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Abstract. The main purpose of this study is to investigate the buckling behavior of 

a light weight expanded polystyrene concrete (EPSC) spherical shell and compare it to 

an equivalent concrete shell. Such behavior of EPSC is not yet studied and the material 

has not been implemented in shell structures. The methods adopted are numerical linear 

buckling analysis (LBA), material non-linear analysis (MNA) and Geometric and 

material non-linear analysis with imperfection (GMNIA) for both concrete and EPSC 

spherical shells of the same geometric parameters in ABAQUS software. From the results 

of the study, the elastic and plastic buckling capacities of EPSC shell and the buckling 

resistance obtained from GMNIA method are smaller than that of equivalent concrete 

shell. The maximum displacements of the EPSC shell corresponding to the GMNIA 

method, with the application of first eigen and actual loads are greater than the concrete 

shell by small millimeters. Buckling capacities of EPSC shell obtained from the three 

methods exceed the actual external uniform pressure (self-weight of EPSC and actual 

snow load), and the displacement results are reasonable enough to ensure that EPSC 

spherical shells are stable and could be practically applicable. 
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 Аннотация. Исследовано поведение сферической оболочки из легко-
го пенополистиролбетона (EPSC) при изгибе и проведено сравнение
ее с аналогичной бетонной оболочкой. Такое поведение EPSC еще не 
изучено, и этот материал не применялся в конструкциях оболочек.
В качестве методов были использованы численный анализ линейной 
потери устойчивости (LBA), нелинейный анализ материалов (MNA)
и геометрический нелинейный анализ материалов с учетом дефектов 
(GMNIA) как для бетонных, так и для EPSC сферических оболочек
с одинаковыми геометрическими параметрами в программном обеспе-
чении ABAQUS. Согласно результатам исследования, упругие и пла-
стические свойства оболочки EPSC на изгиб и сопротивление изгибу, 
полученные методом GMNIA, меньше, чем у аналогичной бетонной 
оболочки. Максимальные перемещения оболочки EPSC, соответству-
ющие методу GMNIA, при приложении первых собственных и факти-
ческих нагрузок превышают размеры бетонной оболочки на несколько 
миллиметров. Способность оболочки EPSC к потере устойчивости, 
полученная с помощью трех методов, превышает фактическое внеш-
нее равномерное давление (собственный вес EPSC и фактическая сне-
говая нагрузка), а результаты смещения являются достаточно обосно-
ванными, чтобы гарантировать стабильность сферических оболочек 
EPSC и возможность их практического применения. 

Ключевые слова: пенополистиролбетон, устойчивость, анализ потери 
устойчивости, геометрическое несовершенство 
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1. Introduction 

1.1. Buckling of spherical shells 

Several research works have been conducted on the stability issues of spherical shells. The theory of 
shell buckling has originated from Euler’s formula of critical load determination for a straight bar. 
Following this, a first theory of linear buckling of spherical shells was developed by Zoelly in 1915 where 
the elastic critical buckling load of complete spherical shells under external pressure was determined 
according to the formula [1]:  
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where t — thickness of the shell, R — radius of curvature of the shell, E — modulus of elasticity,   — 

Poisson’s ratio. 

In most codes of design equation (1) is commonly taken as a reference load of buckling for elastic 

spheres. However, most experimental studies reveal that the actual buckling capacity is a fraction of the 

amount obtained from equation (1). External disturbances and imperfections whose magnitude can not be 

predicted at the design stage, are the main factors for the decreased capacity of the buckling load. The load 

carrying capacity of perfect shells is greater than shells that show deviations in material behavior, geometry 

and boundary conditions [2–6]. Numerical concepts for load carrying capability of shells with imperfection 

are based on perfect shell models and on the postcritical equilibrium paths which are estimated analytically. 

This idea was established first by Koiter [7]. The post buckling theory of Koiter describes the static non-linear 

load carrying behavior of a structure at the buckling initial stages. The post buckling analysis gives 

information about the post buckling path at the initial stage, the stability of the corresponding equilibrium 

state and the way geometric imperfections influence the load bearing behavior of a structure. Thus, in the 

computation of buckling capacity of a structure, it is necessary to apply reduction factors in consideration to 

the influence of imperfections and effects from plastic behavior of a material.  

