exposure to gamma radiation. 

The application of methods of group 2, developed for the analytical determination (prediction) of 
radiation changes in concrete and cement mortars under neutron irradiation and heating, under the 
influence of gamma radiation was considered in the works [21, 22] but was not tested on experimental data. 
It is noted that radiation changes in concrete and cement mortars under the influence of gamma radiation 
can be determined using the above methods, since the cause of the changes is not important, since the 
method has been tested both under the influence of neutrons and under the influence of heating. However, 
this requires data on radiation changes in aggregates and HCP, obtained experimentally or based on a 
forecast using analytical or empirical methods similar to the methods of group 1. 

The assessment and justification of the prediction of radiation changes in aggregates and HCP under 
the influence of gamma radiation at different absorbed doses and irradiation temperatures are carried out 
in the works [39, 40]. Expressions for the analytical determination of radiation changes in minerals, 
aggregates, and HCP based on data on radiation and thermal loads, irradiation conditions (Methods of 
group 1 but applicable to gamma radiation) are obtained. 

Based on these results, it is theoretically possible to predict radiation changes in concrete under the 
influence of gamma radiation using existing analytical methods. However, to justify the sufficient reliability 
of such a prediction, a test based on experimental data is necessary, which has not been carried out. 

The aim of this work is to establish the possibility of using existing methods of analytical determination 
of radiation and thermal changes in concrete and mortars to predict radiation changes in concrete and 
mortars under the influence of gamma radiation. 

To achieve this goal, it was necessary to solve the following main tasks: 

1. Conduct a search for existing literature data on radiation changes in concrete, cement mortars, and 
their components under the influence of gamma radiation. Select from these data the results that 
will allow testing the possibility of using existing methods of analytical determination of radiation 
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changes in concrete to predict radiation changes in concrete under the influence of gamma 
radiation. 

2. Using the methods listed above, perform calculations of radiation changes under the influence of 
gamma radiation for concretes and cement mortars, the experimental data, which were selected 
for research. 

3. Based on a comparison of calculated and existing experimental data in the literature, establish the 
possibility and conditions for using existing methods of analytical determination of radiation and 
thermal changes in concrete and mortars to predict radiation changes in concrete and mortars 
under the influence of gamma radiation. They should also be adjusted if necessary. 

2. Methods 
The search for existing experimental data on radiation changes in concrete and its components under 

the influence of gamma radiation was carried out using various databases and lists of literary sources in 
the articles found. The selection from these data of research results that will allow testing the possibility of 
using existing methods for analytical determination of radiation and thermal changes in concrete under the 
influence of neutrons and heating to predict radiation changes in concrete under the influence of gamma 
radiation was carried out based on the following conditions: 

− the works present the results of a study of radiation deformations (changes in size or volume) 
and/or radiation changes in the mechanical properties of concrete and mortars; 

− there is information on the technological composition, characteristics of the components, curing 
conditions, and age of the materials before the research, which allows us to determine the 
necessary parameters of the methods being studied. 

It would be most simple to investigate the possibility of using existing methods of analytical 
determination of radiation and thermal changes in concrete and mortars under the influence of gamma 
radiation based on experimental data on radiation changes in aggregates and HCP obtained under the 
same conditions. However, such reliable data on aggregates and HCP are absent. In this regard, radiation 
changes in aggregates and HCP were determined using the methods described in [39, 40]. 

After that, using the existing methods of analytical determination of radiation changes in concrete 
and its components, developed under the influence of neutron radiation and heating, the radiation changes 
in concrete and mortars, which were studied experimentally under the influence of gamma radiation, were 
calculated. Then, based on the comparison of the calculated and experimental values of radiation changes, 
a conclusion was made on the possibility of using analytical methods developed under the influence of 
neutron radiation and heating, under the influence of gamma radiation. The need to adjust the existing 
analytical methods under the influence of gamma radiation was established. 

The possibility of analytical relative changes in linear dimensions was considered 
∆


 (in %), volume 

V
V

∆
 (in %) and the change in strength in the form of relative residual strength 

0

R
R

 (fractions of a unit), as 

changes in size, volume and strength value relative to size, volume and strength without irradiation or 
without heating. Existing analytical expressions led to a more convenient form. 

When conducting the calculation studies, it was taken into account that in the works used in checking 
the possibility of the considered analytical methods for predicting radiation changes in concrete and mortars 
under the influence of gamma radiation, changes in linear dimensions were investigated and presented. In 
this regard, based on the calculated changes in volume, calculated changes in dimensions were calculated, 
which were compared with the values of the change in dimensions obtained experimentally. In this case, 
changes in the dimensions of concrete and mortars were determined from the calculated changes in volume 
using the formula: 

1 .
3

V
V

∆ ∆
=




                                                                   (1) 

Changes in the sizes and volumes of HCP, concretes and mortars have negative values. However, 
for the convenience of presentation and processing of the observed dependencies on the graphs of the 
figures, they are presented as positive values of the decrease in sizes and volumes (the minus sign is taken 
into account by the word decrease). 
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In the case of irradiation at elevated temperatures, it was taken into account that thermal changes 
occur mainly in the initial period of irradiation, and radiation changes accumulate mainly in the final period 
of irradiation. In this regard, when analyzing the results and conducting research, it was considered that 
the total changes in the volume and strength of materials are summed up in accordance with the following 
expressions: 

;
GT G T

V V V
V V V

∆ ∆ ∆     = +     
     

                                                      (2) 

0 0 0
,
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R R R
R R R

     
= ⋅     

     
                                                         (3) 

where ,G  T , and GT  are indices denoting radiation, thermal, and radiation-thermal changes in the 
volume and strength of materials, respectively. 

Calculations of radiation (under the influence of gamma radiation) and thermal changes of the 
cement mortar were carried out according to data on radiation and thermal changes of fine aggregate and 
HCP based on the methods described in the works [12, 17–19]. In this case, the analytical expressions 
were reduced to a more convenient form with a slight error. 

According to existing analytical methods, when exposed to neutrons and heating, radiation (under 

the influence of gamma radiation) and thermal changes in volume CM

CM

V
V

∆
 the cement mortar as a separate 

material or as part of concrete was calculated using the formula: 

( ) ( )
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where ,CM
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∆
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∆
 and HCP

HCP

V
V

∆
 are radiation or thermal changes in the volume of cement mortar, 

fine aggregate and HCP, respectively, %; FA
comC  is the degree of compaction of fine aggregate in a mortar, 

as a separate material or in a mortar as part of concrete, determined by the formulas: 

FA FA
com com

FA

VC
V

=  – in mortar, as in a separate material;                                     (5) 

FA FA
com com

CA FA CA

VC
V V+

=
−

 – in mortar in concrete,                                      (6) 

where FAV  is relative volume content of fine aggregate in the cement mortar as a separate material or in 

concrete, fractions of a unit; CAV  is relative volume content of coarse aggregate in concrete, fractions of a 

unit; com
FAV  is the maximum relative volume content of fine aggregate in the case of its maximally compacted 

state (without layers of HCP between the particles) (in fractions of a unit), amounting to 0.52–0.74. 

According to [12], it can be taken com
FAV  = 0.63; com

CA FAV +  is the maximum relative volume content of a 
mixture of fine aggregate and coarse aggregate in the case of their maximally compacted state (without 
layers of HCP between particles) (in fractions of a unit), amounting to 0.77–0.93. According to [12], it can 

be taken com
CA FAV +  = 0.86. 

In accordance with existing analytical methods, when exposed to neutrons and heating, radiation 
(under the influence of gamma radiation) and thermal changes in the strength of the cement mortar as a 
separate material or as part of concrete were calculated using the formula: 
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120.29
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 are relative residual strength of cement mortar, HCP, and fine 

aggregate, respectively, after exposure to gamma radiation or heating, fractions of a unit; CA  is a 

parameter equal to: CA  = 0.31%–1 is for compressive strength; CA  = 0.53%–1 is for tensile strength; 

CM

CM cr

V
V

 ∆
 
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 is relative radiation change in the volume of the cement mortar due to the formation of cracks, 

respectively, in %, determined by the formulas: 

1 .
1 1

CM CM HCPFA FA FA

CM CM FA CA HCP CAcr

V V VV V V
V V V V V V

   ∆ ∆ ∆∆
= − − −   − −   

                              (8) 

Calculations of radiation and thermal changes in concrete were carried out using data on radiation 
and thermal changes in coarse aggregate and cement mortar based on the methods described in the works 
[12, 17–19]. 

According to existing analytical methods, when exposed to neutrons and heating, radiation (under 

the influence of gamma radiation) and thermal changes in volume C

C

V
V

∆
 concrete was calculated using the 

formula: 

( ) ( )
1 1
3 31 ,CA CAC CA CM

com com
C CA CM

V V VC C
V V V

 ∆ ∆ ∆ = + −
  

                                         (9) 

where ,C

C

V
V

∆
 CA

CA

V
V

∆
, and CM

CM

V
V

∆
 are relative change in the volume of concrete, coarse aggregate, and 

cement mortar in the composition and concrete, respectively, %; CA
comC  is the degree of compaction of 

coarse aggregate in concrete, determined by the formula: 

,CA CA
com com

CA

VC
V

=                                                                     (10) 

where CAV  is relative volume content of coarse aggregate in concrete, fractions of a unit; CA
comC  is the 

maximum relative volume content of coarse aggregate in the case of its maximally compacted state (without 
layers of cement mortar between the particles) (in fractions of a unit), amounting to 0.52–0.74. According 

to [12], it can be taken CA
comC  = 0.63. 

In accordance with existing analytical methods, when exposed to neutrons and heating, radiation 
(under the influence of gamma radiation) and thermal changes in the strength of concrete in the form of a 
relative strength value were calculated using the formula: 

120.29

0 0 0
1 ,C CM CA C

C
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−
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       

                                  (11) 
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where 
0
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R
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0
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CA

R
R

 are relative residual strength of concrete, cement mortar, and coarse 

aggregate after exposure to gamma radiation or heating, fractions of a unit; CA  is a parameter equal to: 

CA  = 0.31%–1 is for compressive strength; CA  = 0.53%–1 is for tensile strength; C

C cr

V
V

 ∆
 
 

 is radiation 

change in the volume of concrete due to the formation of cracks, respectively, in %, determined by the 
formula: 

( )1 .C C CA CM
CA CA

C C CA CMcr

V V V VV V
V V V V

 ∆ ∆ ∆ ∆
= − − − 
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                                    (12) 

In accordance with the results of the work [40], the radiation changes in the volume of HCP under 
the influence of gamma radiation were determined by the formula: 

3 ,GbHCP
T G G

PCP

V K a D
V

∆
=                                                         (13) 

where GD  is absorbed dose rate of gamma radiation, Gy; Ga  = –0.000894 %, Gb  = 0.3497 at GD  in Gy; 

TK  is the coefficient of influence of temperature on radiation changes in HCP, calculated using the formula: 

7 27.77 10 0.0023 1.045.TK T T−= ⋅ − +                                            (14) 

According to the work [40], change in HCP strength under gamma irradiation compression based on 

volume change data as a relative residual 
0

HCP

HCP

R
R

 determined by the formula: 

1

0
,HCP HCP

HCP HCP
HCP HCP
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R V

−
 ∆

= + 
 

                                           (15) 

where HCPA  and HCPB  are parameters whose values are [40]: HCPA  = 0.724; HCPB  = –0.0566%–1 for 

HCP of “early” age (1−3 months of natural hardening); HCPA  = 1.00; HCPB  = –0.23%–1 are for HCP of 
“mature” age (more than 8 months of natural hardening or after heat-moisture treatment of an early age 
HCP). 

To test the possibility of using the methods developed under the influence of neutron radiation and 
heating to predict radiation changes in concrete under the influence of gamma radiation, the following 
experimental results of the works [1, 2, 21–30] presented below were used, with the following initial 
characteristics and experimental data. 

1. Data No. 1, presented in work [21] on the results of gamma irradiation of samples with a diameter 
of 105 mm, a height of 305 mm of concrete made from Portland cement, limestone coarse 
aggregate up to 20 mm in size and quartz fine aggregate. 

In the manufacture of the samples, a concrete mixture with a water-cement ratio of W C  = 0.47 and 

a ratio of aggregate consumption (coarse aggregate CA  + fine aggregate FA ) to Portland cement 
consumption ( ):PC CA FA PC+  = 4.5 was used. After 24 hours of exposure in humid conditions, the 
samples were covered with gypsum plaster, sealed in copper foil and stored for a year before testing at a 
“mature” age. Judging by the granulometric composition of the aggregates, the proportion of coarse 
aggregate and fine aggregate in the filler mixture was ( )CA CA FA+  = 0.61 and ( )FA CA FA+  = 0.39. 
The technological characteristics of the concrete mixture were calculated from the above proportions of the 
components of the concrete mixture, based on the density of Portland cement, fine aggregate, coarse 
aggregate and concrete mixture PCγ  = 3100 kg/m3, CAγ  = FAγ  = 2600 kg/m3, Mγ  = 2400 kg/m3, as the 
most probable values. The calculated values of consumption of Portland cement ,PC  coarse aggregate 
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,CA  fine aggregate FA  and water ,W  as well as the volumetric content of aggregates, adopted in the 

calculations were taken equal to: PC  = 402 kg/m3, CA  = 1105 kg/m3, FA  = 705 kg/m3, W  = 188 kg/m3, 

CAV  = 0.42, FAV  = 0.27. The degrees of compaction of aggregates calculated using formulas (6) and (10) 

were: FA
comC  = 0.614, CA

comC  = 0.667. 

The samples were irradiated at 30 °C with a gamma-ray installation with a Co60 source at a dose rate 
of P  = 11.4×103 rad/h = 114 Gy/h for t = 10–314 days. The maximum absorbed dose of gamma radiation 
was GD  = P⋅t = 8.6×105 Gy. The change in the dimensions of the samples as a result of creep under a 
load of 10 MPa and shrinkage was studied. Creep and shrinkage deformations were measured under 
irradiation (when the processes occurred both under the action of gamma radiation and with natural 
hardening and drying over time) and without irradiation (when the processes occurred only due to natural 
hardening and drying over time). 

The dependence of the measured changes in size with and without irradiation, as well as the changes 
in size due to gamma radiation calculated in accordance with formula (2), as the difference between the 
decrease in size with and without irradiation from the data of work [21] on the absorbed dose value are 
shown in Fig. 1. 

a 

 

b 

 
Figure 1. Dependence of measured size changes with and without irradiation (a)  

and calculated size changes due to gamma radiation, as the difference  
between the decrease in size with and without irradiation (b) from the data of work [21]  

on the value of the absorbed dose of gamma radiation. 
Dots are individual results; lines are approximation lines. 

2. Data No. 2, presented in works [1, 2], in which the influence of gamma radiation of two types of 
concrete made from Portland cement with sandstone aggregates of density 2625 kg/m3 and with 
limestone aggregate of density 2550 kg/m3 was investigated. The ratio between the mass of 
Portland cement ,PC  coarse aggregate of approximately 10 mm size ,CA  fine aggregate FA , 

and water W  was: 

: : :PC CA FA W  = 1:1.55:1.15:0.36 is for concrete No. 1 on crushed limestone and fine aggregate 
from sandstone (hereinafter concrete on sandstone and limestone); 

: : :PC CA FA W  = 1:1.77:0.93:0.36 is for concrete No. 2 on limestone coarse aggregate and 
limestone fine aggregate (hereinafter referred to as concrete on limestone). 

The density of concrete on sandstone was Cγ  = 2310 kg/m3. The density of concrete on limestone 
was 2380 kg/m3. 

Based on the above proportions and density of aggregates at the most probable density of concrete 
mix Cmixγ  = Cγ  + 100 kg/m3 consumption of cement, aggregates, and water, as well as the volume content 
of aggregates in this study were taken equal to: 
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− PC  = 594 kg/m3, CA  = 921 kg/m3, FA  = 683 kg/m3, W  = 214 kg/m3, CAV  = 0.361, FAV  = 
= 0.260 is for concrete on 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 is for concrete on limestone. 

The degrees of compaction of aggregates calculated using formulas (6) and (10) were taken as equal 
to: 

− FA
comC  = 0.511; CA

comC  = 0.573 is for concrete on limestone and sandstone; 

− FA
comC  = 0.514; CA

comC  = 0.673 is for concrete on limestone. 

Irradiation of concrete samples with gamma radiation was carried out in a pool with radioactive 
substances at 20 °C with an absorbed dose rate of 5×104 Gy/h = 1.4×101 Gy/s. The maximum absorbed 
dose was 4.7×108 Gy. At the time of irradiation, the age of the samples was at least 3 months after their 
manufacture and storage under normal conditions, so in fact, the material studied was of a “young” age. 

The results of changes in the dimensions, mass and tensile strength of concrete after irradiation with 
gamma radiation obtained in works [1, 2] are presented in Table 1. 

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

Name of concrete 
by aggregates 

Absorbed dose of 
gamma radiation, 

Gy 

Relative size 
changes, % 

borders  
average 

Relative mass 
changes, % 

Relative residual 
strength, fractions 

of a unit 

Concrete No. 1 with 
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 No. 2 with 
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 standard deviations calculated by the authors of this work are given. 
 

The disadvantage of these results is the significant spread of the values of shrinkage deformations 
of individual samples, associated with the peculiarities of using disk-shaped samples, as well as the 
absence of measurement results without irradiation. However, the average changes in the dimensions of 
concrete samples in the 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 concrete 
are caused by the release of water, accompanied by a decrease in mass, then shrinkage deformations can 
also be estimated from the change in mass. For this purpose, the relationships between the decrease in 
mass and shrinkage after irradiation were analyzed for these works [1, 2]. 

As a result, it was established that the change in the dimensions of concrete on average 
C

C



∆
  

associated with weight loss 
C

C
M
M∆

 ratio: 

C

C

C

C
M
M

.
∆

=
∆ 02290


  is for concrete No. 1 with limestone and sandstone;               (16) 

C

C

C

C
M
M

.
∆

=
∆ 01590


  is for concrete No. 2 with limestone.                             (17) 

The values of size changes recalculated based on the change in mass are presented in Table 2 and 
were also used in the analysis. 
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Table 2. Values of change in dimensions of concrete works recalculated based on change in 
mass [1, 2]. 

Name of concrete by 
aggregates 

Absorbed dose of 
gamma radiation, Gy Relative mass changes, % Calculated relative size 

changes, % 

Concrete No. 1 with 
limestone and 

sandstone 

2.27⋅108 
–0.77 …. –1.01 
–0.903 ± 0.072 

–0.023 ± 0.002 

4.7⋅108 
–1.74 …. –2.14 

–1.91 ± 0.14 
–0.039 ± 0003 

Concrete No. 2 with 
limestone 

2.27⋅108 
–0.95 …. –1.70 

–1.15 ± 0.24 
–0.020 ± 0.004 

4.7⋅108 
–1.42 …. –3.38 

–2.36 ± 0.67 
–0.034 ± 0.010 

 
3. Data No. 3 presented in the works [22, 23], in which three Portland cement mortars were 

investigated using cube-shaped samples measuring 2.54 cm × 2.54 cm × 2.54 cm. 

Ordinary Portland cement I (with 11 % 3Ca0.Al203) and sulfate-resistant Portland cement V (with 3 % 
3Ca0.Al203), standard Ottawa quartz sand, deionized water were used. When preparing one of the mortars, 
microsilica was added to the mixture (Silica fume) and superplasticizer “Melment”. 

The compositions of the mixtures used to prepare the mortars are given in Table 3. 

Table 3. Compositions of mixtures in the preparation of cement mortars in works [22, 23]. 

Mortar 
code 

View 
Cement 

Consumption of components, g 
Cement Sand Water Silica fume Melment Sum 

I I 1180.64 3246.75 572.61 – – 5000 
V V 1180.64 3246.75 572.61 – – 5000 

V+PF/SF V 921.69 2981.93 433.73 162.65 32.53 4532.53 
 
Based on the data in Table 3, the average density of concrete is 2155 kg/m3 at the age of about 30 

days, the density of sand particles is 2650 kg/m3, the volumetric content of sand and the degree of 
compaction of sand calculated using formula (5) in this study were taken to be equal to: 

− FAV  = 0.573; FA
comC  = 0.910 is for mortars I and V; 

− FAV  = 0.572; FA
comC  = 0.908 is for the V+PF/SF mortar. 

