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Abstract: 

Monitoring of structures in conditions of beyond design basis impacts, including fire and similar 
impacts associated with exposure to elevated temperatures, which is relevant for both civil and industrial 
buildings, is especially important. The least studied area is the behavior of compressed-bent masonry 
structures in such conditions. Based on experimental data, a numerical analysis of compressed-bent 
masonry structures was carried out. Elevated temperatures from 500 to 1200 degrees were taken. 
Moreover, considered the change in the deformation-strength properties of the masonry depending on 
temperature, as well as the uneven heating of the structures and the stage of their cooling. The analysis 
results showed that at the stage of heating and maintaining high temperature, the behavior of structure 
changes slightly, except for temperatures of 1000-1200 degrees, when the material becomes ultra-brittle. 
It was also revealed that the most dangerous stage of cooling at the initial temperature rise above 800 
degrees. This circumstance can be considered when developing monitoring systems for industrial 
facilities 

 

1 Introduction 

The construction of partitions made of masonry allows isolating different parts of the building both 
from the fire itself and from exposure to smoke. Therefore, the behavior of masonry at elevated 
temperatures is of great interest to construction [1–4]. Although the reaction of stone walls and the effects 
of fire on them was a numerous subject of research in the past, comparisons of experimental data with 
numerical models have only recently begun [5, 6]. After exposure to elevated temperatures for 
subsequent operation, an understanding of the residual bearing capacity and deformable structure is 
necessary. This entails the need to use digital twin technology. 

Based on sensor updates and historical data, complex models can reflect almost all aspects of a 
product, process, or service. In the future, everything in the physical world will be reproduced in digital 
space. The potential of the digital twin is not yet fully realized. Researchers should obtain, through 
experimentation and modeling, the entire range of structural conditions, considering the impact of 
operational factors [7]. 

There are various ways to improve the properties of brickwork: material composition, geometric 
characteristics, manufacturing temperature, assembly method, etc. [8; 9]. Theoretical testing of these 
improvement methods is necessary for predicting the behavior of the structure and economic feasibility. 
You need to know how the masonry will behave during a fire. In the absence of ideas about these 
parameters, it can lead to a biased theoretical result [10]. New modeling methods based on experimental 
analysis allow introducing new physical parameters into the finite element code [11, 12]. A finite element 
model was developed under the name MasSET, which can predict the structural behavior of single-leaf 
masonry walls exposed to elevated temperatures [13, 14]. A big plus of such studies is the confirmation 
of their experimental data, which indicates the need for theoretical studies since they significantly reduce 
the cost of these works [15,16]. A review of [17], which presents an analytical model for predicting the 
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mechanical resistance of solid blocks of masonry panels taking into account European standards EN 
1996-1-2, confirms the idea of the relevance of this study. It is necessary to study various parameters 
and methods of masonry behavior indicated in [18, 19], where the crushing moment crushing domains 
were determined with axial force to increase the exposure time to the rated fire, taking into account 
different types of stress-strain-temperature constitutive relations. The fire resistance of stone walls made 
of hollow burnt clay bricks was experimentally studied in [20, 21], while in the bearing walls, local 
spallation of bricks is considered as an important factor regulating the fire resistance of masonry walls. 
The burnt-clay masonry is also investigated by simulating the finite element method. The emphasis was 
on the risk of spalling. The modeling performed in this article also showed results that coincide with the 
experimental ones [22]. 

Based on the foregoing, the study aims to obtain the characteristics of the stress-strain state of 
compressed-bent elements of stone structures under conditions of acquired inhomogeneity in 
deformations and strength from temperature effects in the range from central compression to pure 
bending. 

 

2 Materials and Methods 

The masonry deformation curves were taken as initial data under conditions of preliminary heating 
to a temperature of 600 K, 800 K, 1200 K, and 1400 K (Fig 1.). Considered the change in compressive 
and tensile strength, as well as the change in the initial elastic modulus after exposure to elevated 
temperatures. 