A wide research on the buckling behavior of spherical shells became possible with the enhancement of 

computer technologies and finite element method. In numerical simulation, a method of construction for the 

relationship between the worst imperfection with its amplitude and the limit load are applied [8]. In this paper, 

a numerical simulation of the elastic, perfectly plastic and imperfect spherical shells of conventional concrete 

and EPSC are presented. The results are compared each other for investigating the possible application of 

EPSC in spherical domes. 

1.2. Cement concrete 

Cement concrete is one of the popular structural materials. Cement concrete is isotropic, homogeneous 

and elastic material of construction. The main ingredients of concrete are cement, sand, Coarse aggregate and 

water [9]. Concrete is strong in compression but weak in tension and in locations of a structure where there 

is tension, steel reinforcement is provided to give tensile strength to the structure. Strength of cement concrete 

increases with increasing hydration of cement. High strength concrete has a modulus of elasticity ranging 

from 14-41MPa [10] and generally a Poisson’s ratio varying between 0.15 for high strength concrete and 0.22 

for low strength [11; 12]. 

Concrete structural members have big cross-sections resulting from the high self-weight of the material. 

Coarse aggregate and sand are the main ingredients for the increased weight of concrete. Concrete’s weight 

can be reduced by using lightweight aggregates such as cinders, pumice, shales, EPS… In this paper stability 

of a lightweight concrete, which is expanded polystyrene concrete (EPSC) is going to be investigated. It is 

produced by partially or totally replacing aggregates with expanded polystyrene (EPS) [13–16].  

Expanded polystyrene concrete has a lesser density than conventional concrete with range of densities 

800-200 kg/m3. The density and compressive strength of EPSC decrease with increasing amount of EPS used 

in the concrete mix [17–20]. EPSC has been utilized in several applications like curtain walls, pavements and 

load bearing blocks [21]. However, its application, stability and strength capacity in shell structures has not 

yet studied. Therefore, this research will focus on: 

➢ Studying the properties of EPSC to be used for the current study 

➢ Analyzing the stability of conventional concrete and EPSC spherical shells considering elastic 

critical buckling, plastic buckling and buckling with geometric imperfection and material non-linearity. 

Moreover, the shells’ displacements are also analyzed numerically in ABAQUS considering the same 

geometric data for both EPSC and concrete shells.  
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2. Methods 

2.1. Experimental work 

In a 1:2:3 proportion by volume, 16.67 % of sand 

and 33.33 % of coarse aggregate were replaced by EPS 

to produce expanded polystyrene concrete. By using 

0.6 water cement ratio, ingredients cement, sand, coarse 

aggregate water and EPS were thoroughly mixed. 

A flowing and homogeneous EPSC was then obtained 

and filled into three cubic molds of dimension 

150 mm×150 mm×150 mm for testing at a laboratory. 

After demolding, curing and drying the specimens’ 

compressive strength testing was followed as shown in 

Figure 1.  
The mass, compressive strength and density were 

recorded as shown in Table 1. 
 

Table 1 

EPSC properties from experiment 

Cubic EPSC No. Measured mass, kg Density, kg/m3 Compressive force, kN Compressive strength, MPa 

1 7.15 2120 235 10.44 

2 6.948 2058.66 207 9.2 

3 6.898 2043.85 198 88 

S o u r c e: made by I.A. Sereke 

 
The computed average values of density and compressive strength are 2074.17 kg/m3 and 9.48 MPa 

respectively.  

The elastic modulus of EPSC is computed from the formula in equation (2), [22]: and obtained as 

11.18GPa: 

1.5 '0.043 ,c c cE w f= 
 

(2) 

where cw  — density ranging from 1440–22560 kg/m3, cE   — modulus of elasticity in MPa, 
'

cf   — 

compressive strength of a cylinder specimen in MPa. 

The cylinder compressive strength is computed from equation (3) [23]. 