After hardening for 27–34 days, the samples were irradiated at 10 °C. At an absorbed dose rate of 
31 Gy/h, the samples were irradiated for 182 and 365 days to absorbed doses of 1.4⋅105 Gy and 2.6⋅105 Gy. 
At an absorbed dose rate of 3.8 kGy/h, they were irradiated for 48.5, 110.5, and 225–245 days to absorbed 
doses of 4.4⋅106 Gy, 1.0⋅107 Gy, and 2.0⋅107 Gy. The control lot samples were kept for the same period at 
20 °C and 10 °C. The changes in compressive strength after irradiation and aging without irradiation were 
studied. The results of the change in compressive strength of the studied mortars in the form of relative 
residual strength after various absorbed doses of gamma radiation are shown in Fig. 2. 
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Figure 2. Results of changes in compressive strength of I, V, PV/SV cement mortars  
in the form of relative residual strength after different absorbed doses  

of gamma radiation according to data from [22, 23]. 
4. Data No. 4, presented in the work [24], in which the change in compressive strength after gamma 

irradiation of concrete samples in water was investigated, were adopted as described in other works 
[6–11, 13–15]. The following results were obtained for radiation changes in the form of relative 
residual strength after irradiation: 

− 1.0 and 1.08 – after an absorbed dose of gamma radiation of 8⋅107 Gy; 
− 1.04 and 1.7 – after an absorbed dose of gamma radiation of 1.0⋅108 Gy. 
− 0.67 and 0.55 – after an absorbed dose of gamma radiation of 8⋅108 Gy; 
− 0.42 and 0.75 – after an absorbed dose of gamma radiation of 1.8⋅109 Gy. 
There is no data on age. However, judging by the changes, it was assumed that early age concrete 

was being studied. There is no data on the composition of concrete. In this regard, average typical values 
for concrete were adopted for the evaluation calculations FAV  = 0.3, CAV  = 0.4. The degrees of compaction 

of the aggregates calculated using formulas (6) and (10) were taken to be equal to FA
comC  = 0.652,  

CA
comC  = 0.634. Data on changes in samples without irradiation are not provided. 

5. Data No. 5, presented in the work [25], were obtained from the results of irradiation of  
40 × 40 × 160 mm samples of Portland cement concrete using several mineral aggregates. 

The consumption of components per 1 m3 of concrete mix during the production of samples was: 

− 360 kg/m3 – ordinary Portland cement; 
− 180 kg/m3 – water; 
− 223 kg/m3 – fine aggregate from a quarry with a density of 2500 kg/m3; 
− 550 kg/m3 – fine aggregate from crushed gravel with a density of 2640 kg/m3; 
− 967 kg/m3 – coarse aggregate with a density of 2660 kg/m3; 
− 0.25 % – air-entraining water-reducing additive. 
Based on the consumption and density of the aggregates, their volume content was taken to be equal 

to: FAV  = 0.297, CAV  = 0.364. The degree of compaction of the aggregates was taken according to 

formulas (6) and (10) equal to: FA
comC  = 0.599, CA

comC  = 0.577. 

The samples were kept in water at 20 °C for 4 weeks after production and then stored in air at 20 °C 
and 60 % RH until irradiation. 

Different irradiated samples were kept for 1 and 2 months near the gamma radiation source and 
2 months at some distance from the source, which allowed us to obtain different absorbed dose values. 
After irradiation, the samples were tested for bending with an examination of their stress-strain state. After 
the samples were broken into two halves, each of them was tested for compression. Samples without 
irradiation were also tested before the start of irradiation, after 1 and 2 months. 

The relative residual compressive strength of concrete after irradiation and after holding without 
irradiation was: 

− 1.22 after irradiation for 2 months to an absorbed dose of 4.6⋅106 Gy; 
− 1.19 after irradiation for 1 month up to an absorbed dose of 7.2⋅106 Gy; 
− 1.24 after irradiation for 2 months to an absorbed dose of 1.3⋅107 Gy; 
− 1.22 after 1 month of exposure without irradiation; 
− 1.11 after aging without irradiation for 2 months. 

6. Data No. 6, presented in the works [26, 27] obtained from the results of irradiation of samples of  
10 × 10 × 40 mm Portland cement mortar with siliceous fine aggregate with the inclusion of 
feldspars and micas. A superplasticizer based on polycarboxylate was introduced. 

The consumption of components in the mortar mixture during the preparation of samples was: 

− 2625 g – Portland cement CEM I 42.5R; 
− 1000 g – water; 
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− 4200 g – fine aggregate with a grain size of 0–4 mm; 
− 25 g – superplasticizer Glenium ACE 442; 
− 7825 g – total. 
Based on these data, with a density of quartz fine aggregate particles of 2650 kg/m3 and a density 

of cement particles of 3100 kg/m3, the volume content of fine aggregate and the degree of fine aggregate 
compaction calculated using formula (5) in this study were taken to be equal to FAV  = 0.463;  

FA
comC  = 0.734. 

All samples were kept in water for 10 days and for another 62 days in a sealed state in polyethylene 
foil before the experiment. Samples were irradiated immediately after removing the insulation. 

The samples were irradiated with a 60Co source at a gamma radiation dose rate of 3.90 kGy/h to 
4.71 kGy/h at a temperature of 16.2 °C and an average relative humidity of 50 %. After irradiation for 768 
days (only during the daytime – 8.6 hours), the total absorbed dose was from 12.0 103 kGy to 15.0 103 kGy. 
Control samples were kept without irradiation under the same conditions but away from the gamma emitter. 
Samples compressed by a load of 10 MPa, 15 MPa and without a load were irradiated. Changes in 
dimensions during irradiation and holding without irradiation, as well as strength after completion of 
irradiation and holding after irradiation were studied. 

The results of the studies of changes in the sizes of the samples were not analyzed, since due to 
significant scatter they do not allow us to isolate the influence of gamma radiation. 

The changes in compressive strength used in this work in the form of the relative residual strength 
after irradiation to the strength of the control samples were: 

− 0.71 – at an absorbed dose of 1.3⋅107 Gy; 
− 0.69, 0.8, 0.9 – at an absorbed dose of 1.32⋅107 Gy; 
− 0.81 – at an absorbed dose of 1.4⋅107 Gy; 
− 0.81 – at an absorbed dose of 1.5⋅107 Gy. 

7. Data No. 7, presented in the work [28], obtained from the results of irradiation of 40 × 40 × 160 mm 
samples of six cement mortars with fine-grained (0.08–0.16 mm) or fine (0.8–2.0 mm) iron fine 
aggregate with different ratios of cement and fine aggregate. The solutions with the ratio of cement 
consumption C to the amount of fine aggregate FA and with the density were studied: No. 1 with 
C:FA = 3:1 (0.08–0.16 mm) with a density of 2350 kg/m3; No. 2 with C:FA = 2:1 (0.08–0.16 mm) 
with a density of 2520 kg/m3; No. 3 with C:FA = 1:1 (0.08–0.16 mm) with a density of 2860 kg/m3; 
No. 4 with C:FA = 1:2 (0.08–0.16 mm) with a density of 3640 kg/m3; No. 5 with C:FA = 1:2 (0.8–
2.0 mm) with a density of 3900 kg/m3; No. 6 with C:FA = 1:3 (0.8–2.0 mm) with a density of 
5130 kg/m3. After production, the samples were stored under normal conditions for 28 days before 
irradiation. 

Based on these data, the degree of hydration of cement at the age of 28 days is about 60 % with an 
average density of iron fine aggregate of 7850 kg/m3 and the volume content of fine aggregate and the 
degree of compaction of fine aggregate calculated according to formula (5) in this study were taken to be 
equal to: 

− FAV  = 0.067; FA
comC  = 0.106 – mortar No. 1; 

− FAV  = 0.097; FA
comC  = 0.154 – mortar No. 2; 

− FAV  = 0.169; FA
comC  = 0.268 – mortar No. 3; 

− FAV  = 0.294; FA
comC  = 0.467 – mortar No. 4; 

− FAV  = 0.315; FA
comC  = 0.500 – mortar No. 5; 

− FAV  = 0.472; FA
comC  = 0.749 – mortar No. 6. 

The samples were irradiated with a gamma radiation source with an energy of 1.25 MeV at a dose 
rate of 20 kGy/h at a temperature of no higher than 40 °C. To obtain an absorbed dose of 106 Gy and 
107 Gy, the samples were irradiated for 4–5 days and about a month, respectively. 
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The changes in compressive strength used in this work in the form of the relative residual strength 
after irradiation to the strength of the control samples were: 

− 1.0 and 1.02 – at absorbed doses of 106 Gy and 107 Gy for mortar No. 1; 
− 1.0 and 1.0 – at absorbed doses of 106 Gy and 107 Gy for mortar No. 2; 
− 1.01 and 1.01 – at absorbed doses of 106 Gy and 107 Gy for mortar No. 3; 
− 1.02 and 1.02 – at absorbed doses of 106 Gy and 107 Gy for mortar No. 4; 
− 1.0 and 1.0 – at absorbed doses of 106 Gy and 107 Gy for mortar No. 5; 
− 1.05 and 1.06 – at absorbed doses of 106 Gy and 107 Gy for mortar No. 6. 

8. Data No. 8, presented in the work [29], obtained from the results of irradiation of samples measuring 
40 × 40 × 160 mm from Portland cement mortar. 

The consumption of components per 1 m3 of mixture during the production of samples was: 

− 496 kg/m3 – Portland cement; 
− 248 kg/m3 – water; 
− 1487 kg/m3 – quartz fine aggregate. 
The density of the mortar mixture is 2231 kg/m3. 

Based on these data, with a density of quartz fine aggregate particles of 2650 kg/m3, the volume 
content of fine aggregate and the degree of fine aggregate compaction calculated using formula (5) in this 

study were taken to be equal to FAV  = 0.561; FA
comC  = 0.890. 

The samples were irradiated with a 60Co gamma radiation source at a dose rate of 0.5 to 4.5 kGy/h 
at a temperature of no more than 25–63 °C. The samples were irradiated for 21 days. After that, the 
samples were tested by non-destructive measurements and then placed under irradiation for another 27 
days. After irradiation, the change in the dynamic modulus, flexural strength, and compressive strength 
relative to these characteristics of the samples without irradiation (before irradiation) were first investigated. 
After irradiation, some of the samples were exposed to water vapor at a temperature of 250 °C under a 
pressure of 1 MPa, and then cooled under the action of a boric acid mortar. Thus, an emergency situation 
at a nuclear power plant with the effect of a coolant on concrete was imitated. After that, the change in 
flexural strength and compressive strength relative to these characteristics of the irradiated samples was 
also investigated. 

The changes in compressive strength used in this work in the form of the relative residual 
compressive strength after irradiation to the strength of the control samples were: 

− 0.94 – after gamma radiation irradiation with an absorbed dose of (1.6–1.8)·106 Gy; 
− 0.82 – after exposure to gamma radiation and exposure to water vapor at a temperature of 

250 °C under a pressure of 1 MPa and a boric acid mortar. 
9. Data No. 9, presented in the work [30], in which the change in compressive strength, elastic 

modulus, and mass of samples of two concretes (Con-A and Con-B) after irradiation with gamma 
radiation were investigated. Samples in the form of cylinders with a diameter of 50 mm and a height 
of 100 mm were used. Moreover, in addition to the irradiated concrete samples, samples were 
investigated after heating in the temperature mode of irradiated samples, as well as samples stored 
during the study period under normal conditions. 

The concretes studied were based on quick-hardening Portland cement, S fine aggregate from 
sandstone with a density of 2610 kg/m3, coarse aggregate (5–13 mm) in the form of crushed rock from 
modified tuff GA with a density of 2660 kg/m3 or in the form of gravel from sandstone GB with a density of 
2640 kg/m3. The compositions of concrete mixtures in the manufacture of samples are given in Table 4. 

Table 4. Compositions of mixtures for the production of concrete in work [30]. 

Concrete 
cipher 

Aggregates Consumption of components in kg/m3  
Fine 

aggregate 
Coarse 

aggregate 
Cement 

WITH 
Water 

W 
Fine aggregate 

FA 
Coarse 

aggregate FA 
Con-A S GA 366 183 799 995 
Con-B S GB 354 177 757 1057 

 

Characteristics of Con-A concrete: 



Magazine of Civil Engineering, 18(5), 2025 

FAV  = 0.306, CAV  = 0.374; FA
comC  = 0.634; CA

comC  = 0.598. 
Characteristics of Con-B concrete: 

FAV = 0.290, CAV  = 0.400; FA
comC  = 0.628; CA

comC  = 0.634. 
The samples were irradiated with a 60Co source at different dose rates due to different distances of 

the samples from the source for different irradiation times at maximum temperatures ranging from 35 °C to 
50 °C. 

The irradiation conditions and the obtained values of the absorbed dose of gamma radiation are 
given in Table 5. 

Table 5. Irradiation conditions and the obtained values of the absorbed dose of gamma 
radiation during irradiation of concrete in work [30]. 

Irradiation time, 
months 

Absorbed dose, Gy at different dose rates and temperatures 
10 kGy/h,  

up to 50 °C 5 kGy/h, up to 45 °C 2.5 kGy/h,  
up to 40 °C 

1.25 kGy/h,  
up to 35 °C 

4 2.5·107 – – – 
8 5·107 2.5·107 – – 

16 1·108 5·107 2.5·107 – 
32 2·108 1·108 5·107 2.5·107 

 

In addition to the irradiated samples, the change in properties after different holding times was 
investigated: 

− samples stored in the mode of temperature and air humidity values of the irradiated samples; 
− samples stored in the mode of air humidity values of the irradiated samples, but at normal 

temperatures. 
The changes in compressive strength and elastic modulus did not differ significantly, therefore, in 

this work, only the change in strength was considered, as a more important value. 

The change in concrete strength from the duration of irradiation, holding at irradiation temperatures 
and holding at the temperature of the irradiation room are shown in Fig. 3. 

a 

 

b 

 
Figure 3. Change in the strength of concrete Con-A (a)  

and Con-B (b) depending on the duration of irradiation, holding  
at irradiation temperatures and holding at the temperature of the irradiation room: 

1 – irradiation at P = 10 kGy/h; 2 – irradiation at P = 5 kGy/h; 3 – irradiation at P = 2.5 kGy/h; 
4 – irradiation at P = 1.25 kGy/h; 5 – without irradiation at T up to 50 °C (as at 10 kGy/h); 

6 – without irradiation at T up to 35 °C (as at 1.25 kGy/h);  
7 – without irradiation at room temperature.    

The values of relative residual compressive strength of concrete calculated from the data of work [30 
] from the effects of temperature and gamma radiation during irradiation (from TI + DG), only the 
temperature accompanying the irradiation (from TI), and from exposure to gamma radiation alone (from 
DG) at different dose rates P are given in Table 6. 
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Table 6. Calculated from the data of work [30] values of relative residual strength of concrete under compression from the effects of temperature and 
gamma radiation during irradiation, only the temperature accompanying the irradiation, and from exposure to gamma radiation alone at different dose 
rates P and exposure times. 

Irradiation 
time, 

months 

Values of absorbed dose D (Gy) and relative residual compressive strength R/R0 from the effect of temperature and gamma radiation during 
irradiation (from TI + DG), only temperature accompanying irradiation (from TI), and from exposure to gamma radiation only (from DG) at different 

dose rates P and exposure times 

P = 10 kGy/h P = 5 kGy/h P = 2.5 kGy/h P = 1.25 kGy/h 

DG, 
Gy 

R/R0, fractions of a unit 
DG, 
Gy 

R/R0, fractions of a unit 
DG, 
Gy 

R/R0, fractions of a unit 
DG, 
Gy 

R/R0, fractions of a unit 
from  

TI + DG 
from 
TI 

from 
DG 

from  
TI + DG 

from 
TI 

from 
DG 

from  
TI + DG 

from  
TI 

from 
DG 

from  
TI + DG 

from 
TI 

from 
DG 

Con-A: 
4 2.5⋅107 1.08 1.0 1.08 − − − − − − − − − − − − 
8 5⋅107 1.01 0.96 1.05 2.5⋅107 1.01 0.96 1.05 − − − − − − − − 

16 1⋅108 1.12 1.04 1.08 5⋅107 1.10 1.04 1.06 2.5⋅107 1.12 1.04 1.08 - - - - 
32 2⋅108 1.07 1.13 0.94 1⋅108 1.03 1.13 0.91 5⋅107 1.02 1.14 0.89 2.5⋅107 1.08 1.11 0.98 

Con-B: 
4 2.5⋅107 1.06 1.06 1.0 − − − − − − − − − − − − 
8 5⋅107 1.17 1.04 1.12 2.5⋅107 1.15 1.04 1.11 − − − − − − − − 

16 1⋅108 1.14 1.03 1.11 5⋅107 1.03 1.03 1.00 2.5⋅107 1.12 1.04 1.08 − − − − 
32 2⋅108 1.16 1.04 1.12 1⋅108 1.04 1.04 1.00 5⋅107 1.13 1.04 1.09 2.5⋅107 1.11 1.09 1.02 

Note: The R0 values are taken to be the strength of concrete after storing samples of a separate group under normal conditions during the time of irradiation and heating of samples of 
other groups. 

 

comp
Согласен
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It was not possible to use data on radiation changes in HCP, since the change in flexural strength 
was investigated, and not in compression, as in concrete. 

Data on radiation changes in aggregates showed that there is no significant influence of gamma 
radiation at the studied doses with the observed scatter of results, since the change in size and strength 
are commensurate. Moreover, this is consistent with the results of work [39]. 

3. Results and Discussion 
3.1. Radiation-induced Changes in Size 

The results of comparison of radiation changes in the linear dimensions of concrete under the 
influence of gamma radiation, calculated using methods of analytical determination of radiation changes in 
concrete, developed under neutron irradiation and heating, and obtained experimentally are shown in 
Figs. 4 and 5. 

a 

 

b 

 
Figure 4. Comparison of calculated and experimental values 

of radiation changes in the dimensions of concrete for the data of work [21] in the form  
of a dependence on the value of the absorbed dose (a) and in the form of a ratio  

between calculated and experimental values (b): 
1 – experimental data; 2 – calculated data; 3 – approximation line for experimental data; 

4 – experimental data corresponding to calculated data; 
5 – line corresponding to the equality of calculated and experimental data;  

6 – the line of the actual relationship between the experimental and calculated results  
and its parameters. 
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a 

 

b 

 
Figure 5. Comparison of calculated and experimental values 

of radiation changes in the dimensions of concrete for the data of works [1, 2]  
in the form of a dependence on the value of the absorbed dose (a) and in the form  

of a ratio between calculated and experimental values (b): 
1 – concrete on limestone and sandstone – calculation;  

2 – concrete on limestone and sandstone – an experiment on changing dimensions; 
3 – concrete on limestone and sandstone – mass reduction experiment; 

4 – concrete on limestone – calculation; 
5 – concrete on limestone – an experiment on changing dimensions; 

6 – limestone concrete – mass change experiment; 
7 – limestone of equality of experimental and calculated values; 

8 – line of actual relationship between experimental and calculated values. 
Fig. 4 shows a comparison of the calculated and experimental values of radiation changes in the 

dimensions of concrete obtained in the work [21] after irradiation to absorbed doses of 0.38⋅105 to 7⋅105 Gy. 
Fig. 5 shows a comparison of the calculated and experimental values of radiation changes in the 
dimensions of concrete obtained in the works [1, 2] after irradiation to absorbed doses of gamma radiation 
from 2.27⋅105 to 4.7⋅105 Gy. 

In Figs. 4a and 5a, the comparison is given in the form of dependences on the absorbed dose value. 
In Figs. 4b and 5b, the comparison is given in the form of a ratio between the calculated and experimental 
values. 

At absorbed doses less than 7⋅105 Gy (Fig. 4), when the relative decrease in size ∆   does not 

exceed 0.003 %, calculated values on average up to c/e
/ ∆∆  = 0.0005 % exceed the experimental data. 