The calculation was performed by the finite element method in the program “ABAQUS” 
 

 
 

Fig 1. Masonry deformation curves for the considered temperature effects 

The calculations were carried out using the ABAQUS software in a non-linear setting. An iterative 
procedure was used, according to which the values of the modulus of elasticity of the material of the 
cellular concrete blocks were refined for each loading level. The plastic behavior of the masonry was also 
taken into account, which was specified for cases of exceeding the modulus of elasticity limit. The 
Structural scheme of the compress-bent element is presented in Figure 2, in a plane stress condition 
using rectangular finite elements. For calculation, an appropriate limiting moment was selected by 
iteration with an increment of 0.05а for each level of the compressive force, with a step of 10–20 kN. 
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Fig 2. Structural scheme of compress-bent element 
For the analytical derivation of the formula, an approximation of the ultimate strength values 

obtained from the experimental data was used. In this case, the least-squares method using cubic 
regression was used [23]. 

 

3 Results and Discussion 

A graph was constructed of combinations of ultimate bending moments and compressive forces 
for the temperatures in question (Fig 3). It follows that with compressive forces of up to 300 kN, the 
limiting state occurs in the stretched zone from the bending moment. After 400 kN, the limiting state first 
occurs in the compressed zone due to the eccentricity created by the transverse force. In this case, an 
increase in temperature to 300 ° C increases the strength, which can be explained by the removal of the 
natural moisture of the masonry. 

 
Fig 3. Interaction curves “M−N” for the considered temperatures 

An example of the stress-strain state of a specimen that corresponds to the forces N = 220 kN and 
M = 2.51 kN∙m is shown in Figure 4. In this case, see a nonuniform distribution of stresses caused by 
the appearance of plastic deformations in the compressed zone, corresponding to the local crushing of 
the masonry area and the subsequent occurrence of dangerous tensile stresses on the lower surface of 
the specimen. 

 

 
Fig 4. Stress-strain state of a specimen under action N=220 kN и M=2.51 kN∙m, T=300 °C 

In addition to finite element modeling, dependence (1) was derived, which reflects the 
approximation of experimental data for compressive strength. 

𝑅 = 𝑅0(9 ∗ 10
−10𝑇3 − 2.8 ∗ 10−6 ∗ 𝑇2 + 1.4 ∗ 10−3 ∗ 𝑇 + 1) (1) 

 

Where: 
𝑅 – actual compressive strength 

𝑅0 – initial compressive strength 
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𝑇 - exposed temperature 
The coefficients used are derived from the approximation regression and require theoretical 

justification 
Based on this formula, a graph was constructed (Fig 5.) 

 
Fig 5. Analytical dependence of masonry strength on exposed temperature 

The graph shows the dependence of compressive strength on the temperature of the transferred 
impact. This function will be executed up to a temperature of 1200 ° C. For high temperatures, there is 
currently no enough experimental data, however, assume that further with increasing temperature the 
strength will not change significantly until the fire resistance and destruction limit are reached. 

 

4 Conclusions 

The finite element analysis of a compressed-flexible structure showed that the behavior of the 
material during fracture in the compressed zone changes the most, while the tensile strength changes 
insignificantly. The values in the homogenized model require additional refinement and can be further 
refined using detailed modeling of the masonry element as a combination of “brick plus mortar”. 

From the experimental data of the curves of masonry deformation under conditions of preheating, 
an analytical expression of the residual malleability of the masonry element was obtained. The obtained 
dependence can be used in digital doubles of stone structures. However, it is applicable only for elements 
compressed centrally, or with slight eccentricities. The obtained coefficients are derived analytically and 
require theoretical justification, which may be the subject of further research. 

The use of these calculations in the Digital Double technology can substantially reduce the cost of 
designing, erecting, and operating structures by accurately assessing the cost of each stage of the 
structure's life cycle with minimal and sufficient reserves. 
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