Cylinder strength = 0.8×cube strength.  (3) 

In the stability analysis, a cylinder strength of conventional concrete C20, unit weight of concrete 

24 kN/m3, Poisson’s ratio 0.2 and corresponding modulus of elasticity 22.61 GPa are adopted. Similarly, 

for EPSC, a unit weight of 20.74 kN/m3 a cylinder strength of 7.58 MPa, modulus of elasticity 11.18 GPa and 

a Poisson’s ratio of 0.22 are used.  

2.2. Numerical methods of analysis 

Application of finite element method with advanced computer programs accelerated research works, 

that shells of different material, geometry, loading or support condition were able to be analyzed with high 

  

Figure 1. Testing for compressive strength 

S o u r c e : photo by I.A. Sereke 
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accuracy and reliability. In this study linear buckling analysis (LBA), 

material non-linear analysis (MNA) and geometric and material 

non-linear analysis with imperfection (GMNIA) are applied for both 

concrete and EPSC spherical shells. For analysis and comparison, a 

spherical shell with radius of curvature 35 m, half central angle 55o, 

base radius 28.67 m, thickness 0.15 m and rise of 14.92 m is 

considered as shown in Figure 2. The buckling pressures are 

compared to the external pressures coming from the respective self-

weights and assumed snow load of 1.5 kN/m2. 

2.2.1. Linear buckling analysis 

Elastic critical buckling load 𝛲𝑅𝑐𝑟 of a shell is determined with eigenvalue linear buckling analysis 

where, the shell is considered as elastic without imperfection [24–26]. This kind of analysis is necessary for 

arbitrarily loaded spherical shells, and the critical buckling load obtained is going to be applied for further 

analysis in the estimation of ultimate buckling load. LBA is based on the bending theory of elastic thin-walled 

shells considering linear material characteristics and small deflections. At the value of the elastic critical 

pressure which is the lowest eigen value, elastic linear stability analysis gets reduced and the shell ceases to 

be stable. 

2.2.2. Material non-linear analysis 

The plastic resistance 𝛲𝑅𝑝𝑙 of a shell is determined by using material non-linear analysis (MNA). It is 

based on the bending theory of perfect shell structures; assumption of small deflections and a nonlinear 

elastic-plastic material law is adopted. MNA is used to make an estimation of the plastic resistance while 

checking the plastic limit state (LS1), cyclic plasticity (LS2) and the ultimate limit state of buckling (LS3) 

[24–27]. The plastic resistance in conjunction with the elastic critical resistance is used to determine the 

relative slenderness of an entire spherical shell. 

2.2.3. Geometric and material non-linear analysis with imperfection 

A numerical analysis that considers geometric and material nonlinearity with imperfections (GMNIA) 

is the one that currently gives the most accurate result of the buckling capacity of a structure. It is based on 

the non-linear elastic-plastic material characteristics and theory of large deflections. Geometric imperfections 

are considered in determining a structure’s elastic plastic design capacity [24–27]. The shape deviations from 

the ideal geometry may be caused due to shortage of sphericity happening during casting. Imperfections that 

correspond to the first two buckling modes of an analyzed system may also be considered. Similarly, the 

material homogeneity is influenced by creep, cracking and plasticity of the materials. [28]. For this study the 

first eigen buckling form of the analyzed shell with a randomly selected imperfection amplitude of 0.1 is 

considered in the GMNIA method of analysis. 

3. Results and Discussion 

3.1. Results of LBA analysis 

The elastic critical buckling loads for concrete and EPSC corresponding to the first Eigen mode are 

469.83 kN/m2 and 244.19 kN/m2 respectively. Computation of linear buckling analysis is performed 

considering the elastic modulus and Poisson’s ratio of the respective materials. Accordingly, the critical 

resistance of EPSC is 1.92 times lower than that of concrete. Since the obtained elastic critical buckling 

 
Figure 2. Shell geometric details 

S o u r c e: made by Sereke I.A. 
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resistances is greater than summation of EPSC shell’s self-weight (3.05 kN/m2) and assumed snow load of 
(1.5 kN/m2), the shell will continue elastically stabile. 