However, there is a relatively large scatter of experimental data relative to the average values and relative 
to the calculated values. In this case, the standard deviation of the experimental data from the calculated 

ones is e cS∆   = ±0.00063 %. This value is close in magnitude to the scatter of experimental results  

e
/ ∆∆  = ±(0.0005–0.001) % and standard deviations  e

/S
∆ = (0.00028–0.00042) % at close doses.  

When grouping data, the average value of the F-criterion is ( )2e
/

c/e
/e S/SF

 ∆∆=  = 3.24. The 

tabular value of the F-criterion at a significance level of α  = 0.95 is 0.95F  = 5.83. Since 0.95,eF F<  we 
can assume that these deviations are statistically insignificant. 

Since ,a b<  we can assume that these deviations are statistically insignificant. 

At absorbed doses (2.27–4.7)⋅108 Gy (Fig. 5), when the relative reduction in size reaches 0.06 %, 
the calculated and experimental values along the mean lines differ insignificantly. Although there is also a 
relatively large scatter of experimental data relative to the calculated values. In this case, the standard 

deviation of the experimental data from the calculated ones is e cS∆   = ±0.018 %. This value is close to the 
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magnitude of the scatter of experimental results. e
∆∆
 

 = ±(0.01–0.03) % and standard deviations  

eS∆   = (0.012–0.015) % at the same doses. 

When grouping data, the average value of the F-criterion is ( )2e
/

c/e
/e S/SF

 ∆∆=  = 1.78. The 

tabular value of the F-criterion at a significance level of α  = 0.95 is 0.95F  = 4.88. Since 0.95,eF F<  we 
can assume that these deviations are statistically insignificant. 

Thus, it follows from the figures that there is a satisfactory convergence of the calculated and 
experimental values of the change in dimensions, taking into account the variability of the experimental 
data. In this regard, the results obtained showed the possibility of using existing analytical methods to 
predict radiation changes in the dimensions of concrete when exposed to gamma radiation. The maximum 

prediction error is c
∆∆
 

 = ±0.001 % at absorbed doses less than 7⋅105 Gy and с
/ ∆∆  = ±0.04 % at 

absorbed doses (2.27–4.7)⋅108 Gy. 

Although in the range of absorbed doses from 7⋅105 Gy up to 2.27⋅108 Gy experimental data are not 
available, existing methods for analytical determination of radiation deformations of concrete, developed 
under the influence of neutron radiation, can be used for analytical assessment of radiation deformations 
of concrete under the influence of gamma radiation. In this range of absorbed doses, no additional effects 
are expected. 

3.2. Radiation Changes in the Strength of Early Age Concretes and Mortars 
The results of comparison of radiation changes in the strength of early age concrete and cement 

mortars under the influence of gamma radiation calculated using methods of analytical determination of 
radiation changes in concrete and mortars under neutron irradiation, and obtained experimentally, are 
shown in Fig. 6. 

In Fig. 6a, the comparison is given in the form of dependences of the calculated and experimental 
relative residual strength on the value of the absorbed dose. In Fig. 6b, the comparison is given in the form 
of a ratio between the calculated and experimental values of the relative residual strength. 

It is evident from Fig. 6 that the calculated radiation changes in the strength of early age concrete 
and mortars are generally less than the experimental changes, since the calculated relative residual 
strength is higher than the experimental one. Moreover, the differences reach up to 0.6 (60 %). Deviations 
are minimal at an absorbed gamma radiation dose of about (1−4)⋅105 Gy and increase with increasing 
absorbed dose. 

Since the main contribution to the radiation change in the strength of concrete and mortars under the 
influence of gamma radiation in accordance with the analytical method under consideration is made by the 
change in HCP, then the formula (15) requires correction. The use of this formula in this form (as with 
neutron irradiation and heating) was proposed earlier in the work [40]. In this case, it was assumed that the 
processes of acceleration of hydration and carbonization of early age HCP under the influence of gamma 
radiation with the same value of volume change are the same as under the influence of irradiation and 
heating. However, this is apparently not the case. It is most likely that for early age concrete, these 
differences in the degree of change in strength are associated, first of all, with differences in the processes 
of acceleration of hydration under irradiation. The effect of additional hydration is mainly taken into account 
by the parameter HCPA  formulas (15). In connection with this, in further studies for all experimental data 

the values of the parameter were calculated ,HCPA  which should be the case when the calculated and 
experimental changes in strength are equal, and then the dependence of this parameter on the calculated 
decrease in the volume of HCP was investigated. 

It would be more correct to consider the dependence of the parameter HCPA  from the dose rate and 
the irradiation time. However, there is little data for this. In addition, with an increase in the dose rate and 
the duration of irradiation, the absorbed dose increases and, therefore, the degree of reduction in the 
volume of HCP, and more significant doses are usually obtained at higher values of dose density and 
irradiation time. In this regard, the values of the volume reduction are more complex and representative 
parameters. 
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a 

 

b 

 
Figure 6. Comparison of calculated and experimental values 

of radiation changes in the strength of concrete and mortars as a function  
of the absorbed dose (a) and as a ratio between calculated and experimental values (b): 

1 – concrete No. 1 from [1, 2] – calculation; 2 – concrete No. 1 [1, 2] − experiment; 
3 – concrete No. 2 from [1, 2] – calculation; 4 – concrete No. 2 from [1, 2] – experiment; 

5 – mortar I from [22, 23] – calculation; 6 – mortar I from [22, 23] – experiment; 
7 – mortar V from [22, 23] – experiment; 8 – mortar V+PF/SF from [22, 23] – experiment; 

9 – concrete from [24] – calculation; 10 – concrete from [24] – experiment; 
11 – concrete from [25] – calculation; 12 – concrete from [25] – experiment; 

13 – mortar from [26, 27] – calculation; 14 – mortar from [26, 27] – experiment; 
15 – mortars from [28] – calculation; 16 – mortar from [28] – experiment; 
17 – mortar from [29] – calculation; 18 – mortar from [29] – experiment; 

19 – line of equality of experimental and calculated values; 
20 – approximation line of the actual relationship between experimental and calculated values. 

Dependence of calculated values HCPA  with the equality of the calculated and experimental results 
of the change in the strength of concrete and mortar under the influence of gamma radiation from the 
decrease in the volume of HCP is shown in Fig. 7. It is evident that the values HCPA  with the increase in 
the magnitude of the decrease in volume, HCP first decreases and then increases. Moreover, the value of 
the approximation line HCPA  always exceeds the value HCPA  = 0.724 for neutron irradiation and heating. 

It has been established that dependence HCPA  from changes in HCP volume 
HCP

HCP
V
V∆

 is 

approximated by the expression: 
2

0.0705 0.3364 1.2625,HCP HCP
HCP

HCP HCP

V VA
V V

 ∆ ∆
= + + 

 
                                    (18) 

where HCP

HCP

V
V

∆
 – relative change in the volume of HCP with the sign “–” due to a decrease in volume. 

In this case, the spread of individual values relative to the approximation line is up to =±0.4 with 
standard deviation AS  = 0.193. However, given that the coefficient of variation Rv S R=  strength is 

usually 0.1–0.15, then when calculating 
0

R
R

 standard deviation of the calculation 
0

R
R

 makes up 

( )0

1 222c
R R RS v=  = 1.4 Rv  = 0.14–0.21, and the standard deviation of the calculation HCPA  makes up 
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( )1 224c
A RS v=  = 2 Rv  = 0.2–0.3. It follows that the values c

AS  and AS  are close in magnitude. It follows 

that the values 
00
,e c e

R RR RS S<  therefore 0.95.eF F<  In this regard, and without determining the actual 

values of the F -criteria, it can be considered that the above deviations are statistically insignificant. 

 
Figure 7. Dependence of calculated values AHCP withequality of the calculated  
and experimental results of changes in the strength of concrete and mortars  

under the influence of gamma radiation from a decrease in the volume of HCP: 
2 – concrete No. 1 from [1, 2]; 4 – concrete No. 2 from [1, 2]; 6 – mortar I from [22, 23];  

7 – mortar V from [22, 23]; 8 – V+PF/SF mortar from [22, 23]; 10 – Sommers concrete from [24];  
12 – concrete from [25]; 14 – mortar from [26, 27]; 16 – mortar from [28 ]; 18 – mortar from [29];  

19 – approximation line 20 – under neutron irradiation and heating. 

Thus, in formula (15) for early age HCP, instead of the value HCPA  = 0.724, as is used for neutron 
irradiation and heating, when gamma radiation is applied to early age concrete, the values calculated using 
formula (18) must be used. 

At the same time, formula (15) is not correct when the change in the volume of HCP is equal to zero. 
When exposed to gamma radiation, since in the absence of deformations of HCP 1,HCPA >  the residual 

strength will be lower than the original 
0

1 ,HCP

HCP

R
R

 
< 

 
 which does not correspond to the initial conditions. 

Under neutron irradiation and heating, such a formula was proposed in a simplified manner based on the 
fact that accelerated hydration processes occur much earlier than the manifestation of significant HCP 
deformations. 

When exposed to gamma radiation, to fulfill the condition 
0

1HCP

HCP

R
R

=  at 0HCP

HCP

V
V

∆
=  in formula (18) 

you can add the expression 13.930.2625 ,e−  ensuring the fulfillment of this condition and present formula 
(18) in the form: 

2 13.93
0.0705 0.3364 1.2625 0.2625 .

HCP

HCP

V
VHCP HCP

HCP
HCP HCP

V VA e
V V

∆
 ∆ ∆

= + + − 
 

             (18l) 

Results of comparison of radiation changes in the strength of early age concrete and mortars under 
the influence of gamma radiation calculated using methods of analytical determination of radiation changes 
in concrete and mortars under neutron irradiation heating with corrected values ,HCPA  and obtained 
experimentally, are shown in Fig. 8. 
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In Fig. 8a, the comparison is given in the form of dependences of the calculated and experimental 
relative residual strength on the value of the absorbed dose. In Fig. 8b, the comparison is given in the form 
of a ratio between the calculated and experimental values of the relative residual strength. 

From Fig. 8, it is evident that the calculated radiation changes in the strength of early age concrete 
and mortars with the adjusted values HCPA  and the experimental changes differ less significantly than 

with HCPA  = 0.724, and along the average lines they differ by no more than 0.1 (10 %). In this case, the 
maximum deviations and the standard deviation of the experimental results from the calculated data are 

0

e c
R R∆  = 0.3 and 

0

e c
R RS  = 0.14. Value 

0

e c
R RS  close to the values of standard deviations shown above when 

determining 0R R  
0

e
R RS  = 0.14–0.21. It follows that the values 

00
,e c e

R RR RS S<  therefore 0.95.eF F<  In 

this regard, and without determining the actual values of the F -criteria, it can be considered that the above 
deviations are statistically insignificant. 

In this regard, the results obtained using the adjusted parameters HCPA  demonstrated the possibility 
of using existing analytical methods to predict radiation-induced changes in the strength of early age 
concrete and mortars under the influence of gamma radiation. The maximum prediction error is 

 
0

f
R R∆  = ±0.28 (28 %). 

a 

 

b 

 
Figure 8. Comparison of calculated and experimental values of radiation changes in the strength 
of concrete and mortars as a function of the absorbed dose (a) and as a ratio between calculated 

and experimental values (b) with corrected values AHCP. 
The symbols are shown in Fig. 6. 

3.3. Radiation Changes in the Strength of Mature Concrete 
The results of comparison of experimental (according to the data of the work [30]) and calculated 

radiation-thermal and radiation changes in the strength of mature concrete under the influence of gamma 
radiation, calculated using analytical determination methods under neutron irradiation and heating, are 
shown in Fig. 9. 

It is evident from Fig. 9 that the experimental radiation-thermal and radiation changes in the strength 
of mature concrete are lower than the calculated changes, since the values of the experimental relative 
residual strength are higher than the calculated values. The differences are from 0.17 to 0.58 (17–58 %). 
Moreover, the experimental data are closer to the calculated ones for early age concrete. 

The differences between the calculated and experimental values of the strength of mature concrete 
after exposure to gamma radiation can be taken into account by the coefficient ,e cK  determined by the 

formula: 
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0 0exp
,C C

e c
C C com

R RK
R R

   
=    

   
                                                        (19) 

where 
0 exp

C

C

R
R

 
 
 

 and 
0

C

C com

R
R

 
 
 

 are experimental and calculated values of the relative residual strength 

of concrete after exposure to gamma radiation. 

Dependence of coefficients e cK  from the absorbed dose of gamma radiation for radiation-thermal 

and radiation changes in mature concrete, calculated for the data [30] is presented in Fig. 10. 

a 

 

b 

 
Figure 9. Comparison of calculated and experimental radiation-thermal (a) and radiation (b) 

changes in the compressive strength of mature concrete studied after gamma irradiation in [30]: 
1 – calculation results for early age concrete (for comparison); 

2 – calculation results for mature concrete; 3 – experimental data on concrete A; 
4 – experimental data on concrete B; 5 – approximation line for experimental data. 

Radiation-thermal changes are highlighted in black. Radiation changes are highlighted in blue. 

a 

 

b 

 
Figure 10. Dependence of the coefficient Ke/c from the dose of gamma radiation  

for radiation-thermal (a) and radiation (b) changes in mature concrete, calculated for the data [30]: 
3 – based on experimental data for concrete A; 4 – based on experimental data for concrete B; 

5 – approximation line. 
Radiation-thermal changes are highlighted in black. Radiation changes are highlighted in blue. 

For radiation-thermal changes, the dependence of the coefficients e cK  from the absorbed dose of 

gamma radiation is approximated with the standard deviation 
e cKS  = 0.078 by the expression: 

( )0.1934ln 1.7834 0.16.e c GK D= − ±                                                    (20) 

For radiation changes, the dependence of the coefficients e cK  from the absorbed dose of gamma 

radiation is approximated with the standard deviation 
e cKS  =0.097 by the expression: 
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( )0.1196ln 0.7234 0.20.e c GK D= − ±                                                  (21) 

Considering that the coefficient of variation Rv S R=  compressive strength in work [30] based on 

the various results presented there is 0.05–0.1, then when calculating e cK  standard deviation of the 

calculation e cK  is not less than ( )1 222
e c

c
K RS v=  = 1.4 Rv  = 0.07–0.14 – for radiation-thermal changes 

and ( )1 222
e c

c
K RS v=  = 1.4 Rv  = 0.1–0.2 – for radiation-thermal changes. 

It follows that the values 
e cKS  and 

e c
c
KS  are close in magnitude. It follows that the values 

00
,e c e

R RR RS S<  therefore 0.95.eF F<  In this regard, and without determining the actual values of the F
-criteria, it can be considered that the above deviations are statistically insignificant. 

Higher values of residual strength of mature concrete according to experimental data than according 
to calculations and 1e cK >  cannot be explained by more intensive additional hydration of HCP, since the 

age of concrete was 11 months and quick-hardening cement was used. The reason for the differences 
between the considered calculation results and experimental data can be explained by a more significant 
effect of carbonation during irradiation of mature concrete with gamma radiation than with neutrons and 
during heating. The increase in the strength of concrete under the action of gamma radiation of the 
considered concretes was explained in the work [30] by an increase in the degree of carbonation due to 
the formation of, first of all, vaterite and aragonite, and not calcite. 

To verify this statement, the carbonate content in the concretes studied was assessed. The results 
of determining the carbonate content in mature HCP samples stored before irradiation at a relative humidity 
of 100 % and 50 %, after irradiation with gamma radiation to an absorbed dose of 5⋅107 Gy and heating in 
the irradiation temperature mode, presented in the work [41], were used as a basis. The vaterite and 
aragonite content according to these data in HCP samples stored before irradiation at a relative air humidity 
of W = 100 % (SDS 100) and 50 % (SDS 100) and the interpolation results at W = 60 % are given in Table 7. 
The results at W = 60 % were taken as the values of the carbonate content in HCP concretes at an absorbed 
dose of 5⋅107 Gy and after heating. The carbonate content in HCP concretes at other absorbed doses was 
taken proportionally to the DTG peak values for concrete Con-A in the temperature range of about 
600° from work [30]. In this case, the peak value at an absorbed dose of 5⋅107 Gy for 1. 

The results of the assessment of the content of vaterite and aragonite in HCP concretes studied in 
the work [30] are presented in Table 8. 

Table 7. Content of vaterite and aragonite after gamma irradiation up to an absorbed dose of 
5⋅107 Gy and heating up to 35 °C According to the data of work [41], the HCP samples stored before 
irradiation at relative air humidity W = 100 % and 50 % and the interpolation results at  
W = 60 %. 

Carbonate 

Vaterite and aragonite content (g/g) after gamma irradiation to an absorbed dose of 5⋅107 Gy 
and heating 

for samples hardened at 
W = 100% (SDS 100) 

for samples hardened at 
W = 50% (SDS 100) 

interpolation for samples 
hardened at W = 60% 

after 
irradiation after heating after 

irradiation after heating after 
irradiation after heating 

Aragonite 0.2258 0.0952 0.1321 0.0557 0.151 0.064 
Vaterite 0.2364 0.0874 0.0891 0.0515 0.119 0.059 
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Table 8. Results of the assessment of the content of vaterite and aragonite in HCP concretes 
studied in the work [30]. 

Relative value of DTG 
peak ∆ 

and the carbonate in 
question 

Results of the assessment of the content of vaterite and aragonite (g/g) in HCP 
concretes studied in the work [30] after irradiation with different absorbed doses 

of gamma radiation 

at DG = 2.5⋅107 Gy at DG = 5⋅107 Gy at DG = 1⋅108 Gy at DG = 2⋅108 Gy 
From the effects of radiation and associated heating: 

Peak value ∆ DTG in the 
temperature range of about 

600°With respect to the 
peak value at DG = 

 5⋅107 Gy 

0.72 1.0 0.91 1.18 

Aragonite 0.108 0.151 0.137 0.178 
Vaterite 0.085 0.119 0.107 0.139 

Aragonite + vaterite 0.193 0.270 0.244 0.317 
From the effects of radiation (minus the effect of accompanying heating): 

Aragonite 0.044 0.087 0.073 0.114 
Vaterite 0.026 0.060 0.048 0.080 

Aragonite + vaterite 0.070 0.147 0.121 0.194 
 

Dependence of coefficients e cK  for radiation-thermal and radiation changes in the strength of 

mature concrete [30] from the calculated content of vaterite and aragonite + vaterite in the HCP of concrete 
are shown in Fig. 11. It is evident that between the content of the considered carbonates and the coefficient 

e cK  a positive correlation is observed, therefore the increase in the strength of mature concrete can be 

explained by the increase in the content of aragonite + vaterite in HCP concrete under the influence of 
gamma irradiation. In this regard, the obtained values of the coefficients and the dependencies 
approximating them, shown in Fig. 10 and in formulas (20) and (21) can be used as a multiplier in formula 
(15): 

1

0
.HCP HCP

e c HCP HCP
HCP HCP

R VK A B
R V

−
 ∆

= + 
 

                                              (15I) 

a 

 

b 

 
Figure 11. Dependence of coefficients Ke/c for radiation-thermal  

and radiation changes in the strength of mature concrete [30] from the calculated content  
of vaterite (a) and aragonite + vaterite (b) in the HCP concrete. 

Explanations of the symbols are given in Fig. 10. 
Results of comparison of experimental (according to the data of the work [30]) and calculated 

radiation-thermal and radiation changes in the strength of mature concrete under the influence of gamma 
radiation, calculated using existing analytical methods for neutron irradiation and heating, taking into 
account the obtained values ,e cK  are shown in Figs. 12 and 13. 

In Fig. 12, the comparison is given in the form of dependences of the calculated and experimental 
relative residual strength on the value of the absorbed dose. In Fig. 13, the comparison is given in the form 



Magazine of Civil Engineering, 18(5), 2025 

of the ratio between the calculated and experimental values of the relative residual strength. 
From Figs. 12 and 13, it is evident that the calculated radiation changes in the strength of mature 

concrete, taking into account the coefficients e cK  and the experimental radiation-thermal and radiation 

changes coincide on average. In this case, the maximum deviations and the standard deviation of the 

experimental results from the calculated data are 
0

e c
R R∆  = ±0.1 and 

0

e c
R RS  =±0.05 for radiation-thermal 

changes and 
0

e c
R R∆  = ±0.15 and 

0

e c
R RS  = ±0.07 – for radiation changes. 

Considering that the coefficient of variation Rv S R=  compressive strength in work [30], as shown 

above, is 0.05–0.1, then the standard deviations in determining 0R R  make up  

( )0

1 222c
R R RS v=  = 1.4 Rv  = 0.07–0.14. It follows from this that the values 

0

e c
R RS  and 

0
c
R RS  are close in 

magnitude. It follows that the values 
00
,e c e

R RR RS S<  therefore 0.95.eF F<  In this regard, and without 

determining the actual values of the F -criteria, it can be considered that the above deviations are 
statistically insignificant. 

In this regard, the results obtained using the coefficient e cK  demonstrated the possibility of using 

existing analytical methods to predict radiation-induced changes in the strength of mature concrete under 
the influence of gamma radiation, taking into account carbonation. The maximum prediction error for the 

concretes under consideration with the carbonation occurring in them is 
0

f
R R∆  = ±0.14 (14 %). 

At the same time, it should be taken into account that the carbonation of concrete has not been 
sufficiently studied. In this regard, with a reserve, radiation, and radiation-thermal changes in mature 
concrete under the influence of gamma radiation are still preferably determined at e cK  = 1 (excluding 

carbonation). 

Further studies should be devoted to a more rigorous justification of the method for accounting for 
the growth of the strength of HCP and concrete under gamma irradiation due to carbonization. For this 
purpose, it is necessary to study in more detail the processes of carbonization of concrete under gamma 
irradiation, check and, if necessary, clarify the dependences of strength and coefficients e cK  from 

carbonation parameters. 

a 

 

b 

 
Figure 12. Comparison of calculated and experimental radiation-thermal (a)  

and radiation (b) changes in the compressive strength of mature concrete studied  
after gamma irradiation in [30]: 

2 – calculation results for mature concrete; 3 – experimental data on Con-A concrete; 
4 – experimental data on Con-B concrete; 5 – approximation line for experimental data. 

Explanations of the symbols are given in Fig. 10. 
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a 

 

b 

 
Figure 13. Comparison of calculated and experimental values  

of radiation-thermal (a) and radiation (b) changes in the strength  
of mature concrete studied after gamma irradiation in [30] in the form of a ratio  

between calculated and experimental values using the obtainedvalues Ke/c:  
6 – line of equality of experimental and calculated values.  
Other explanations for the symbols are given in Fig. 10. 

4. Conclusion 
1. The studies carried out in this work were carried out due to insufficient knowledge in effects of 

gamma radiation on concrete compared to the study of the effects of neutron radiation. Although 
the volumes of concrete at nuclear power plants and other nuclear power facilities exposed to 
gamma radiation are more significant than the volumes exposed to neutrons. 

2. When conducting the research, we took into account the availability of developed and 
experimentally tested methods for analytical determination of radiation, thermal and radiation-
thermal changes in concrete and its components under neutron irradiation and heating, as well as 
radiation changes in aggregates and HCP under the influence of gamma radiation. In this regard, 
the aim of this work was to establish the possibility of using these existing analytical methods to 
predict radiation changes in concrete and mortar under the influence of gamma radiation. In this 
case, we used the experimental results of the influence of gamma irradiation on 7 different 
concretes and 11 cement mortars available in the literature. 

3. Research carried out in the work demonstrated the possibility of using existing analytical methods 
to predict radiation-induced changes in the dimensions of concrete when exposed to gamma 

radiation. The maximum prediction error is c
∆∆
 

 = ±0.00 1% at absorbed doses less than 7⋅105 Gy 

and c
∆∆
 

 = ±0.04 % at absorbed doses (2.27–4.7)⋅108 Gy. 

4. The results of the studies of predicting radiation changes in the strength of early age concrete and 
cement mortars under the influence of gamma radiation showed significant differences between 
the calculated and experimental changes when using existing analytical methods applied under 
neutron irradiation and heating without their correction. This required revising the previously 
accepted position that the processes of accelerating hydration and carbonization of early age HCP 
under the influence of gamma radiation with the same value of volume change are the same as 
under the influence of irradiation and heating. Apparently, in these processes (especially 
acceleration of hydration) under neutron irradiation-heating and under gamma irradiation there are 
differences, which it is proposed to take into account in the parameter HCPA  for HCP. 
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5. Based on calculations from experimental data parameter values HCPA  and comparing their values 

with the HCP deformations, the dependence of the parameter was established HCPA  from the 
calculated decrease in the volume of HCP of early age concretes and mortars. A mathematical 
expression has been established that adequately approximates this dependence. 

6. Results of computational studies using adjusted parameters HCPA  demonstrated the possibility of 
using existing analytical methods to predict radiation-induced changes in the strength of early age 
concrete and mortars under the influence of gamma radiation. The maximum prediction error is 

0

f
R R∆  = ±0.28 (28 %) 

7. The results of the studies of predicting radiation changes in the strength of mature concrete under 
the influence of gamma radiation, as of early age showed significant differences between the 
calculated and experimental changes when using existing analytical methods applied during 
neutron irradiation and heating without their correction. At the same time, the differences between 
the calculated and experimental values of residual relative strength are from 0.17 to 0.58  
(17–58 %). It is proposed to take into account the differences between the calculated and 
experimental values of the strength of mature concrete after exposure to gamma radiation by the 
coefficient 1,e cK ≥  the values of which increase with increasing absorbed dose. 

8. The authors who experimentally studied these concretes explained the increase in the strength of 
the considered concretes under the influence of gamma radiation by an increase in the degree of 
carbonization due to the formation of, first of all, vaterite and aragonite, and not calcite. In this 
regard, higher values of residual strength of mature concretes according to experimental data than 
according to calculations and 1e cK >  can be explained by a more significant influence of 

carbonation during irradiation of mature concrete with gamma radiation than with neutrons and 
during heating. The results of the assessment of the content of aragonite and vaterite in the HCP 
of concretes of the considered concretes and the established correlation between e cK  and the 

content of these carbonates confirm the validity of this statement. 

9. Results of calculation studies using the coefficient e cK  demonstrated the possibility of using 

existing analytical methods to predict radiation-induced changes in the strength of mature concrete 
under the influence of gamma radiation, taking into account carbonation. The maximum prediction 

error for the concretes under consideration with the carbonation occurring in them is 
0

f
R R∆  = ±0.14 

(14 %). At the same time, it should be taken into account that the carbonation of concrete has not 
been sufficiently studied. In this regard, with a reserve, radiation, and radiation-thermal changes in 
mature concrete under the influence of gamma radiation are still preferable to determine at  

e cK  = 1 (excluding carbonation). 

10. Further research should be devoted to a more rigorous justification of the method for accounting 
for the growth of the strength of HCP and concrete under gamma irradiation due to carbonization. 
For this purpose, it is necessary to study in more detail the processes of carbonization of concrete 
under gamma irradiation, check, and, if necessary, clarify the dependences of strength and 
coefficients e cK  from carbonation parameters. 
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Abstract. Due to the non-linearity of the propagation of temperature waves in massive fences, one of the 
most difficult control objects is an air-conditioned room equipped with automated microclimate systems, 
especially if complex algorithms are used for regulation. Therefore, the task of studying the non-stationary 
thermal regime of such a room still remains actual, despite the presence of a number of solutions describing 
the behavior of the air temperature in it with changes in heat supply. On the other hand, such objects are 
regularly found in the decision-making process to ensure an internal microclimate, so the results obtained 
can be used for a wide class of tasks. The proposed work presents a variant of a simplified mathematical 
formulation and solution of the task of calculating changes in internal temperature in a room in which a local 
split-system type cooling system is provided for the assimilation of heat surpluses, regulated by an integral 
law, in conditions when general exchange ventilation performs only sanitary and hygienic functions. The 
basic differential equation of the room thermal balance for this case is formulated, and it is shown that with 
the introduction of a fixed layer thickness of sharp temperature fluctuations over the considered time 
interval, this equation with feedback describing the action of the regulator is linear of the second order and 
is solved in elementary functions in the form of a damped sine wave. Using this solution, calculations were 
performed for a characteristic room and its validity and formal compliance with the classical results of the 
automatic control theory were proved by comparing the results with data from field measurements carried 
out in the same room, as well as with the results obtained for similar tasks by other authors. The obtained 
formulas are proposed to be used for estimated calculations of the indoor air temperature behavior in an 
air-conditioned room with the assimilation of heat supply by split systems regulated by an integral law, and 
for solving identification problems to determine the actual parameters of the room and the controller. 

Citation: Samarin, O.D. Non-stationary thermal mode of a room at integrated regulation of split systems. 
Magazine of Civil Engineering. 2025. 18(5). Article no. 13708. DOI: 10.34910/MCE.137.8 

1. Introduction 
The object of the proposed publication study is the nature of changes in indoor air temperature over 

time in conditions of intermittently changing heat supply, if this room is serviced by a local cooling system 
regulated by an integral law, and general exchange ventilation performs sanitary and hygienic functions 
and is not directly involved in temperature stabilization. 

An analysis of the information available in various sources, representing both scientific articles and 
monographs, educational and regulatory reference literature, allows us to note that research work related 
to the assessment of non-stationary heat and humidity processes and changes in the concentration of 
harmful substances in premises, as well as the mode of operation of equipment of microclimate systems 
serving them and their technical means automation has developed in parallel in several directions. One of 
them is the consideration of processes occurring directly in the air environment of a room and the material 

https://creativecommons.org/licenses/by-nc/4.0/
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of its enclosing structures under various kinds of variable thermal influences, including harmonic or 
discontinuous ones. Several engineering and analytical methods that have become most famous in the 
design practice have been created here, for example, the "response factor" method, the theory of thermal 
stability, as well as a number of others, especially concerning the calculation of lowering the temperature 
in a building in case of failures of heat supply systems or, conversely, heating its premises in case of 
excessive heat supply or additional heat from others sources, for example, [1–3]. Within the framework of 
such calculations, individual characteristics of building microclimate systems can also be taken into 
account, but their role in this approach is mainly reduced to issues of their participation in the total thermal 
balance of the building, that is, in terms of the heat amount that enters or is removed from the premises 
due to the operation of these systems. In some cases, especially when it comes to optimization issues, 
which may be typical primarily for heating and heat supply systems, as well as when choosing the level of 
thermal protection of enclosing structures, economic methods may also be involved, however, such work 
most often has the disadvantage that their results are of a private nature and are not generalized to other 
cases [4]. The improvement of information technologies contributes, of course, to the fact that engineering 
and analytical methods are gradually supplemented, and in some cases replaced by numerical ones, 
although this is still more typical for foreign publications, in particular [5, 6], which, however, in addition to 
the actual numerical calculations, also include experimental ones data, making it possible to identify the 
constructed models, which, of course, is the advantage of these publications. 

The second area of research concerns the study of heat exchange processes in equipment for 
processing supply air or in heaters of heating and hot water supply systems. Traditionally, more specific 
methods have been used here, based on the equations of thermal balance and heat transfer, including in 
differential form, and using dimensionless parameters, in particular, in the same works [1, 2], but without 
direct connection with the room and automation equipment, although it is easy to see that in fact, they are 
a single system. The third direction covers issues of regulation of microclimate systems and their control, 
and it was characterized by consideration of the relevant processes from the point of view of the automatic 
control theory, which is based on the concepts of the system links and formal connections between them 
on the principle of a "black box", which in some cases causes neglect of the physical essence of the 
observed phenomena. In order to obtain results acceptable in engineering practice, these links are mainly 
considered as linear ones, which often causes significant simplifications and omission of key transient 
processes in premises features [1, 2, 5, 6], what will be clear from the following. The consequence of such 
a separate consideration of, in fact, significantly related phenomena is an increase in the number of works 
where the features and behavior of a particular object are studied, for example, for underground structures 
in harsh climatic conditions [7] and external fences with heat-conducting inclusions [8]. Here, we can also 
mention an earlier article by the author of this work [9], which presents an engineering and analytical 
dependence of the velocity of movement of the front of a temperature disturbance in the thick wall of a 
hollow round cylinder. It can also be noted that the authors of some other publications, in particular [10, 
11], on the contrary, focus on identifying the initial data and characteristics, for example, the actual 
thermophysical properties of building materials based on the results of their temperature behavior 
measured by one method or another under various conditions, that is, they actually make attempts to solve 
problems, which are the reverse of those discussed above, but this also applies to individual specific 
objects. 

If numerical methods are involved in the solution, in some cases, it makes it possible to build a 
comprehensive model that includes all the listed systems and factors, but the very specificity of such 
approaches, as a rule, does not make it possible to obtain universal engineering and analytical techniques 
that would be acceptable for engineering practice and evaluation calculations, as well as for implementation 
into the educational and normative reference literature, since it requires an individual calculation on a 
computer for each individual object. In addition, the operation of the corresponding programs may require 
a large amount of initial data in the form of room parameters and their engineering systems [12, 13], since 
the algorithms under consideration require careful consideration of boundary conditions when calculating 
temperature fields. Another algorithm, developed in [14] and using quite a lot of parameters as input data 
for simulating transients, nevertheless contains a serious limitation in terms of its applicability, since it 
requires the mandatory presence of a working heating system. It should be noted here that one of the main 
criteria for the suitability of a particular technique for engineering calculations is the possibility of presenting 
its results in the form of fairly simple analytical or graphical dependencies that can be included in normative 
reference documents, and from this point of view, methods based on the so-called fuzzy logic have recently 
begun to spread [15] and other system-wide concepts [16, 17] turn out to be even less suitable. The same 
applies in most cases to works devoted to the general principles of reducing energy consumption in 
buildings using various energy-saving solutions, including automatic control of microclimate systems  
[18–21]. Thus, to date, there are practically no models and solutions that allow us to jointly consider non-
stationary processes in rooms serviced by automated microclimate systems, taking into account their 
physical essence, interconnection and mutual influence and available for use in mass design. 
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Previously, the author in the works [22–24], a number of issues related to the study of the non-
stationary thermal regime of a room serviced by automated microclimate systems were considered, first 
with proportional [22], and then with integral [23, 24] regulatory laws for various combinations of general 
exchange and local systems. At the same time, on the basis of a combination of the thermal stability theory 
and the classical automatic control theory, accurate analytical solutions for the temperature of the internal 
air with a sudden change in heat supply were obtained, which are quite successfully confirmed by 
comparison with the results of numerical modeling and some available data from other authors in this field 
and even allow, under certain conditions, to identify the constructed mathematical model with the 
determination of the actual parameters of the system. However, with integral control, such solutions were 
obtained in the form of infinite, albeit rapidly converging series, in addition, the form of their recording did 
not fully correspond to the traditional nature of the dependencies arising from the implementation of 
conventional methods of automatic control theory. 

Therefore, the actuality of the study under consideration lies in the expediency of further searching 
for fairly simple, but at the same time having an obvious physical justification for analytical formulas 
describing the behavior of internal temperature in rooms serviced by local cooling systems equipped with 
integrated regulators. Such expressions should take into account the most significant factors affecting the 
processes of heat exchange and heat transfer in fences and room air and equipment of climate systems, 
including the thermophysical characteristics of building materials, the nature of changes in heat supply and 
controller parameters. At the same time, they should be presented in a fairly simple form, suitable for use 
in design practice and more or less consistent with existing solutions known in the theory of automatic 
control. 

Based on the above, the purpose of this work is to obtain a dependence for changing the air 
temperature in a room equipped with local cooling systems such as split systems regulated by an integral 
law, which is expressed in elementary functions and is suitable for engineering calculations, with an 
assessment of its accuracy by comparing with formulas previously discovered by the author and in other 
sources, taking into account a greater number of factors affecting the non-stationary thermal regime of the 
room. 

Tasks of the work: 

− formulation of a system of differential equations that describe transients in a room with a single 
thermal effect for the case when it is assimilated by an automated split system regulated by an 
integral law, based on simplifying assumptions that make it possible to apply operational 
methods to solve; 

− obtaining a solution for this system describing the behavior of the indoor air temperature in the 
specified conditions, recording it in a dimensionless form and analyzing it with various initial data, 
including in the case of a change in the air capacity of the background general exchange 
ventilation system; 

− assessment of the adequacy and accuracy of the found dependence by comparing it with 
experimental data for a representative room and the previously achieved results of the author 
and other researchers. 

2. Methods 
Similar to the works [22–24], if you enter an excess temperature .0 ,in in int tθ = −  K, where .0int  

denotes the controlled level of the internal air temperature ,int  that is, using the terminology for automation 
systems, the setpoint, in conditions of a sudden change in heat supply and its elimination using a local 
cooling system (in particular, a split system), which at each moment assimilates the amount of heat ,cQ  
W, one of the variants of the equation the convective heat balance for the room as a whole will look like 
this: 

2

2
d d 0,

3.6 d d
s a in in

c in m m
G cK M cθ θ

θ + + =
τ τ

                                             (1) 

where inQ  is the flow of apparent heat entering the room air due to convection from all sources, W; τ  is 

the period of time, ,s  that has elapsed after the appearance of a thermal disturbance; sG  is the mass flow 
rate of the general exchange inflow, kg/h, which can be considered to coincide with the value of the exhaust 
flow ,exG  since the air the balance of the room, unlike the thermal one, is instantaneously stationary with 
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great accuracy; ac  is the specific mass heat capacity of the air equal to 1.005 kJ/(kg·K). In this case, it 
means that the temperature of the inflow in the studied mode is constant or, in any case, functionally 
independent of inθ  since the general exchange ventilation system does not participate in maintaining inθ  
but primarily ensures the required cleanliness of the room air. Such a regime is currently becoming 
widespread, as it makes it possible to reduce the sG  value to the minimum permissible level determined 
by sanitary and hygienic requirements, and thereby reduce the dimensions of the supply unit and reduce 
energy consumption for processing supply air in it, as well as simplify the automatic control system. 

The parameter cK  in (1) is the equivalent transmission coefficient, W/(K·s), of an automated local 

system controlled by an integral law for the channel " inθ  → derivative of cQ ". The corresponding coupling 
equation will obviously be written in this way: 

d .
d

c
c in

Q K= − θ
τ

                                                                    (2) 

At the same time, unlike [22–24], when composing equation (1), the process of propagation of a 
temperature wave deep into massive enclosing structures over time is not taken into account, but it is 
assumed that there is some fixed material layer on their inner side facing the room, within which causes 
the temperature to change to the moment of interest to us. Therefore, the last term (1) includes the product 

,m mM c  J/K, which makes sense of the total mass heat capacity of this layer, where mM  is its mass, kg; 

mc  is the specific heat capacity of the corresponding material, J/(kg·K). If the fences are made of different 

materials, the sum of m mM c∑  over all surfaces must be taken into account in (1). The mM  value in this 
case can be determined based on the area of the structure in question, if you set the thickness of the layer 
where the temperature wave manages to penetrate. This can be done, for example, using the [22–24] the 
dependence for the rate of its propagation, moreover, since the thickness of the layer turns out to be 
proportional to the square root of ,τ  its effective value for the period under study should be 2/3 of the 
maximum. 

Due to this assumption, (1) turns out to be a linear homogeneous equation of the 2nd order with 
constant coefficients, as a result of which the usual operational method can be used to solve it. In other 
words, with the assumptions made, the room under study can be represented from the point of view of the 
theory of automatic regulation as a linear inertial link of the 2nd order. Then the characteristic equation for 
(1) will be written as follows: 

2 0,
3.6

s a c

m m m m

G c Kp p
M c M c

+ + =                                                        (3) 

where p  is the Heaviside operator. 

From this, it is not difficult to obtain that, taking into account the obvious initial conditions 0inθ =  

and 
d
d

in in

m m

Q
M c

θ
=

τ
 at 0,τ =  the solution (1) will have the following form: 

1
Fo Foexp sin ,
2 2in GC K
′ ′   θ = −   

   
                                                    (4) 

where Fo′  is the so-called modified Fourier criterion (dimensionless time) [9], and GK  is a complex 
parameter (also dimensionless) that determines the properties of the room and its general exchange 
ventilation system and automated local cooling system. They can be calculated using formulas: 

( )

2

2
4 3.6Fo ; 1.