3.2. MNA results 

The plastic buckling resistance of concrete and EPSC spherical shells is computed from material 
nonlinear analysis (MNA). In this analysis yield strength of the respective materials is introduced while 
neglecting strain amplification. The plastic load capacity of concrete and EPSC from the numerical analysis 
are obtained as 171.43 kN/m2 and 64.97 kN/m2 respectively. similarly, the corresponding maximum plastic 
displacements are 0.062 m for concrete and 0.045 m for EPSC as shown in Figures 3 and 4. EPSC’s plastic 
load capacity is 2.63 times smaller than that of concrete. Nevertheless, the plastic load resistance is greater 
than the external uniform load, indicating that the load capacity of the EPSC shell will not get exhausted.  

 

 
Figure 3. Maximum plastic deformation of concrete shell from MNA method 

S o u r c e: made by I.A. Sereke  

 

 
Figure 4. Maximum plastic deformation of EPSC shell from MNA method 

S o u r c e: made by I.A. Sereke  

3.3. GMNIA results 

The geometric and material nonlinear analysis was started by imposing a first buckling form of 
imperfection of the analyzed shell and scaling it to a randomly selected amplitude of 0.1. The ultimate level 
of the buckling capacity is considered as the load value at which a complete plasticization is occurring. This 
value of buckling resistance is obtained as 27.38 kN/m2 for concrete and 10.87 kN/m2 for EPSC with 
EPSC’s buckling resistance 2.5 times smaller than concrete’s resistance. Nevertheless, it is greater than the 
actual external pressure. In addition, the corresponding maximum displacements for concrete and EPSC are 
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computed as 2.27 m and 2.29 m for both concrete and EPSC shells respectively as shown in Figures 5 
and 6. These displacements are very high however, they are computed when the shells are loaded to the first 
Eigenvalue pressures 469.83 kN/m2 and 244.19 kN/m2. These displacement values will significantly get 
reduced when the shells are loaded with their respective actual external pressures, resulting to 5.1 mm and 
8.9 mm for concrete and EPSC shells respectively as depicted from Figures 7 and 8. 
 

 
Figure 5. Maximum displacement of concrete shell from GMNIA method 

S o u r c e: made by I.A. Sereke  

 

 
Figure 6. Maximum displacement of EPSC shell from GMNIA method 

S o u r c e: made by I.A. Sereke  

 

 
Figure 7. Displacement of concrete shell under the actual load 

S o u r c e: made by I.A. Sereke  
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Figure 8. Displacement of EPSC shell under the actual load 

S o u r c e: made by I.A. Sereke  

4. Conclusion 

From this conducted investigation the following statements could be concluded: 

1. Since both geometric imperfection and material non-linearity are considered in GMNIA method of 

analysis, accurate buckling capacity of the shells correspond to this method of analysis.  

2. The difference in the obtained buckling capacities of the three methods arose from a snap-through 

buckling that controls the case of spherical shells buckling. A progressive change of geometry resulted from 

the snap through analysis derives an imperfection reduction factor which is accounted in the GMNIA method 

only to have more accurate result. 

3. The GMNIA results may vary depending on the considered types of imperfections and corresponding 

amplitudes. 

4. The buckling resistance of EPSC dome obtained from GMNIA method (10.87 kN/m2) exceeds the 

external pressure (4.55 kN/m2) by 2.38 times, showing to the stability and practicality of EPSC in the real-

world construction of spherical shell roofs. 

5. The maximum displacement of EPSC shell from the GMNIA method is found to be 1.42 times greater 

than that of concrete when both shells are loaded to their respective first eigen loads and 1.74 times greater 

when the shells are loaded to their actual external pressures. Moreover, under the actual load, a displacement 

of 8.9 mm in a span of 57.34 m EPSC shell is negligible, which reveals EPSC spherical shell is a stiff shell.   

6. The linear buckling capacity of EPSC shell is 53.67 times greater than the external pressure acting on 

the shell, which indicates the continuity of the shell to be elastic and stable.  

7. Similarly, the plastic buckling capacity of EPSC shell, which is 14.28 times greater than the external 

pressure, this confirms that there will not be plastic flow mechanism in the EPSC spherical shell.  