3.6
s a c m m

G
m m s a

G c K M cK
M c G c

τ ⋅′ = = −                                           (5) 

It is assumed that the expression under the root in the formula for GK  is non-negative – only in this 
case an oscillatory component appears in solution (4). However, as it will become clear from the following 
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presentation, with the really possible values of the parameters used, this is exactly the ratio that usually 
takes place, and for the initial period, there will be no significant difference between the various solutions 
at all. The dimensional numerical coefficient 1,C  K, in expression (4) in this case is defined as follows: 

1
2 3.6 .in

s a G

QC
G c K
⋅

=                                                                           (6) 

3. Results and Discussion 
Fig. 1 shows a comparison of the theoretical dependence for inθ  (solid line) according to expression 

(4) with the results of direct measurements of temperature in a room serviced by an individual split cooling 
system (dotted line). It should be noted, however, that in fact, its regulation was performed according to the 
positional principle, but due to the high switching frequency, it still approached the integral one. The thermal 
disturbance was modeled by turning on a convective electric heater (fan heater) with inQ  = 750 W, and 

the value of m mM c  was calculated using the actual thermal engineering parameters of building materials 
in enclosing structures and geometric characteristics of the room [23, 24]. Its area was 14 m2, the height 
from floor to ceiling was 3 m, the depth from the outer wall was about 6 m, and then the total surface of the 
fences facing the room turns out to be about 64 m2. The average effective density of materials on the inside 
of the structures was assumed to be p  = 600 kg/m3, and their specific heat capacity mc  = 800 J/(kg·K). 
Then, if, within the time interval under consideration, we consider the thickness of the layer with a varying 
temperature equal to 0.01 m, we get m mM c  = 307200 J/K. The value of sG  was taken into account in the 

amount of 430 kg/h, and iK  = 2.5 W/(K·s), whence, according to the formula (5) GK  = 14.57. Thus, the 

root expression in (5) really turns out to be many times higher than 1. Then, the coefficient 1C  in accordance 
with (6) will be equal to 0.858. 

For temperature measurements, a Testo 0560 1110 thermometer with a division price of 0.1 was 
used, which was installed in the center of the room at a height of 1 m from the floor. 

 
Figure 1. The dependence of θin on time for a characteristic room  
in a full-scale experiment (solid line – calculation according to (4),  

dotted line – experiment, dashed dot – according to the formula (7)). 
It can be seen that, practically within the entire studied period from the moment of the occurrence of 

the heat gain spike, experimental measurements give a dependence character for inθ  that differs little from 
the theoretical one, which confirms the sufficient accuracy and physical validity of the solution option 
obtained in the proposed work. At the same time, we can talk about the identification of the constructed 
mathematical model in relation to the selection of the level of parameters m mM c  and ,sG  which ensures 
the maximum possible coincidence of the calculated and measured curves. 

For comparison, the dashed dot in Fig. 1 shows the change in inθ  under the same conditions 

according to the theoretical expression obtained in [23] in the limiting case sG  = 0 and taking into account 
the nonlinearity of the propagation of the temperature wave in massive fences, which can be written as 
follows: 
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where 3 23 41.26 2, cKy
B

= = τ  is a dimensionless time parameter, and the value ,B  W·s1/2/K, which 

determines the intrinsic thermal stability of the enclosing structures of the room, is calculated by the formula: 

.m i
B A c = λ ρ ∑                                                                          (8) 

Here, λ  is the thermal conductivity, W/(m·K), of the material of the layer of the i -th massive 
enclosure facing inside the room, for example, external and internal walls and partitions, as well as floor-
to-floor ceilings; mA  is the area of each of the listed fencing structures, m2. In the example under 

consideration, the average effective value λ  was assumed at the level of 0.45 W/(m·K), if we consider the 
total surface mA∑  = 64 m2, and mc  = 800 J/(kg·K) and p  = 600 kg/m3, as was done above when 

comparing with experimental data. Then, the value of B  will be 29745 W·s1/2/K. 

Fig. 1 shows that at the initial stage, the room temperature increases faster when calculating 
according to (7), but this, apparently, can be explained by not taking into account the influence of the room 
indoor air heat storage capacity when obtaining the solution (7), which is especially significant at low 
temperatures. However, this circumstance was not taken into account when deriving expression (4), but its 
structure itself and the corresponding shape of the inθ  dependence on time graph, as the results of 
calculations show, to a certain extent compensates for this disadvantage. At the same time, even despite 
the noted features, the maximum temperature deviation from the setpoint and the time of its onset, which, 
generally speaking, are of interest to us primarily when assessing comfort in the serviced area of the room 
and from the point of view of setting up the automatic control system, within the accuracy of measurements 
and calculations practically coincide with those obtained by other methods. 

Differentiating (4) by time and equating the derivative to zero, we obtain an expression for the 
criterion Fo′  at the time of the maximum deviation of the internal air temperature from the setpoint: 

( )
max

2arctg
Fo ,G

G

K
K

′ =                                                                  (9) 

from where, substituting the obtained result into the original equation (4), we find the ratio of interest to us 
first of all for the maximum possible :inθ  

( ) ( )max 1 12

2arctg
exp .

1
G G

G
G G

K KC C f K
K K

 
θ = − = 

  +
                                 (10) 

The graphs of the change in Fo′  for the moment of maximum and the function f  depending on the 

magnitude of GK  are shown in Fig. 2 as a solid line and a dotted line, respectively. It can be seen that for 

GK  > 6, the average value of ( )Gf K  = 0.9 can be assumed. Therefore, under the conditions of the 

considered example, the largest inθ  will be equal to 0.858 × 0.9 = 0.77 K, which fully corresponds to the 
data in Fig. 1. 
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Figure 2. Dependence on the value KG of the value of the criterion Fo’ for the moment  

of maximum θin (solid line) and the function f(KG) according to the formula (10) (dotted line). 
Fig. 3 shows, for comparison, the solid line of the already mentioned calculation results according to 

(4), dots – according to the indications of full-scale measurements [25] in the operating conditions of an air 
heating system equipped with a similar automation system (after normalization by the value of the largest 
temperature deviation from the initial level and scaling over time), dotted lines – according to numerical 
modeling data the operation of an automated water heating system [26], also after appropriate 
normalization. 

 
Figure 3. The dependence of θin on time for a characteristic room (solid line – calculation by (4),  

dots – experiment [25] with scaling, dotted line – numerical modeling [26] with scaling). 
It is acceptable to use such data, since from the point of view of the behavior of excessive 

temperature, it does not matter whether we are talking about a cooling system that assimilates additional 
heat gain, or a heating system that compensates for additional heat loss. It can be seen that the discrepancy 
between the curves practically lies within the error of calculation or measurement, which once again 
indicates the reliability of the results obtained in this work. 

4. Conclusion 
− It is proved that the approximate version of the analytical solution obtained in the work, describing 

the behavior of excessive air temperature in a room serviced by automated equipment such as 
split systems to ensure an internal microclimate when regulated according to an integral law in 
the presence of a background inflow with a conditionally constant temperature, with an abrupt 
change in heat flow, describes the real process of heating or cooling very well in any case, at not 
too large values of .τ  

− It is established that the core of the established dependence for inθ  can be explicitly expressed 
in terms of the product of a sinusoidal and decaying exponential function from a dimensionless 
complex including the value τ  in the first degree, which naturally follows from the assumption 
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made about the linearity of thermal processes in a room and the properties of solutions of linear 
homogeneous differential equations of the 2nd order. 

− It has been confirmed experimentally on the basis of field measurements in a typical 
representative room that the mismatch between the actual and calculated temperature values is 
within the limits of the available error of measuring instruments and the usual accuracy of 
engineering calculation. 

− It is noted that the form of recording the presented solution, containing dimensionless complexes 
used as independent variables, allows its fairly simple use to identify the constructed 
mathematical model when comparing it with experimental data, which makes it possible to 
determine the actual indicators of thermal stability of the room. 

− It is shown that the reliability of the results presented in the work is additionally confirmed by their 
fairly close coincidence in terms of the maximum temperature deviation from the setpoint and 
the moment of its occurrence with the data of an accurate analytical solution formulated in 
previous studies in the form of an infinite series [23], which takes into account the nonlinear 
nature of the propagation of a temperature wave in the material of massive enclosing structures 
and the actual characteristics of the controller when the absence of background general 
ventilation. 
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Abstract. During the design of buildings and structures with steel frames, the issue of ensuring their 
mechanical safety under accidental actions arises. A number of such actions are not accounted for in the 
normal operating conditions of buildings and are therefore classified as emergency events. To assess the 
degree of resistance of load-bearing structures to these actions, the concept of structural robustness has 
been introduced in modern scientific literature. However, due to the insufficient study of the problem, there 
are relatively few works devoted to the quantitative assessment of robustness in the form of specific 
indicators, and those that do exist are primarily focused on reinforced concrete structures. This paper 
proposes a method for evaluating a probabilistic robustness index for steel frame structural systems. Its 
calculation uses a modified form of classical reliability theory equations, based on the premise that the 
failure of a frame system occurs through the formation of a mechanism with the minimum number of plastic 
hinges. When determining the probability of failure, the deformation behavior of frame elements is 
considered, with their sequential or parallel inclusion in the failure mechanism scheme, analogous to 
electrical circuits with series or parallel connections. To evaluate the dispersion of random variables, the 
statistical simulation method (Monte Carlo) and experimentally observed data are used. Examples of 
robustness index calculation are provided for various accident scenario types. The specific practical 
implementation of the method demonstrated its applicability, allowing conclusions to be drawn about the 
mechanical safety of structures with steel frame systems that are subject to heightened responsibility levels 
or other special requirements for resistance to progressive collapse. 

Citation: Alekseytsev, A.V., Kurchenko, N.S. Evaluating the structural safety of steel frames using a 
probabilistic robustness index. Magazine of Civil Engineering. 2025. 18(5). Article no. 13709. 
DOI: 10.34910/MCE.137.9 

1. Introduction 
The problem of structural robustness in frame systems of buildings and structures constitutes a 

critical area of research in structural engineering, directly related to the assessment of mechanical safety. 
A review of recent studies has highlighted several key aspects of this issue: 

• evaluation of structural robustness through the analysis of joint connections in structural 
elements; 

• development and refinement of deterministic and probabilistic robustness indicators, as well 
as predictive systems based on artificial intelligence affecting progressive collapse 
scenarios; 

• investigation of the mechanisms of progressive collapse using limit analysis and numerical 
methods; 
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• study of accidental actions, including single and multiple joint or element failures, fire 
exposure, corrosion damage, and seismic loading; 

• robustness assessment and robustness-oriented design through search-based optimization 
algorithms, including multi-objective heuristic methods in combination with machine learning 
and artificial neural networks; 

• development of structural solutions aimed at mitigating progressive collapse through force 
redistribution and energy dissipation; 

• robustness and progressive collapse resistance in modular buildings with frame systems. 
The following is a brief literature review on these thematic directions, which justifies the need for the 

development of a probabilistic robustness indicator, as proposed in the present study. 

1.1. Robustness Assessment Based on joint Behavior Analysis 
The work in [1] focuses on the robustness of steel buildings with bolted connections as a function of 

their height. The analysis of 5-, 10-, and 15-story buildings revealed that taller buildings tend to exhibit 
greater structural robustness. The study emphasizes the importance of a probabilistic approach, which is 
implemented through the construction of fragility curves corresponding to progressive collapse scenarios. 
Studies [2, 3] emphasize that robustness is a key component of structural safety, particularly in steel 
moment-resisting frames where beam-to-column connections play a decisive role. Bolted corner 
connections are considered, and uncertainty in mechanical properties is addressed using the Monte Carlo 
simulation method. The study includes a vulnerability analysis of the structural system under accidental 
actions and develops tornado diagrams to determine sensitivity to various parameters such as span length, 
elastic modulus, and material strength, incorporating statistical modeling. In [4, 5], the performance of steel 
frame connections under bending moments is examined. The authors argue that ensuring ductile failure 
modes in joints can enhance both the robustness and reliability of structural systems. The inclusion of 
parameters that increase connection ductility is proposed as a mechanism to initiate progressive collapse 
arrest through plastic deformation localization. References [6, 7] investigate the behavior of steel frames 
subjected to sudden column removal, considering the influence of end plates in flange connections. The 
results demonstrate that end plates contribute to the localization of damage and enhance frame robustness 
under accidental scenarios. In [8–10], scenarios involving both instantaneous and gradual column loss in 
steel frames are explored. Structural robustness is linked to the integrity and robustness of joint 
connections. Both experimental and theoretical results confirm that flange dimensions play a crucial role in 
damage localization, thereby directly influencing robustness. The study in [11] examines the beam-to-
column joint configuration and proposes enhancing robustness by enabling a reliable catenary action 
mechanism in frame systems. The authors suggest the use of slotted holes to improve joint ductility while 
maintaining strength. Experimental results confirm a significant increase in frame robustness. 

1.2. Deterministic and Probabilistic Robustness Indicators; Artificial Intelligence Applications 
In [12, 13], a combined approach using structural analysis and artificial intelligence is applied to 

assess system robustness. Structural deformation data are interpreted using machine learning models 
under various accidental scenarios. The analysis indicates that selecting optimal structural geometry has a 
more pronounced effect on robustness than material strength enhancements. Studies [14, 15] introduce a 
safety index that accounts for uncertainties and supports design modifications to mitigate progressive 
collapse risks. It is shown that probabilistic modeling can reduce robustness estimates by up to 30 % 
compared to deterministic evaluations, with steel strength being a major contributing factor. Advanced 
damage detection tools such as artificial neural networks have also been employed [16], for example, to 
identify corrosion damage in steel components based on image analysis. In [17], a comprehensive 
robustness index is calculated for seismic-resilient buildings following AISC 360–16 guidelines. The index 
is defined as one minus the total material and non-material loss ratio, derived from dynamic analyses and 
fragility curve assessments [18]. Authors in [19] propose a robustness metric based on structural 
component strength, wherein strength degradation is linked to vulnerability. Both deterministic and 
probabilistic damage scenarios are considered, and it is concluded that systems with higher ductility exhibit 
superior robustness. Work [20] proposes a multi-criteria robustness index system incorporating energy-
based, load-based, and stiffness-based metrics, with consideration for different progressive collapse 
patterns. Robustness is defined as the insensitivity of the system to local damage potentially initiating 
collapse. 

In [21], robustness of steel structures is assessed using both deterministic approaches (applicable 
to seismic design according to [22]) and probabilistic models based on event trees. The resulting robustness 
index accounts for progressive collapse mechanisms and joint flexibility in moment frames. 
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1.3. Mechanisms of Progressive Collapse 
Reference [23] evaluates the impact of initial local damage on the robustness of buildings made of 

cold-formed steel sections. It is shown that localized damage accelerates plastic hinge formation and 
reduces overall system resilience, especially in taller structures or those lacking corner and edge columns. 

In [24], the classical definition of robustness is revised, and an alternative methodology based on 
plastic limit analysis (the method of ultimate equilibrium) is proposed. This eliminates the inaccuracies of 
quasi-static and full dynamic analyses in robustness assessment. Identification of damage or loading 
conditions serves as a foundation for determining real-life robustness indices [25]. For example, [26] 
presents a decision-tree algorithm based on vibration data and calibrated finite element models, capable 
of evaluating damage severity, robustness under extreme conditions, and residual life. Study [27] focuses 
on the fire resistance of steel structures under localized heating. While many studies address deformation 
and collapse mechanisms, reliable robustness assessment (both deterministic and probabilistic) must also 
account for structural strength as a mitigating factor against collapse propagation. 

1.4. Optimization of Parameters for Robustness Assessment 
Designs achieving specified robustness levels can be obtained through optimization techniques and 

analytical methods [28–30]. Standard heuristic algorithms [31–34] may be computationally expensive; 
therefore, hybrid methods combining stochastic search and neural networks are being developed. 
Metaheuristic optimization methods allow the exploration of various structural configurations to meet safety 
criteria [35]. These methods use multiple performance indicators, including economy, safety, and 
robustness [36]. In [37], group damage scenarios (e.g., simultaneous loss of several columns) are 
considered. Collapse propagation is predicted using a Pareto-based optimization model that minimizes 
initial energy input and maximizes resulting progressive damage. This dual-objective formulation enables 
quantification of system robustness and robustness. Similar to [35], combined algorithms (genetic 
algorithms, particle swarm optimization, neural networks) are used in [38] to optimize high-rise steel frame 
structures. Objectives may include internal force minimization and structural mass, facilitating robustness 
optimization under specific constraints. In [39], stress states and optimal joint design for tubular frame 
members are analyzed. Bio-inspired joint configurations (e.g., mimicking bamboo node geometry) are 
proposed to reduce stress concentration and enhance system durability and robustness. 

1.5. Investigation of Accidental Actions and Loading 
Metrics for evaluating the intensity of accidental actions, particularly seismic ones [40], include 

spectral accelerations and displacements, indirectly reflecting the system’s robustness and highlighting its 
multi-parameter nature. The study compares robustness with respect to efficiency, practicality, and distance 
to the source of accidental action. Research in [41] explores fire-induced damage in steel frames, proposing 
localized fire analysis followed by frame-wide evaluation. Both interior and edge column failures are 
considered. In [42], a local-global analysis method is applied, where thermal effects act dynamically on a 
heated column, while the steel frame is treated under static assumptions. The method is shown to be 
applicable to frame systems made from various materials. 

1.6. Structural Solutions to Mitigate Progressive Collapse 
The study in [43] suggests enhancing robustness by installing a supplemental roof truss system 

capable of redistributing loads upon beam or column loss. The system is designed to yield and form plastic 
hinges under extreme loads. Numerical modeling provides recommendations for optimal stiffness values 
of truss elements. In [44], the presence or absence of bracing in steel frames is analyzed. Bracing increases 
ultimate load capacity by 129.7 % and 45.1 % in two frame variants, respectively, emphasizing its critical 
role in robustness. Robustness indicators here are evaluated in deterministic terms. Study [45] analyzes 
50-story buildings designed to ASCE 7 and AISC standards. The impact of plan geometry on progressive 
collapse following column loss is investigated. Perimeter column removal leads to lower robustness indices 
compared to interior columns, while floor plan configuration has limited influence in the latter case. Further 
studies [46–47] assess robustness of tall buildings subjected to compound accidental scenarios, such as 
post-earthquake fire. Examples include 4- and 8-story frames with diagonal or V-shaped braces. 

1.7. Robustness and Progressive Collapse in Modular Buildings 
The study in [48] examines the progressive collapse resistance of modular buildings with columns, 

evaluating the role of beams, columns, and their joints. Beam characteristics (height, shear connectors, 
spacing) are shown to significantly affect robustness. Column reliability in frame systems is analyzed in 
[49]. Work [50] explores accidental loading on modular and frame structures under various joint 
configurations and both single and multiple damage scenarios. Enhanced joint strength improves 
robustness under isolated failures but remains a challenge for grouped failure scenarios. In [52], key factors 
influencing progressive collapse in modular buildings are identified, including load redistribution, failure 
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sequences, cross-section dimensions, bracing, and overturning effects. A design methodology 
incorporating robustness is proposed. Study [53] compares steel modular buildings under different module 
loss scenarios to traditional frames. It is shown that modular systems require significantly less material for 
floor systems while achieving comparable safety, indicating higher robustness. Similar evaluations for 
frame systems are conducted in [54]. The literature review confirms the relevance and insufficient 
exploration of probabilistic robustness assessment for steel moment-resisting frames, establishing the 
scientific basis and motivation for the current study. 

2. Methods 
2.1. Problem Statement 

It is assumed that the robustness of a steel frame structure is ensured under the fulfillment of the 
following conditions: 

− The condition of the static theorem of the plastic limit equilibrium method (A.A. Gvozdev) is 
satisfied, i.e., equilibrium is maintained in the damaged system with plastic hinges: 

[ ] { } { } { }0
1 ,MK P P⋅ δ = +
α

                                                           (1) 

where: [ ]K  is the global stiffness matrix of the finite element model; { }δ  is the vector of generalized nodal 

displacements; { }0P  is external load vector at 1,α =  { }MP  is the equivalent load vector corresponding 

to the system of plastic moments in the plastic hinges; lim ,P Pα =  limP  is the critical load factor, at which 
the equilibrium condition is satisfied. The value of α  can be varied either directly or through modification 
of the external loading, requiring a corresponding update of the structural system. During this iterative 
process, additional plastic hinges may form, necessitating control based on the condition described below. 

− The system retains geometric stability (geometric non-deformability) under both the initial impact 
and at the conclusion of the progressive collapse localization phase. This can be verified by 
evaluating the parameter ,condα  computed from the condition number of the stiffness matrix of 
the damaged structure: 

[ ]1 ,cond cond K∞α =                                                             (2) 

where: [ ] [ ] [ ] 1cond K K K −
∞ ∞ ∞

= ×  is the condition number of the stiffness matrix [ ];K  ∞•  is the 

infinity norm operator. Numerical studies indicate that high values of condα  < 10–16 are indicative of 

geometric instability. Specifically, 10–10 < condα  < 10–2 implies instantaneously unstable behavior, while 

high but finite values suggest condα  > 103 – conditioning and potential geometric deformability of the 
structure. It should be noted that a simpler yet sufficient criterion for assessing geometric invariability is the 
determinant condition: if [ ]det 2,K >  the system is geometrically stable. However, for large stiffness 
matrices – particularly in models containing solid (volume) finite elements – this approach can be 
computationally infeasible due to the high cost of matrix inversion required for determinant calculation. Loss 
of geometric stability may occur due to the initiation and propagation of cracks in welded joints or other 
critical elements of the structural nodes. The crack propagation process in structural steel may be 
approximately described using an energy-based formulation via the Cherepanov–Rice integral, resulting in 
a criterion for crack arrest upon damage initiation: 

,i
iy y cr

C

UJ Wdy n dc J
x

∂ = −σ ≥ ∂ 
∫                                                    (3) 

where: J  is the contour integral [55]; W  is the strain energy density; ,iyσ  iU  are stresses and 

displacements components at point i  in the y  direction orthogonal to crack growth; yn  is unit normal 

vector; crJ  is the critical value of the J -integral corresponding to the fracture energy required to initiate or 
sustain crack propagation. 
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We adopt the assumption that the localization of the accidental action occurs primarily in the plane 
of maximum stiffness (i.e., the frame plane). Representative damage localization schemes with the 
formation of plastic hinges are shown in Fig. 1a–d. 

  
а c 

  
  b d 

Figure 1. Typical failure scenarios: a) failure of the edge column;  
b) failure of the middle column; c) failure of the beam followed by overloading of the lower floor; 

d) lateral impact on the end column without complete loss of load-bearing capacity.  
Plastic hinge locations are marked with gray circles. 

To formulate expressions for the reliability index and evaluate the performance of structural 
elements, we present the principal formulas for strength and global stability assessment (see Table 1). 
Local stability is not considered herein. For definiteness, we assume that all frame elements have solid I-
shaped cross-sections; for columns, I- or W-sections are used. These profiles exhibit comparable out-of-
plane and in-plane flexural stiffness, satisfying the requirements for both in-plane buckling resistance and 
out-of-plane global stability. In the following equations, the load factor cγ  = 1 (coefficient of working 
conditions) is either assumed to be 1.0 or omitted entirely. 

Table 1. Strength design criteria for steel frame elements under accidental loading. 

Beams Сolumns Joints 
1. Strength of the element as part of the frame 
under combined compression and bending,  
σ < 440 MPa: calculated according to formula 
(106) of SP 16.13330.2017, 

( / / )
1n x xn

y c

N A M y I
R γ
±

≤ , 

where all notations are provided. 
2. Global stability of the element as part of the 
frame under dynamic loading: according to 
formula (69) of SP 16.13330.2017 

1x

b cx y c

M
W Rϕ γ

≤  

3. Shear strength at support sections: calculated 
by formula (42) of SP 16.13330.2017 for first-
class stress-strain state (SSS) structures and by 
formulas (54)–(55) for second and third classes. 

1. Global stability of the element as 
part of the frame under dynamic 
loading: 

1
е y c

N
ARϕ γ

≤  

calculated according to formula (109) 
of SP 16.13330.2017, considering the 
effective slenderness and reduced 
relative eccentricity, which are 
evaluated accounting for the 
material’s dynamic characteristics and 
internal force values. 
2. Strength check according to 
formula (109) for short columns. 

1. Welded connections: 
Strength verification of butt, 
fillet, and lap joints according 
to formulas (175)–(181) of 
SP 16.13330.2017. 
2. Bolted connections: For 
nodes subjected to 
maximum dynamic loading, 
apply formulas (186)–(188), 
(190) from SP 
16.13330.2017. 
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2.2. Reliability Indices for Probabilistic Robustness Assessment 
Reliability indices for the strength of beams can be formulated using the criteria of normal and shear 

stresses, which determine the corresponding probabilities of failure due to bending, accounting for the axial 
force as part of the frame, and shear at support zones: 

( ) ( )
( ) ( )1 222

, , , ;y MN
MN x x x

MN y

R
N A M y I N f Q M f Q

S S R
σ

− σ
β = σ = ± = =

σ +

    







          (4) 
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
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      (5) 

where: ,σβ  τβ  are reliability indices based on normal and shear stresses; ,MNσ  xτ  are the expected 

values (means) of normal and shear stresses in critical sections; ,yR  sR  are the design resistances in 

bending and shear for structural steel; ( )S •  is the standard deviation operator for random variables; 

internal forces ,N


 ,xM


 ,xQ


 ,MNσ  xτ


 (axial force, bending moment, shear force) and stresses (normal 

and shear) are considered as random variables obtained via statistical modeling; ,A  ,S  ,xI  ,wt  ,wA  y  
are the cross-sectional area, first moment of area, moment of inertia in the frame plane, web thickness, 
web area, and the coordinate of the stress evaluation point relative to the neutral axis; Q



 is the observed 
value of the random load, including accidental actions. 

The functions ,f  1,f  2f  define the relationship between external load and internal forces and can 
be derived through machine learning models or iterative simulations with varying load levels. 

In equation (4), the random variable of normal stress ,MNσ  is composed of two components. Its 
standard deviation can be calculated as: 

( ) ( ) ( ) ( ) ( )( )2cov , ;MN x x x xS D N A D M y I N A M y Iσ = + +
   

                           (6) 

( ) ( )( ) ( ) ( )( ) ( )( )
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= −∑

     

                       (7) 

where: ( )D •  is the variance operato4; ( ) ( )( )cov ,• •  is the covariance operator; ( )•  are sample means; 
n  is the sample size defined in the simulation or based on tested specimens. 

The reliability index for the global stability of a beam element is given by: 

( ) ( )22
, ,y Mx x

s Mx
b cx

M y

R M
WS S R

− σ
β = σ =

ϕσ +









                                             (8) 

where: Mσ  is the expected value of conditional normal stress, considering axial force under bending; cxW  

is the section modulus for the most compressed fiber in the frame plane; bϕ  is the stability coefficient as 
defined in SP 16.13330.2017, depending on the geometry of the I-section. 

For columns subjected to dynamic axial and bending loads due to accidental actions, the stability 
reliability index is defined as: 

( ) ( )22
, ,y N

st N
e

N y

R N
AS S R

− σ
β = σ =

ϕσ +









                                               (9) 
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where: Nσ  is the expected value of conditional normal stress; eϕ  is the combined stability coefficient 

depending on the slenderness ratio λ  and reduced eccentricity, adjusted by the section shape coefficient 
.η  

If eϕ  is treated as a random variable (due to its dependence on ,N


 xM


), the standard deviation 
must be computed as: 

( )
( )( )

.
,

N
e c

N NS D D
A F MA NW A

    σ = =   ϕ η λ   

 



 

                                   (10) 

However, since ( )( ),cF MA NWη λ
 

 is defined deterministically in Table D3 of SP 16.13330.2017, 

and its derivation lies outside the scope of this study, we treat eϕ  as a deterministic quantity. The standard 

deviation ( )NS σ  is thus calculated by: 
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                                          (11) 

For short columns, where loss of stability may not occur, the reliability index can be computed using 
equation (4). For joint components, reliability indices can be formulated similarly. For example, in the case 
of welded butt joints, equation (9) can be used, replacing Nσ  with ( ) ,N wN tlσ =  where t  is the weld 

leg length and wl  is the weld length. The design strength of the steel member yR  is replaced with the 

design strength of the weld metal .wyR  

2.3. Statistical Modeling of Random Variables 
The standard deviations of the random variables representing loads and design resistances can be 

determined based on the collection of actual statistical data for structures of a certain type, as well as from 
test reports used to establish their actual mechanical characteristics. However, such data are not always 
available, and in a number of cases, statistical simulation methods are employed. In particular, for the 
problems considered herein, the standard deviations of the random variables of loads – and, consequently, 
the stresses induced by them – as well as the resistance of structural steel grade S375, are determined 
using statistical sampling methods. It is assumed that the scatter in the values of stresses and resistance 
is of the same order of magnitude. Therefore, to determine the standard deviations, it is sufficient to 
generate a basic sample ω  of values ranging from zero to one (see Table 3), based on experimental values 
of the coefficient of variation of the tensile strength of the steel under uniaxial loading. The histogram for 
these data is shown in Fig. 2. Subsequently, using the generated sample ,ω  statistical realizations of the 

stress MNσ  and resistance yR  values are obtained based on the expressions , ,MN i i MNσ = ω σ  

, ,y i i yR R= ω  where MNσ  and yR  are the mathematical expectations, assumed, in particular, to be equal 

to the values of the maximum normal stress induced by external loading and the nominal resistance, 
respectively. Thus, by using the data of synthetic statistics with a normal distribution (or by processing data 
from full-scale experiments), it is possible to calculate reliability indices using formulas (4) and (5). 
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Table 2. Sample set of ω for determining root mean square standards for ultimate forces. 

1 10ω −  11 20ω −  21 30ω −  31 40ω −  41 50ω −  51 60ω −  61 70ω −  71 80ω −  81 90ω −  91 100ω −  
0.690 0.691 0.008 0.490 0.398 0.775 0.314 0.069 0.841 0.838 

0.672 0.485 0.459 0.604 0.410 0.297 0.699 0.736 0.215 0.875 

0.132 0.026 0.514 0.924 0.474 0.612 0.801 0.845 0.918 0.831 

0.750 0.429 0.064 0.695 0.358 0.344 0.162 0.523 0.926 0.557 

0.992 0.534 0.675 0.708 0.775 0.725 0.671 0.042 0.762 0.465 

0.414 0.997 0.562 0.186 0.367 0.877 0.650 0.655 0.865 0.405 

0.569 0.286 0.527 0.834 0.162 0.213 0.212 0.752 0.725 0.390 

0.758 0.470 0.540 0.716 0.090 0.435 0.717 0.913 0.973 0.306 

0.893 0.234 0.194 0.149 0.520 0.755 0.356 0.015 0.061 0.006 

0.783 0.304 0.593 0.101 0.579 0.947 0.591 0.575 0.065 0.098 
 

 
Figure 2. Histogram of the sample data set;  

n – number of members (statistical variants) in interval length (1/6). 

2.4. Probabilistic Robustness Index 
For individual steel structural elements, the probabilistic robustness index can be defined, in a 

simplified case, as the product of the probabilities of failure-free performance under normal service 
conditions and under accidental loading: 

( )1 ,no damw P P= −                                                                 (12) 

where: noP  is the probability of failure-free performance under service loads; damP  is the probability of 
failure under accidental action. In structural design following standard procedures, the service reliability 
probability typically falls within the range noP  = 0.95÷1. In optimization procedures that do not explicitly 

account for accidental scenarios, noP  = 0.98÷1. For an “ideal” robustness condition, the robustness index 

is Rw  = 1, meaning noP  = 1, damP  = 0. For a structural system in the form of a steel frame, the main 

topological components that may fail under accidental actions are: Cm  columns, Rm  beams, and Um  
joints. 

Let ,Rm  Cm  and Um  represent the number of beams, columns, and joints, respectively. Then, the 
system-wide probabilistic robustness index can be estimated as: 

( )( ) ( )( ) ( )( ), , , , , ,
1 1 1

1 1 1 ,
c UR m mm

R no i dam i no j dam j no k dam k
i j k

W P P P P P P
= = =

= − − −∏ ∏ ∏                  (13) 

where: , ,no iP  , ,no jP  ,no kP  are the probabilities of failure-free performance for the i -th beam, j -th 

column, and k -th joint under service loads; , ,dam iP  , ,dam jP  ,dam kP  are the probabilities of failure under 
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accidental loads for the corresponding elements. These failure probabilities can be evaluated using the 
standard formula: 

( )( )1 0.5 ,damP = − +Φ β                                                             (14) 

where: ( )Φ β  is the cumulative distribution function of the standard normal distribution (Laplace function); 

β  is the reliability index of the element or connection, which can be calculated based on equations (4)–(9). 

If the maximum failure probability among all components satisfies the condition max
damP  = 0.5:  

( )Φ β  = 0, β  = 0, then the system is considered not robust. More generally, the system robustness is 
deemed compromised if failure-free performance is not ensured for at least one critical group of 
components: 

( ) ( ) ( ) [ ]
1 1 1

0 0.6 .
c UR m mm

i j k
i j k

w w w
= = =

    
∨ ∨ = ÷          

∏ ∏ ∏                                   (15) 

In a special case where all beams and joints remain operational but some columns fail, the system 
may still be considered survivable provided that 0.95 0.6 0.95 0.55.RW ≥ ⋅ ⋅ ≈  Different failure propagation 
scenarios due to accidental loading can be modeled analogously to electrical systems, using series or 
parallel system logic. For example, the failure probability of a sequence of three beams failing progressively 
(1–2–3) can be computed as: damP  = 1damP  + 1damP  · 2damP  + 1damP  · 2damP  · 3.damP  Each term in the 
sum corresponds to the failure probability of an individual beam assuming progressive collapse initiated by 
the preceding failure. If the condition (1) is violated or geometric instability is detected based on the 
condition number estimation in equation (2), then the probabilistic robustness index RW  becomes 
irrelevant, as the structure is collapsed. 

3. Results 
3.1. General Information 

The study considers a steel frame structure fabricated from steel with a yield strength of ynR  = 

= 375 MPa, the configuration of which is shown in Fig. 3. 

 

 
W360x370x134 

 
НЕ260А 

а b 
Figure 3. Calculation scheme of the frame (а): 1–12 – column numbers, 1–9 – beam numbers  
(from left to right by floors); design parameters of column sections and beams sections (b). 

All columns in the frame are made of W360x370x134 profiles, and all beams are of type HE260A. 
Elements in the diagram are labeled by number, except for element 10. Potential accident scenarios are 
marked with crosses and involve progressive failure mechanisms through the formation of plastic hinges. 
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Element 10 represents a diagonal member (shown with a dashed line) that is introduced to redistribute 
internal forces and enhance the robustness of the frame. This member is not present in the structure under 
normal service conditions. 

It is believed that the destruction of a frame structure made of ductile steel with the formation of a 
mechanism with ductile joints is based on a consequence of the static theorem of the limit equilibrium 
method. That is, the system transitions to a state of geometric variability (mechanism) at such a minimum 
load that eliminates the degree of static indeterminacy by excluding angular connections, while in a statically 
determinate system with conditional plastic hinges, a limit state is observed in one of the sections. In this 
case, the number of plastic hinges is minimal. 

The frame was designed for the following service loads: dead load: q  = 40 kN/m (including the frame 
elements and reinforced concrete slab);wind loads (considering both mean and pulsating components, from 
both directions – note that leeward wind load is not shown in the diagram for simplicity); snow load: s  = 
= 13.2 kN/m for a Moscow region, including snow accumulation: ds  = 39.6 kN/m; live load on the floor 
slab: v  = 9 kN/m; live load on the roof: 0v  = 3 kN/m. The design solutions shown in Fig. 2 include safety 
reserves in the profile section dimensions, which are assumed to be utilized under accidental scenarios. 
Table 2 presents a possible material consumption optimization without considering accidental events. 

Table 2. Design options for the frame focusing on safety. 

Structural 
members, Fig. 2 

Original profile 
(safety) 

Costs 
optimization 

results 

Reduction of 
material 

consumption  
Reduction of 

bending rigidity 

Columns 
1, 4, 7 W360x370x134 НЕ260А 39% 68% 
2, 5, 8 W360x370x134 НЕ300АA 37% 58% 

3, 6 W360x370x134 НЕ260АA 38% 56% 
Beams 

1 НЕ260А НЕ240АA 30% 44% 
2 НЕ260А НЕ220АA 40% 60% 
3 НЕ260А НЕ240АA 30% 44% 
4 НЕ260А НЕ220АA 40% 60% 
5 НЕ260А НЕ240АA 30% 44% 

3.2. Normal Operating Conditions 
Since the frame members are long, the contribution of normal stresses predominates in their strength 

assessment. However, considering that in the critical sections of the beams both shear forces and moments 
reach their maximum values, it is advisable to use von Mises equivalent stresses, which account for the 
combined effect of normal and shear stresses (Fig. 4). These stresses are used to calculate reliability 
indices in Table 3. 

 
а b 

Figure 4. Diagram of equivalent stresses (MPa) under normal operating conditions of the frame: a) 
design with allowance for possible accident; b) minimization of material consumption. 
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Table 3. To the calculation of the value Pdam (Scenario A). 

No. of the 
element 

Original design, 
/e

yR
σ ϕ

, MPa 

Optimal design, 
, /e opt opt

yR
σ ϕ

, MPa 
R

Ropt

β
β

 
( )

( )
R

Ropt

β
β

Φ
Φ

 ,

, ,

dam i

dam i opt

P
P

 

Columns 

1 56/337.51 119/3002 
5

4.9
Rβ > 3 0,5

0.499997
 6

0
3 10−⋅

 

2 57/337.51 130/320 
5
5

R

Ropt

β
β

>
>

 0.5
0.5

 
0
0

 

3 28/337.51 83/280 same  same  same  

4 61/3452 128/321 -//- -//- same  

5 53/345 94/342 -//- -//- same  

6 67/345 205/299 
5

2.47
Rβ >

 
0,5

0.4933
 3

0
6.7 10−⋅

 

7 84/345 193/321 
5

3.36
Rβ >

 
0.5

0.49955
 4

0
4.5 10−⋅

 

8 86/345 196/342 
5

3.84
Rβ >

 
0,5

0.499922
 5

0
8.8 10−⋅

 

Beams 

1 192/375 289/375 
4.81
2.26

 
0.499997

0.4881
 

6

2
3 10

1.19 10

−

−
⋅

⋅
 

2 163/375 260/375 
5

3.02
Rβ >

 
0,5

0.49863
 3

0
1.37 10−⋅

 

3 204/375 313/375 
4.5

1.63
 

0.499997
0.4484

 
6

2
3 10

5.16 10

−

−
⋅

⋅
 

4 225/375 368/375 
3.9
0.18

 
0.499948
0.0714

 
55.2 10

0.4286

−⋅  

5 224/375 313/375 
4.0

1.63
 

0.499968
0.4484

 
5

2
3.2 10

5.16 10

−

−
⋅

⋅
 

1Obtained: 375 0.9 337,5⋅ =  – ϕ = 0.9 longitudinal bending coefficient for beams. 

2Obtained considering longitudinal bending coefficients depending on the column slenderness. 

3Obtained by formula (4): (337.5 – 56) / 38 = 7.4, where 2 2( ) ( ) 38M yS S Rσ + ≈


  MPa was calculated using statistical 

modeling; Roptβ = (300 – 113.5) / 38 = 4.9. 