8. Finally, it is recommended to conduct large-scale experiment on EPSC shells by considering different 

proportions of EPS to best optimize concrete in the construction of spherical domes. 

References 

1. Zoelly R. Uber ein knickungsproblem anl der kugelschale (Dissertation). Zurich, 1915. https://doi.org/10.3929/ethz-

a-000091951 

2. Wunderlich W., Albertin U. Analysis and load carrying behavior of imperfection sensitive shells. International 

Journal for Numerical methods in Engineering. 2000:47(1–3):255–273. https://doi.org/10.1002/(SICI)1097-0207(20000110/30) 

47:1/3<255::AID-NME770>3.0.CO;2-0 

3. Wunderlich W., Albertin U. Buckling behavior of imperfect spherical shells. International Journal of non-linear 

mechanics. 2002;37(4–5):589–604. https://doi.org/10.1016/S0020-7462(01)00086-5  

4. Ismail M.S., Mahmud J., Jailani A. Buckling of an imperfect spherical shell subjected to external pressure. Ocean 

Engineering. 2023;75(1):114118. https://doi.org/10.1016/j.oceaneng.2023.114118 

https://doi.org/10.1002/(SICI)1097-0207(20000110/30)47:1/3%3c255::AID-NME770%3e3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0207(20000110/30)47:1/3%3c255::AID-NME770%3e3.0.CO;2-0


Сереке И.А., Рынковская М.И., Дамир Х.Ю. Строительная механика инженерных конструкций и сооружений. 2024. Т. 20. № 3. С. 211–219 

5. Wagner H.N.R., Niewöhner G., Pototzky A., Hühne C. Show more on the imperfection sensitivity and design of tori-

spherical shells under external pressure. International journal of pressure vessels and piping. 2021;191(2):104321. 

https://doi.org/10.1016/j.ijpvp.2021.104321 

6. Mohad S.I., Sayed M., Jamaluddin M. Buckling behavior of steel dome cap design under external pressure.

International journal of pressure vessels and piping. 2024;208:105135. https://doi.org/10.1016/j.ijpvp.2024.105135 

7. Koiter Wt. Over de stabiliteit van het elastisch evenwicht (PhD, thesis). Polytechnic institut Delft. 1945. English

translation: on the stability of elastic equilibrium. NASA TTF-10, 833, 1967. Available from: https://apps.dtic.mil (accessed: 

07.12.2023). 

8. Deml M., Wunderlich W. Direct evaluation of the worst imperfection shape in shell buckling. Computer. methods

Applied. Mechanics and Engineering. 1997;149(1-4):201–222. https://doi.org/10.1016/S0045-7825(97)00055-8 

9. Gagg C.R. Cement and concrete as an engineering material. An historic appraisal and case study analysis.

Engineering failure analysis. 2014;40:114–140. https://doi.org/10.1016/j.engfailanal.2014.02.004 

10. Habte Y.D., Rynkovskaya M., Issaias A.S. Comparative buckling analysis of concrete and expanded polystyrene

dome shells. Architecture and Engineering. 2024;1(9):71–78. https://doi.org/10.23968/2500-0055-202-9-1-71-78 

11. Eisenbach P. Processing of slender concrete shells-fabrication and installation (Dissertation). Universität Kassel,

2017. https://doi.org/10.19211/KUP9783737602594 

12. Neville A.M. Properties of concrete. 5th edn. Prentice Hall; 2012. Available from: https://www.academia.edu

(accessed: 07.12.2023). 

13. Maghfouri M., Alimohammadi V., Gupta R., Saberian M., Azarsa P., Hashemi M., Asadi I., Roychand R. Drying

shrinkage properties of expanded polystyrene (EPS) lightweight aggregate concrete: A review. Case studies in construction 

materials. 2022;16(6):e00919. https://doi.org/10.1016/j.cscm.2022.e00919 

14. Borkar Y., Singi M. EPS based light-weight concrete design with enhancement of strength. International journal of

civil and structural engineering research. 2019;7(2):44–54. Available from: www.researchpublish.com (accessed: 07.12.2023). 