 

Analysis of Table 3 shows that optimization by the criterion of minimizing material consumption 
allows obtaining an economical solution, but the reliability of such a solution significantly decreases (by 
several orders of magnitude). There is a real probability of failure even due to factors related to the statistical 
nature of the mechanical properties of steel and load effects. We calculate the probabilities of failure-free 
operation of columns and beams (Table 4). 
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Table 4. Calculation of the probability of failure-free operation of the system. 
Original design Optimal design 

Probability 
of frame 

failure-free 
operation 

Risk of 
damage  

Columns
8

, ,
1

no с no i
i

P P
=

=∏  

Beams 
5

, ,
1

no b no i
i

P P
=

=∏  

Columns 
8

, ,
1

no с no i
i

P P
=

=∏  

Beams 
5

, ,
1

no b no i
i

P P
=

=∏  

1 

0.999997 1 0.999997
0.999948 0.999968
0.99991

⋅ ⋅ ×
×⋅ ⋅ =
=

 

0.999997 1 1 1 1 0,9933
0.99955 0.999912
0.99276

⋅ ⋅ ⋅ ⋅ ⋅ ×
× ⋅ =
=

 

0.9881 0.99863 0.9484
0.5714 0.9484
0.50714

⋅ ⋅ ×
× ⋅ =
=

 
0.99991
0.5034

 
90

496600
 

 

Table 4 illustrates that a design optimized solely by the criterion of minimum material consumption 
is significantly riskier, with the risk of material losses being several orders of magnitude higher compared 
to the original design. It should be noted that the failure of the frame in this case will likely not result in total 
collapse; rather, the failure is expected to occur at the support joint of the roof beam in the area of increased 
snow accumulation. Moreover, according to the results presented in Tables 3 and 4, it becomes evident 
that designs optimized for minimum steel consumption are not survivable under any accidental loads. 

3.3. Accidental Scenarios: General Information 
To demonstrate the effectiveness of robustness assessment based on a probabilistic indicator, two 

calculations are performed for each accidental scenario: one without element 10 (see Fig. 2), and one with 
this structural element included. The dynamic effects associated with support removal are modeled using 
a quasi-static approach, applying the G.A. Geniev effect, which involves multiplying the static internal forces 
in the damaged area by a dynamic load amplification factor. Only the original (non-optimized) design is 
considered. It is assumed that all joint connections in the frame structure remain fully functional under all 
configurations. The procedure for calculating the probabilistic robustness index of the frame involves the 
following steps: 

• Estimation of the system’s reliability under normal operation, which is computed as the 
product of the reliability values of individual elements. In traditional design practice, this value 
is close to unity, as shown in Section 3.2. 

• Estimation of the reliability of beams and columns in the event of a column removal (in this 
case, a parallel failure model is applied to the frame elements). 

• Estimation of the reliability of beams in the event of the removal of one of the beams while 
all columns remain intact (a series failure model is applied to the beams in this case). 

3.3.1. Accidental Scenario A 
A linear static analysis is performed for the system with support A removed. In sections where 

stresses exceed the yield strength, plastic hinges are introduced. Next, the geometric stability of the system 
is evaluated in accordance with equation (2). The deformed configuration along with the pattern of plastic 
hinge formation for this accidental scenario is shown in Fig. 5a. An analysis of the stiffness matrix condition 
number indicates an immediate loss of stiffness, implying that the system lacks robustness. 

However, the validity of this conclusion can be verified via nonlinear analysis, which accounts for 
both physical and geometric nonlinearities. This analysis was carried out using the SCAD software package 
(Fig. 5b). The stress-strain behavior was modeled using a Padé approximation of a bilinear deformation 
diagram, with a limiting strain value of 0.03. The results of this analysis show that, upon the removal of the 
support, the system transitions into a mechanism (i.e., collapses) when the applied load reaches 
approximately 80 % of the design service load. The resulting vertical deflection of the structure reaches 
1.447 m. 
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a b 

Figure 5. Diagram of equivalent quasi-static stresses (MPa) for emergency conditions (a),  
results of physically and geometrically nonlinear calculation (b). 

Table 5. Calculation of the values Pdam (Scenario A). 

No. of elements 
/e

yR
σ ϕ

, MPa Rβ  ( )bβΦ  ,dam iP  

Columns 

1 – – – – 

2 274/337.5 1.67 0.4525 0.0475  

3 112/337.5 5β >  0.5 0 

4 303/345 1.1 0.3643 0.1357 

5 150/345 5β >  0.5 0 

6 201/345 3.78 0.49991 59.0 10−⋅  

7 185/345 4.21 0.49997 53.0 10−⋅  

8 212/345 3.5 0.49977 42.3 10−⋅  

Beams 
1 >1 0 0 0.5 
2 371/375 0.1 0.0398 0.4602 
3 >1 0 0 0.5 
4 >1 0 0 0.5 
5 304/375 1.86 0.4686 0.0315 

 

Formula (10) takes the form: ( )( ) ( )( ), , , ,
1 1

1 1 ,
cR mm

R no i dam i no j dam j
i j

W P P P P
= =

= − −∏ ∏  using the data 

from Tables 4 and 5, obtained: 

( )( )( )( )

( )( )( )

21 0.9525 0.8643 0.999991 0.999997 0.9977 1 0.999997 0.5 0.999997 0.5398

0.999997 0.5 0.999997 0.5 0.999997 0.9685 0.05375.

RW ≈ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ×

× ⋅ ⋅ ⋅ =
 

The robustness condition is not satisfied, 0.05375 0.55RW ≈   This result indicates the inefficiency 
of structural measures aimed at increasing robustness. Therefore, instead of attempting to enhance the 
robustness of the damaged structure, efforts should be directed toward preventing the initiation of such an 
accidental scenario. In reality, even with the inclusion of element 10 in the analytical model (see Fig. 2), the 
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structure still failed at a load level of 0.8 of the critical accidental loads. However, the system deflection 
decreased to 1.156 m, and the robustness indicator RW  remained of the same order of magnitude. 

 

3.3.2. Accidental Scenario B 
Using the relationships from Table 1, or more generally, the von Mises energy-based strength 

criterion, the data necessary to determine the reliability index is computed (see Fig. 6). 

 
a b 

Figure 6. Distributions of equivalent quasi-static stresses (MPa)  
and deformed configurations of the frame with formation of plastic hinges:  

a) without diagonal bracing; b) with diagonal bracing. 
An analysis of the condition number of the system’s stiffness matrix in Fig. 6a revealed that the frame 

is instantaneously unstable, whereas the system in Fig. 6b is geometrically stable. However, instantaneous 
instability cannot be interpreted as a lack of robustness in general, since the localization of damage may 
lead to the formation of alternative load paths or chain mechanisms. Therefore, we proceed to evaluate the 
robustness of these systems using a probabilistic indicator, followed by verification of the results through 
physically and geometrically nonlinear analysis. The corresponding data are presented in Tables 6 and 7. 

Table 6. Calculation of the values Pdam (Scenario B). 

No. of elements 

Frame on Fig. 6a, 
/e

yR
σ ϕ

, MPa 

Frame on Fig. 6b, 
/e

yR
σ ϕ

, MPa 
( )
( )

1

2

fig. 6, a
fig. 6,  b

 β
β

 1

2

( )
( )
β
β

Φ
Φ

 1 ,

2 ,

dam i

dam i

P
P

 

Columns 

1 126/337.5 99/337.5 1

2

5
5

β
β

>
>

 0.5
0.5

 
0
0

 

2 – – – – – 

3 151/337.5 135/337.5 
2

4.9
5β >

 0.499997
0.5

 
63 10

0

−⋅  

4 274/345 179/345 
1.86
4.3

 
0.4686

0.499997
 6

0.0314
3 10−⋅

 

5 76/345 48/345 1

2

5
5

β
β

>
>

 0.5
0.5

 
0
0

 

6 308/345 154/345 
2

0.97
5β >

 0.334
0.5

 
0.166

0
 

7 170/345 264/345 
4.6
2.13

 
0.499997

0.4834
 

63 10
0.0166

−⋅  

8 164/345 180/345 
4.7
4.34

 
0.499997
0.49998

 
6

5
3 10
2 10

−

−
⋅

⋅
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No. of elements 
Frame on Fig. 6a, 

/e

yR
σ ϕ

, MPa 

Frame on Fig. 6b, 
/e

yR
σ ϕ

, MPa 
( )
( )

1

2

fig. 6, a
fig. 6,  b

 β
β

 1

2

( )
( )
β
β

Φ
Φ

 1 ,

2 ,

dam i

dam i

P
P

 

Beams 

1 >11 294/375 
0

2.13
 

0
0.4834

 
0.5

0.0166
 

2 >1 337/375 
0

1.0
 

0
0.3413

 
0.5

0.1587
 

3 281/375 260/375 
2.47
3.02

 
0.4932
0.4987

 
0.0068
0.0013

 

4 >1 313/375 
0

1.63
 

0
0.4484

 
0.5

0.0516
 

5 269/375 300/375 
2.78
1.97

 
0.4973
0.4756

 
0.0027
0.0244

 

1A beam is regarded as geometrically unstable when three or more plastic hinges form within its span 
as a result of deformation. 

Table 7. Calculation of the probability robustness index. 

No. of 
element

s 

Normal operation 
Emergency situation, 

Fig. 6a / Fig. 6b ( ), ,1no j dam jP P−  

Fig. 6a / Fig. 6b 

( ), ,1no i dam iP P−  

Fig. 6a / Fig. 6b 

1

2

R

R

W
W

 
Columns

,no jP  
Beams

,no iP  
Columns

( ),1 dam jP−  
Beams

( ),1 dam iP−  

1 1 – 1/1 – 1 1 – – 

0.1
0.7516  

2 1 – - – – – – – 

3 1 – 
0.999997/1 

 
– 

0.999997 
 

1 – – 

4 1 – 
0.9686/ 

0.999997 
– 0.9686 0.999997 – – 

5 1 – 1/1 – 1 1 – – 

6 1 – 0.834/1 – 0.834 1 – – 

7 1 – 
0.999997/ 

0.9834 
– 0.999997 0.9834 – – 

8 1 – 
0.999997/ 

0.9998 
– 0.999997 0.9998 – – 

1 – 0.999997 – 
0.5/ 

0.9834 
– – 0.49999 0.98339 

2 – 1 – 
0.5/ 

0.8413 
– – 0.5 0.8413 

3 – 0.999997 – 
0.9932/ 
0.9987 

– – 0.99319 0.99869 

4 – 0.999948 – 
0.5/ 

0.9484 
– – 0.49999 0.94839 

5 – 0.999968 – 
0.9973/ 
0.9756 

– – 0.99726 0.97558 

 

The calculation results demonstrated the critical importance of diagonal bracing 10 (see Figs. 2 and 
6b) in ensuring structural robustness under the given accidental scenario. Verification analyses were 
performed using a nonlinear formulation, which showed that, in the absence of the diagonal element, the 
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system transformed into a mechanism and collapsed at 0.9 of the service load level. This confirms the 
earlier prediction that the robustness condition, whether according to equality 0.1 0.55RW ≈ <  or criterion  

( ) ( )
1 1

0.1238 0.807 0.6,
cR mm

i j
i j

w w
= =

   
= ∧ = ≤          

∏ ∏  

is not satisfied. Here, the value 0.1238 was obtained as the product of the reliability values for the beams 
(Column 8 in Table 7), and 0.807 as the product for the columns (Column 6 in Table 7). In the case of the 
system with the diagonal element included, it was established that the frame was capable of carrying the 
load under the accidental scenario without full collapse. Plastic hinges formed at the beam-to-left-column 
joints on all floors, while the maximum system deflection was 14.89 cm. Thus, the prediction based on the 
probabilistic robustness indicator was confirmed: 0.7516 0.55.RW ≈ >  The robustness condition was 
satisfied, as was the condition for groups of structural elements: 

( ) ( )
1 1

0.7644 0.9832 0.6.
cR mm

i j
i j

w w
= =

   
= ∧ = >          

∏ ∏  

3.3.3. Accidental Scenario C 
Following the same procedure, it was established that under this accidental scenario, the system 

remains geometrically stable both with and without the diagonal element. As a first step, we assess the 
robustness of the frame without the diagonal element, accompanied by a corresponding verification 
analysis. If robustness is confirmed in this case, further evaluation of the system with the diagonal element 
becomes unnecessary. The results of the preliminary quasi-static analysis are shown in Fig. 7a. The 
calculation of the failure probability elements is given in Table 8. 

  
а b 

Figure 7. Diagrams of equivalent quasi-static stresses (MPa) and deformed frame diagrams:  
a) linear calculation; b) physically and geometrically non-linear calculation. 

Table 8. Calculation of the value Pdam (Scenario С). 

No. of elements e

yR
σ ϕ

, MPa Rβ  ( )bΦ β  ,dam iP  

Columns 

1 124/337.5 5β >  0.5 0 

2 169/337.5 4.43 0.499997 63.0 10−⋅  
3 – – – – 
4 102/345 5β >  0.5 0 
5 85/345 same  same  same  
6 108/345 -//- -//- -//- 
7 54/345 -//- -//- -//- 
8 133/345 -//- -//- -//- 
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No. of elements e

yR
σ ϕ

, MPa Rβ  ( )bΦ β  ,dam iP  

Beams 
1 249/375 3.31 0.49945 0.00055 
2 288/375 2.28 0.4887 0.0113 
3 281/375 2.47 0.4933 0.0067 
4 246/375 3.39 0.4996 0.0004 
5 317/375 1.52 0.4357 0.0643 

 

Using the data from Tables 4 and 8, obtained: 

( )( ) ( )( )5 8
, , , ,

1 1
1 1 ;R no i dam i no j dam j

i j
W P P P P

= =
= − −∏ ∏  

( ) ( ) ( ) ( )
( ) ( )6

0.999997 1 0.00055 1 1 0.0113 0.999997 1 0.0067 0.999948 1 0.0004

0.999968 1 0.0643 1 1 3 10 0.9179.

RW ≈ ⋅ − ⋅ ⋅ − ⋅ ⋅ − ⋅ ⋅ − ×

× ⋅ − ⋅ ⋅ − ⋅ ≈
 

The robustness condition is satisfied, 0.9179 0.55.RW ≈ >  The nonlinear finite element analysis 
confirmed that under this accidental scenario, the system exhibits robustness. Two plastic hinges form in 
the beams, and the maximum deflection reaches 48.8 cm. Given a story height of 280 cm, such deflection 
may still allow for safe evacuation of occupants and removal of equipment. It should be noted that in this 
particular case, robustness is ensured by a design solution that involves a small degree of cantilever action 
in the building frame, which can be sustained by the beams. In other cases – for example, under increased 
loading – the installation of a diagonal bracing becomes necessary to enable redistribution of internal forces. 

3.3.4. Accidental Scenario D 
Initially, condition (3) is checked. Depending on the kinetic energy transferred to the beam and its 

actual SSS, the beam may resist the accidental load by forming a system of plastic hinges at the limit state, 
thereby creating a kinematic chain and acting as part of the frame similarly to a cable element. This 
mechanism is realized if condition (3) is not satisfied. If the condition is satisfied, a crack forms in the beam, 
which propagates and leads to fracture of the structural element. For definiteness, it is assumed that the 
beam contains a microdefect in the support joint, where the fracture initiates (see Fig. 8). 

  
а b 

Figure 8. Distributions of equivalent quasi-static stresses (MPa) and deformed configurations  
of the frame: a) linear analysis; b) physically and geometrically nonlinear analysis. 

An approximate evaluation of the integral in this particular case, considering the I-beam cross-section 
and the lateral bending condition, can be performed using the following expression derived from 
transformations of formula (3): 

0

0
2 ,

2

i
i s i u

i
n i i si

P R hJ d
hb b R

∆

∆

=

 ∆ ∆σ
= + ∆ 

 
∑ ∫                                                    (16) 
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2 2
2

0 3 3 ,
2 2

z y z y
s zy

σ +σ σ +σ   
σ = + + τ   

   
                                             (17) 

where: i  is the displacement i∆  increment number; 1 ,i n∆=   n∆  is the number of displacement 

increments into which the total displacement ∆  of the rod with a growing crack is divided; ,iP∆  0s i∆σ  are 

the load increment causing the displacement i∆  increment, and the equivalent stress increment; ib  is the 
distance from the crack tip to the opposite edge of the cross-section; h  is the actual width of the sheet in 
which the crack growth condition is checked; ,sR  uR  are the calculated resistances of steel, determining 

its yield and rupture; 0s i∆σ  is the increment of Mises stresses; ,zσ  ,yσ  zyτ  are the components of 

normal and shear stresses. 

 
Figure 9. Crack growth pattern in an I-beam section. 

Calculations showed that, under the values of the vertical dynamic load (see Fig. 2) acting on the 
roof beam –specifically, when the load magnitude is DP ≥  120 kN, converted to a static equivalent using 
a factor of 2 – a progressive, unstable crack growth occurs, eventually leading to fracture of the beam 
section. As a result, part of the load is transferred to the lower beam. Under this assumed failure 
mechanism, the analytical model can be modified using contact elements to accurately represent the load 
transfer. However, since such modeling features are beyond the scope of this paper, they are not 
considered here. Approximately 5/6 of the static equivalent of the accidental load – i.e., about 100 kN – is 
transmitted to the lower beam through the contact point. The analytical model for evaluating the probabilistic 
robustness indicator is shown in Fig. 8, and the reliability index calculations are presented in Table 9. As is 
evident even from the linear quasi-static analysis (see Fig. 8a), fracture of the upper beam causes 
significant additional bending moment loading in the left-hand column of the two adjacent stories. The 
results of the nonlinear analysis further confirm that moment redistribution occurs toward the first-story 
beam, where a plastic hinge forms at the support section (see Fig. 8b). 

Table 9. The calculation of the value Pdam (Scenario D). 

No. of elements e

yR
σ ϕ

, MPa Rβ  ( )bΦ β  ,dam iP  

Columns 

1 1/337.5 5β >  0.5 0 
2 0,4/337.5 same  same  same  
3 10/337.5 -//- -//- -//- 
4 307/345 1.00 0.3413 0.1587 
5 101/345 5β >  0.5 0 

6 81/345 same  same  same  
7 319/345 0.68 0.2517 0.2483 
8 0.3/345 5β >  0.5 0 

Beams 
1 254/375 3.18 0.4992 0.0008 

2 201/375 4.57 0.499997 63.0 10−⋅  

3 199/375 4.63 0.499997 63.0 10−⋅  

4 126/375 5β >  0.5 0 

5 – – – – 
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Accounting the possible sequential failure of Beam 3 and Beam 1, we obtain the following result: 

( )( ) ( ) ( )( )8 5
, , ,1 ,1 ,3 , ,

1 2
1 1 1 0.6318 0.55R no i dam i no dam dam no j dam j

i j
W P P P P P P P

= =
 = − − − = > ∏ ∏ . 

Under this accidental scenario, the system demonstrates structural robustness. This prediction is 
fully confirmed by the nonlinear analysis. 

4. Discussion and Research Prospects 
The robustness condition of the system 0.55RW >  may be revised depending on the type of the 

structural system considered and the criteria used for assessing the structure’s performance. However, 
calculations have shown that for steel frame structural systems subjected to loads typically experienced by 
buildings and constructions, this condition holds true. The issue of the initial quasi-static assessment of the 
structure, upon which the robustness forecast is based, remains debatable. Nevertheless, joint evaluations 
of the system’s geometric variability with plastic hinges and numerous calculations of such systems have 
never revealed discrepancies between the forecast and subsequent analyses accounting for physical, 
geometric, and structural nonlinearities. 

There are known studies, in which robustness is evaluated based on the satisfaction of boundary 
inequalities [10], as well as using deterministic [56] and probabilistic indicators [57]. The survivability 
assessments of frame structures obtained using these methodologies are in good agreement with the 
qualitative evaluation of robustness presented in this paper. 

The prospects of the current work lie in extending the theoretical framework to other types of building 
frames, including high-rise and unique structures. It is advisable to consider not only the design stage aimed 
at preventing possible accidents but also the normal operational period of the structural system, during 
which damage may accumulate due to both mechanical impacts (overloads, reconfigurations, etc.) and 
environmental effects, such as corrosion damage. Besides column removal, emergency scenarios can 
include standard fire exposure and various corrosion damage scenarios. 

5. Conclusions 
1. A new methodology for the quantitative assessment of the robustness of steel frame systems has 

been developed, based on a probabilistic index that accounts for the possibility of reliable operation 
of some structural elements and the failure of individual elements within the localization zone of 
accidental impact. 

2. The applicability of the proposed methodology is demonstrated using various scenarios of 
accidental impact localization on a steel frame with I-section profiles, enabling the evaluation of 
robustness for both newly designed and rehabilitated steel structural systems. 

3. The proposed methodology illustrates the potential for applying different strategies to strengthen 
the structural system or enhance its resistance to progressive collapse. In particular, the highly 
effective role of diagonal bracing elements in frames is confirmed, which is consistent with other 
research findings. Additionally, it is shown that increasing the cross-sectional size of elements is 
not advisable in a catenary progressive collapse localization scheme. 
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Abstract. The deserts in Iraq need to be utilized due to the population growing and cities expansion. More 
than one third of Iraq's land covered with deserts. Deserts soils have some issues that makes their 
improvement mandatory. Examples of the issues of soils of deserts are the low bearing capacity, high 
permeability, high collapsibility potential, and low durability. These issues are because of the uniform 
particles size distributions of these soils and the lack of edges of the particles. For that, soil improvement 
is required to modify and fix these issues. Cement is considered one of the most efficient additive to be 
used for soil stabilization. However, it has some environment issues since it is considered one of the most 
CO2 emissions sources and energy consumption and also it changes the behavior of soil to be more brittle. 
In this study, a supplementary cementitious material, calcined shale, is used as partially replacement of 
cement to improve the geotechnical properties of sandy soil as a more sustainable material. The maximum 
dry density of cement treated soil reduced by approximately 2.6 % when calcined shale content increased 
from 0 to 70 %. The unconfined compressive strength increased when calcined shale is added and reached 
the maximum increasing rate, 12 %, when 30 % of cement is partially replaced with calcined shale and then 
drops by 49 % when calcined shale increased to 70 %. For the durability, the samples treated with calcined 
shale exhibit slightly lower performance compared to the samples treated solely with cement. However, 
these samples successfully completed the 12 cycles of wetting and drying. The results revealed that the 
calcined shale has the most effect on the unconfined compressive strength of cement stabilized sandy soil 
when 30 % is used as partially replacement. 

Citation: Al-Adhadh, A.R., Nik Daud, N.N.N., Yusuf, B., Al-Rkaby, A.H. The effect of a sustainable material 
as partially replacement of cement on the geotechnical properties of sandy soil. Magazine of Civil 
Engineering. 2025. 18(5). Article no. 13710. DOI: 10.34910/MCE.137.10 

1. Introduction 
Deserts cover a huge part of the southern part of Iraq's lands, such as towns like Thi Qar, Al-Muthnna, 

Missan, and Basrah [1]. In 2022, the population of Iraqi people was 42 million, and it will be around 51 
million by 2030, according to the Central Statistical Organization of Iraq. New cities, streets, buildings, 
hospitals, and schools are needed to stand the growth of the population since all the towns are full and 
crowded with people and buildings. For that, deserts are a significant solution to widen the populated areas. 
The type of soils in the Iraqi deserts could have different shapes depending on the location of the desert, 
but generally, they are poorly graded sandy soils with some silts. This soil has some significant issues, 
such as high permeability, low bearing capacity, low durability, and high collapsibility potential when wetting. 
Soil stabilization techniques are required to modify the performance of this kind of soil. Cement has been 
used widely to stabilize different types of soils, and it significantly affects the geotechnical properties of 
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https://orcid.org/0000-0002-5019-3598
https://orcid.org/0000-0003-0021-3893
https://orcid.org/0000-0002-4542-0039


Magazine of Civil Engineering, 18(5), 2025 

sandy soils [2–14]. The efficiency of cement depends on the type of soil and cement dose used to stabilize 
soils to achieve the desired properties of stabilized soil [15]. Even though cement improves soil's 
geotechnical properties, it still has a few challenges. One of these challenges is that using cement could 
change the behaviour of soil from ductile to more brittle material, especially for high doses of more than 
3 % [16]. That means the soil behaves like dense sand and reveals a strain-softening behavior. Another 
issue with cement for soil stabilization is that it is considered one of the most significant sources of CO2 
emission and energy consumption, making it an environmentally friendly additive for soil stabilization [17]. 

The production of cement results in the emission of approximately 1 ton of CO2 for every 1 ton of 
cement produced, representing around 7 % of global CO2 emissions. Moreover, cement production also 
releases NOx, which can impact the greenhouse effect. Furthermore, cement tends to be more costly 
compared to various additives that can be used for soil improvement, such as lime, fly ash, and 
supplementary cementitious materials (SCMs) [18]. For that, extensive research is needed to reduce the 
reliance on cement and explore substituting more environmentally friendly additives. Instead of increasing 
the cement content to stabilize soils, the focus should be finding alternative materials that can partially or 
completely replace cement. These replacement materials should reveal similar or improved effects on the 
geotechnical properties of soils. SCMs such as calcined clay, metakaolin, zeolite, limestone, natural 
pozzolanic, and calcined shale could partially replace cement to stabilize soils [19–24]. 

Calcined shale (CS) is one of the SCMs and is recognized as one of the most significant materials 
for the partial replacement of cement to mitigate the emission of CO2 associated with cement usage [25]. It 
has primarily been used as an additive to modify the properties and durability of concrete, with less 
emphasis on its application as a soil stabilizer [26]. A lack of studies has been conducted to reveal the 
effect of CS on the geotechnical properties of soils. This study aims to explore the behavior of the CS 
stabilized sandy soil. An extensive experimental program has utilised two different additives to stabilize 
sandy soil. Laboratory tests, such as compaction, unconfined compression, consolidation, durability, and 
Scanning Electron Microscopy (SEM) were conducted to assess the engineering characteristics of the 
stabilized soil. The results demonstrated significant improvements in maximum dry density, unconfined 
compressive strength, consolidation, and the durability of the stabilized soil. Therefore, cement and CS can 
enhance sandy soil's compressibility and shear strength properties. 

2. Materials 
The soil utilized in this research incorporates 30 % of fines and 70 % of sand. Table 1 provides an 

overview of the geotechnical properties of the soil. The grain size distribution of the soil used in this study 
is presented in Figure 2. The geographical coordinates of the study area, which represents Thi Qar province 
in southern Iraq (located at 31.1042°N, 46.3625°E). The chemical Composition of cement, ordinary Portland 
cement, and the CS are shown in Table 2. It is shown that the main composition of cement is calcium, 
which plays a significant role in the hydration process, whilst the main composition of CS is Alumina and 
Silica, which play the main role in the pozzolanic reactions. The stabilizing agents included Portland cement 
and CS. Pozzolite has a local supply of naturally CS, a sedimentary rock formed from clay particles 
deposited in calm, muddy waters. This tan-coloured, layered rock has undergone natural heating from an 
underground heat source, resulting in its desirable properties as a natural pozzolan (Fig. 1). Cement is 
added in amounts of 5, 10, and 15 % by dry weight of the soil and the amount of CS is used with doses of 
10, 30, 50, and 70 % as partial replacement of cement. 

Table 1. The geotechnical properties of the soil. 

Property Standard Studied Sample 
Passing Sieve #4 

ASTM D422 
100 

Passing Sieve #200 30 
D50 0.25 

Clay fraction (%) ASTM D422 9.02 
Silt (%) ASTM D422 19.97 

Liquid limit LL (%) 
ASTM D4318 

39 
Plastic limit PL (%) NP 
Specific gravity SG ASTM D854 2.65 

USCS ASTM D2487 SM 
Maximum dry density (gm/cm3) 

ASTM D698 
1.91 

Optimum moisture content (%) 9.5 
Unconfined compressive strength 

(KPa) ASTM D2166 427 
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Table 2. The chemical Composition of the materials of the study. 
Chemical Composition CS Cement 

Alumunium Al2O3 14.45 4.01 
Silicon SiO2 67.46 18.9 

Potassium K2O 2.56 0.5 
Calcium CaO 5.4 61.32 
Titanium TiO2 2   

Iron Fe2O3 3.65 3.43 
Sodium Na2O 0.4 3.76 

Magnesium MgO 1.2 5.3 
Manganese MnO 0.5   

Sulphite SO3 1.95  
Others 0.43 2.78 

 

 
Figure 1. The CS used in this study. 

 
Figure 2. Grain size distribution curve for the soil. 

2.1. Sample Preparation 
The standard specimens are first prepared without additives. It is necessary to determine the optimal 

dose of cement that results in the maximum soil strength. To do so, cement is added to the untreated soil 
with three doses, which are 5, 10, and 15 %, on the soil's total weight of the soil, and these doses were 
chosen depending on previous studies [4, 27]. An unconfined compression strength (UCS) test is 
conducted to specify the optimum cement dose that produces the maximum UCS for the treated soil. The 
optimum percentage of cement is then partially replaced with CS using four percentages: 10, 30, 50, and 
70 % by the weight of cement, see Table 3. 
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Table 3. Description of the untreated and treated soil with cement and CS. 
CS as partial replacement 

of cement, % 
Cement percentage of 

the dry weight of soil, % Soil Symbol NO. 

0 0 C0CS0 1 
0 5 C5CS0 2 
0 10 C10CS0 3 
0 15 C15CS0 4 
10 10 C10CS10 5 
30 10 C10CS30 6 
50 10 C10CS50 7 
70 10 C10CS70 8 

2.2. Testing Program 
A series of geotechnical tests have been conducted, including the UCS test, proctor compaction test, 

consolidation test, and durability test. All tests were conducted following the ASTM guidelines. The 
compaction test was initially performed on both treated and untreated specimens to determine the 
maximum dry density (MDD) and optimum moisture content (OMC) for all soil samples, which would be 
used in subsequent tests. The UCS test, durability test, and consolidation test were then conducted on 
treated and untreated soils. 

3. Results and Discussion 
3.1. Effect of Cement and CS on Compaction of Sandy Soil 

The standard proctor compaction test was used to determine the MDD and OMC of the soil in this 
study. The results indicated that the MDD of untreated sandy soil was higher than treated soil, as shown in 
Figure 3. As the cement content increased, the MDD decreased. Specifically, adding 5, 10, and 15 % of 
cement reduces the MDD values by 1.07, 2.68, and 3.1 % respectively. The OMC remained unchanged 
when 5 % cement was added but increased from 9 to 10 and 11 % when 10 and 15 % were added, 
respectively. These observations were similar to that found by Pongsivasathit [5]. This increase in OMC 
can be attributed to the chemical reactions between cement and soil mixture. The introduction of Ca2++ from 
the cement requires more water to facilitate the exchange cation reaction, which leads to an increase in the 
OMC of the treated soil. In another aspect of the study, the soil was stabilized using 10 % cement and four 
various doses of CS as a partial replacement for cement. The results showed that the MDD of the soil 
stabilized solely with cement was higher than that of the soil treated with cement and CS. Fig. 4 illustrates 
that as the CS increased, the MDD and OMC decreased, similar to Mohammed's observations [28]. The 
reduction in MDD values was approximately 2.6 % when the CS content increased from 0 to 70 %, and the 
OMC slightly decreased from around 11.5 to 10 %. The decrease in MDD can be attributed to the lower 
specific gravity of CS compared to cement and soil, Table 4. When cement is partially replaced with CS, 
the water retention capacity decreases, which leads to a decrease in OMC. Additionally, adding CS to 
cement-stabilized soil causes the soil particles to flocculate and agglomerate, increasing grain size and 
reducing specific surface area, decreasing water retention capacity. 

Table 4. Summary of the compaction test results for all samples. 

Soil Type MDD (g/cm3) OMC (%) 
Untreated 1.870077 9 

5 % cement 1.85 9 
10 % cement 1.82 10 
15 % cement 1.8 11 

10 % CS 1.85 10.5 
30 % CS 1.84 10 
50 % CS 1.83 9.5 
70 % CS 1.81 9.2 
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Figure 3. The effect of cement on the MDD and OMC of sandy soil. 

 
Figure 4. The effect of CS on the MDD and OMC of sandy soil as a partial replacement of cement. 

3.2. The Effect of Cement and CS on The UCS of Sandy Soil 
The UCS tests were conducted for the untreated study soil, and the soil was treated solely with 

cement and CS. The results were taken at 7 and 28 days and clearly showed that the UCS increased as 
the cement content and curing time increased for the sandy soil at the OMC, as shown in Figs. 5 and 6. 
The addition of cement leads to an increase in the UCS of the soil due to the process of cement hydration, 
and this observation was similar to that of Moon [29]. Cement hydration produces components such as 
calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH), primarily responsible for developing 
strength in the treated soil [30]. The percentage of increase in UCS becomes more significant when 10 % 
of cement is utilized, as shown in Fig. 7. The percentage of UCS increase when cement content increased 
from 0 to 5 %, from 5 to 10 %, and from 10 to 15 % at 28 days of curing, is 2.27, 5.88, and 0.61 % KPa, 
respectively. Due to ASTM D4609–08, the increase of UCS is suggested to be higher than 345 KPa to 
consider the treatment effective, and in the case of using 10 % cement, the increase in UCS is 3433 KPa, 
which meets most of the soil stabilization applications [31]. The optimum cement content, 10 %, is then 
partially replaced with four various doses of CS: 10, 30, 50, and 70 %. The results reveal that replacing part 
of the cement with CS reduces the UCS of treated soil at 7 days of curing time, as shown in Fig. 8. The 
reduction in the UCS values was 0.4, 3, 13 %, and 55 % when 10, 30, 50, and 70 % of CS were added. 
The reason behind that is that the hydration of cement is faster than the pozzolanic reactions of CS, which 
seems, as a natural pozzolanic, to need more than 7 days to complete [32]. At 28 days, the UCS increased 
by 12 % when adding CS until 30 %, and then it dropped by 49 % when 70 % of CS was used, see Fig. 9. 
Mohammed [28] reported similar observations. The summary of the effect of CS on the UCS is revealed in 
Fig. 10 at 7- and 28-day curing time. To explain this, it is important to mention that CS contains silica and 
alumina, which react with the calcium hydroxide of cement in the presence of water to produce CSH and 
CAH during the pozzolanic reactions. For that, a balance between the amount of Al2O3 of CS and Si2O3 
and the amount of Cao of cement should be achieved. The analysis reveals a negligible difference between 
the amounts of silica and alumina of CS compared to CaO of cement, indicating a balanced composition of 
these elements. When less CS is used, the silica and alumina are depleted during the pozzolanic reactions, 
whilst some of the CaO remains unreacted. Conversely, when more CS is used, the CaO is depleted first, 
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leaving some silica and alumina unreacted. As a result, more or less than 30 % of the content of CS could 
have a detrimental impact on the UCS of cement-treated soil. 

 
Figure 3. Stress-strain relationship for the treated soil with different cement content at 7 days. 

 
Figure 6. Stress-strain relationship for the treated soil with different cement content at 28 days. 

 
Figure 4. The effect of cement on the UCS of the treated soil at 7 and 28 days. 
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Figure 5. Stress-strain relationship for the treated soil with different CS content at 7 days. 

 
Figure 9. Stress-strain relationship for the treated soil with different CS content at 7 days. 

 
Figure 6. The effect of CS on the UCS of cement-treated soil at 7 and 28 days. 

3.3. The Effect of Cement and CS on Durability of Sandy Soil 
The durability of soil-cement mixtures with a 10 % cement content was evaluated through wetting-

drying tests, which involved measuring changes in the weight and volume of the samples over the testing 
period. Additionally, specimens with 10, 30, 50, and 70 % of CS as partial replacement of cement are also 
prepared and tested for durability assessment. It is significant to mention that the weight loss measurement 
was conducted on brushed samples, whilst the volume change measurements were performed on 
unbrushed samples, as specified in [33]. According to the ASTMD559 standard, all the treated samples 
successfully withstand the 12 test cycles without exceeding a weight loss or volume change of 10 %, as 
shown in Figs. 11 and 12. The weight loss for the cement stabilized soil with 0, 10, 30, 50, and 70 % of CS 
are 3.42, 4.03, 4.06, 5.14, and 5.8, respectively, after 12 cycles of wetting-drying, Table 5. For the same 
doses of CS, the volume change of the samples is 0.5, 0.9, 1.1, 1.9, and 2.5 % respectively, Table 6. The 
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samples treated with CS exhibit slightly lower performance than those treated solely with cement. However, 
these samples successfully completed the 12 cycles of wetting and drying. This may be attributed to the 
test being conducted after a 7-day curing period, as specified in [33]. As mentioned earlier, the pozzolanic 
reactions of the CS continue to occur during this curing period, potentially affecting the overall performance 
of the samples. 

 
Figure 7. The effect of CS on the weight loss of the cement stabilized soil during wetting-drying 

cycles. 

 
Figure 12. The effect of CS on the volume change of the cement-stabilized soil during wetting-

drying cycles. 
Table 5. The values of the weight loss of samples during the 12 cycles of wetting and drying. 
Soil 1 2 3 4 5 6 7 8 9 10 11 12 

Soil I 0CS 0.05 0.10 0.20 0.75 1.26 1.86 2.21 2.61 2.81 3.06 3.16 3.42 
Soil I 10CS 0.15 0.65 0.86 1.01 1.46 2.62 2.82 3.07 3.27 3.52 3.72 4.03 
Soil I 30CS 0.05 0.46 0.76 0.86 1.27 2.48 2.63 2.89 3.24 3.65 3.85 4.05 
Soil I 50CS 0.15 0.77 1.08 1.23 1.85 3.29 3.39 3.64 4.06 4.57 4.98 5.13 
Soil I 70CS 0.26 0.93 1.75 1.90 2.73 3.70 3.91 4.12 4.63 5.09 5.66 5.71 

 

Table 6. The values of the volume change of samples during the 12 cycles of wetting and 
drying. 

Soil 1 2 3 4 5 6 7 8 9 10 11 12 
Soil I 0CS 0 0 0 0 0 0 0 0 0.1 0.2 0.3 0.5 

Soil I 10CS 0 0 0 0 0 0 0.1 0.1 0.3 0.5 0.8 0.9 
Soil I 30CS 0 0 0 0 0 0 0.2 0.3 0.4 0.5 0.9 1.1 
Soil I 50CS 0 0 0.1 0.1 0.2 0.3 0.6 0.7 0.9 1.2 1.5 1.9 
Soil I 70CS 0.3 0.4 0.6 0.8 0.9 1 1.1 1.2 1.4 1.7 2.1 2.5 
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4. Conclusions 
To investigate the effect of CS on the geotechnical properties of cement-stabilized sandy soil, a 

series of tests were conducted. These tests included the proctor compaction test, UCS test, and durability 
test. Three different cement doses were used in the study, ranging from 5 to 15 %, along with four different 
CS contents of 10, 30, 50, and 70 %. The main conclusions drawn from these tests are: 

1. The untreated soils exhibit higher MDD than the cement-stabilized soil. The MDD value decreased 
by 3.1 % when 10 % of cement was used. Meanwhile, the OPC slightly increased from 9 to 11 %. 

2. The UCS increases significantly when cement is added at 7- and 28-day curing time. 10 % of cement 
is considered the optimum dose. The increase in UCS as the cement content increased from 0 to 
5 %, from 5 to 10 %, and from 10 to 15 %, are 2.27, 5.88, and 0.61, respectively. 

3. The UCS at 7 days of curing time is decreased by 0.4, 3, 13, and 55 % when cement is partially 
replaced with 10, 30, 50, and 70 % of CS, respectively. On the other hand, it is increased at 28 days 
of curing time when CS is added up to 30 % by 12 %, and it drops by 49 % when 70 % of CS is added. 

4. For the durability test, all the treated samples successfully passed the 12 cycles without exceeding a 
weight loss or volume change of 10 %. The weight loss for the cement stabilized soil with 0, 10, 30, 
50, and 70 % of CS are 3.42, 4.03, 4.06, 5.14, and 5.8, respectively, whilst the volume change of the 
samples is 0.5, 0.9, 1.1, 1.9, and 2.5 %, respectively. The samples treated with CS exhibit slightly 
lower performance than those treated solely with cement. This may be because the test was 
conducted after 7 days of curing time, as specified in the ASTMD559-559M standard. 

5. The CS has the most effect on the geotechnical properties of cement-stabilized sandy soil when 30 % 
is used to replace cement partially. 
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