15. Bedanta S., Mishra S., Rout A.K., Mohanty A., Parida A.P. Expanded polystyrene concrete. International Journal

for Research in Applied Science & Engineering Technology. 2022;10(5):1466–1470. https://doi.org/10.22214/ijraset.2022.42547 

16. Rosca B. Corobseanu V. Structural grade concrete containing expanded polystyrene beads with different particle

distributions of normal weight aggregate. Materials Today proceedings. 2021;42:548–554. https://doi.org/10.1016/j.matpr. 

2020.10.517 

17. Babu D.S., Ganesh B.K., Wee T.H. Properties of lightweight expanded polystyrene aggregate concretes containing

flyash. Cement and concrete research. 2005;35(6):1218–1223. https://doi.org/10.1016/j.cemconres. 2004. 11. 015 

18. Liu N., Chen B. Experimental study of the influence of EPS particle size on the mechanical properties of EPS

lightweight concrete. Construction and Building Materials. 2014;68:227–232. https://doi.org/10.1016/j.conbuildmat.2014.06.062 

19. Paul Z., Shuaib A., Michael L. High performance concretes. A state of art report. 1989. Available from: https://

rosap.ntl.bts.gov (accessed: 07.12.2023). 

20. Maghfouri M. et al. Appropriate drying shrinkage prediction models for lightweight concrete containing coarse

agro-waste aggregate. Journal of building Engineering. 2020;29. https://doi.org/10.1016/j.jobe.2019.101148 

21. Sri Ravindrarajah R., Tuck A. Properties of hardened concrete containing treated expanded polystyrene beads.

Cement and concrete. Composites. 1994;16(4):273–277. Available from: https://www.academia.edu  (accessed: 07.12.2023). 

22. ACI Committee Building Code Requirements for Structural Concrete (ACI 318-19) Farmington Hills: American

concrete institute; 2019. Available from: https://www.usb.ac.ir (accessed: 07.12.2023). 

23. Akter T., Ferdous W.M., Siddique A.B. Strength variation of concrete between cylindrical and cubical specimen

due to various proportion of ingredients. Sonargaon university journal. 2017;2(2):56–64. Available from: https://su.edu.bd/ 

public/research/14-10-2022_1665738989.pdf (accessed: 15.09.2023) 

24. Eurocode 3 Design of steel structures part 1–6, strength and stability of shell structures, European standard. 2007.

Available from: https://www.phd.eng.br (accessed: 07.12.2023). 

25. Rotter J.M., Schmidt H. Buckling of steel shells. European design recommendations. 5th ed. European convention

for constructional steelwork. Brussels, Belgium; 2008. Available from: https://store.steelconstruct.com (accessed: 07.12.2023). 

26. Blazekewski P. Development of a procedure for the determination of the buckling resistance of steel spherical shells

according to EC 1993-1-6. Materials. 2022;15(1). https://doi.org/10.3390/ma15010025 

27. Kurejkova M., Wald F., Kabelac J., Sabatka L. Slender compressed plate in component based finite element model.

IOP conference series. Materials science and Engineering Institute of Physics publishing. 2015. https://doi.org/10.1088/1757-

899X/96/1/012050 

28. Tomas A., Marti P., Tovar J.P. Imperfection sensitivity in in the buckling of single curvature concrete shells.

Proceedings of the international association for shell and spatial structures (IASS) symposium. Valencia. 2009. p. 1713–1721. 

Available from: https://www.academia.edu (accessed: 10.12.2023). 

https://apps.dtic.mil/
https://doi.org/10.1016/j.engfailanal.2014.02.004
https://dx.doi.org/doi:10.19211/KUP9783737602594
https://www.academia.edu/
http://www.researchpublish.com/
https://www.academia.edu/
https://www.usb.ac.ir/
https://su.edu.bd/public/research/14-10-2022_1665738989.pdf
https://su.edu.bd/public/research/14-10-2022_1665738989.pdf
https://www.phd.eng.br/
https://store.steelconstruct.com/
https://www.academia.edu/
https://doi.org/10.1016/j.matpr.2020.10.517



