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Abstract: This paper presents an analytical method for the calculation of compressed-bent reinforced concrete 
(RC) columns subjected to emergency transverse impact, characteristic of relevant anthropogenic hazards such 
as collisions with vehicles or other impacting objects. The proposed approach accounts for two primary failure 
mechanisms: flexural failure and diagonal shear failure, and enables the assessment of the ultimate horizontal 
load capacity, considering the dynamic strengthening of both concrete and reinforcement. The method is based 
on constructing ultimate capacity curves, which reflect the relationship between the maximum lateral force and 
the applied axial compressive force. It also introduces coefficients for the confinement of transverse 
deformations and parameters for the load intensity resisted by the transverse reinforcement. Particular attention 
is given to modeling the confinement effect on concrete, the influence of the pitch, diameter, and grade of the 
transverse reinforcement, and the potential for preventing progressive collapse. The proposed methodology 
serves as an effective tool for analyzing the robustness of buildings and structures under emergency mechanical 
impacts of anthropogenic origin. The developed approach can be applied in designing preventive measures to 
enhance column resistance against transverse impacts and contributes to the evaluation of the mechanical safety 
level of RC structures. This is especially important for columns with high slenderness and for elements with 
various types of initial or acquired damage. 
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1. INTRODUCTION

1. Theoretical research review. The problem
of ensuring the bearing capacity of reinforced
concrete columns under transverse impact loads 
is one of the key issues in the field of building 
and structure safety. Modern theoretical
research is focused on developing models that
enable the quantitative assessment of the 
dynamic strength and energy absorption
capacity of structures under impulsive loads.
The main trends in the theoretical analysis of
strength are outlined in many studies. Let us
consider some of them.
Article [1] presents a comprehensive analytical
model for the dynamic response of axially 
loaded reinforced concrete columns subjected to
transverse impact. The model accounts for the 
nonlinear interaction of inertial, elastic, and 
plastic components of the response, as well as 
the influence of the axial force on damage
progression. The authors demonstrated that an
increase in axial force accelerates damage
accumulation and reduces the residual load-
bearing capacity, which has direct implications
for safety analysis under impact. In [2], an
analytical approach was proposed to assess the 
response of both reinforced concrete and 
composite columns under lateral impact. The 
method is based on a simplified elastoplastic
response theory and allows for differences in the 
energy absorption capacity of reinforced and 
composite elements. The work emphasizes that
combining reinforcement with composite 
materials enhances not only impact resistance 
but also the column's ability to maintain its 
shape until failure, which is critical for 
preventing progressive collapse. The authors of
[3] investigated resistance mechanisms and 
developed a methodology for analyzing the 
reliability of reinforced concrete columns under 
lateral impact. Their results showed that
structural safety under such impacts depends on
the interaction of flexural and shear failure 
mechanisms, as well as the nature of impact 
energy transmission through the reinforcement.
The authors proposed introducing a dynamic 

stability coefficient to estimate the probability
of exceeding ultimate deformations. Research
[4] contributes to the field by assessing the 
residual strength of corrosion-damaged 
elements. Their models showed that the 
degradation of reinforcement and concrete
properties significantly reduces the impact
toughness and damping capacity of columns,
which is particularly important when
considering progressive collapse scenarios.
Article [5] proposes a simplified method for 
predicting the degree of damage in circular
reinforced concrete columns under axial load
and lateral impact. The model is based on the 
principles of equivalent stiffness and plastic
deformation energy, allowing for the estimation 
of the threshold between elastic and catastrophic
response. A number of works address the 
influence of axial load on the nonlinear response 
of elements. For instance, [6] showed that an
increase in compressive force intensifies local 
instability and leads to brittle failure modes.
Similar results are presented in [7], which 
highlights the dependence of the failure
mechanism on the impact type: bending 
deformations dominate under soft impact, 
whereas shear damage prevails under hard
impact. Theoretical studies [8] extend strength 
analysis to elements damaged by corrosion and 
subjected to impulsive transverse loads. Similar 
works note that accounting for cross-section 
degradation and reduced bond between
reinforcement and concrete leads to a significant 
reduction in the load-bearing capacity reserve, 
especially under short-term, high-intensity 
pulses. Work [9] demonstrates that bending
deformations and stability loss depend not only 
on geometric parameters and reinforcement but
also on boundary conditions, enabling the 
refinement of computational models for real-
world operating conditions. 
Thus, modern theoretical research is focused on
refining physic-mechanical models of failure, 
introducing dynamic safety factors, and 
developing approximate methods for assessing 
the load-bearing capacity of reinforced concrete
elements under short-term transverse impacts. 
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2. Experimental research. Experimental data 
play a key role in verifying theoretical models 
and ensuring the reliability of calculations for 
the design of impact-resistant structures. 
Systematic testing of columns under transverse 
impact is presented in works such as [10], which 
investigated the behavior of square columns 
under axial compression and low-velocity 
lateral impact. The authors identified 
characteristic response stages—from elastic 
bending to crack formation and diagonal shear 
failure. In [11], the authors conducted a series of 
experiments to determine the residual load-
bearing capacity of circular columns after 
impact. The results confirmed that up to 70% of 
the initial bearing capacity can be preserved 
under moderate impact energies, which is highly 
significant for assessing building safety after 
partial damage. Article [12] investigated the 
influence of reinforcement percentage on 
column resistance to lateral impact. The 
experiments showed that increasing the 
reinforcement ratio enhances the ultimate 
energy absorption, but this effect saturates 
beyond a certain level. The authors of [13] 
compared the results of physical tests and 
numerical modeling, revealing a high 
correlation in deformation distribution and 
response velocities. Their subsequent work [14] 
enabled a detailed examination of the damage 
formation process under repeated impacts, 
which is particularly important for analyzing 
progressive collapse in emergency scenarios. 
Article [15] focused on columns with 
insufficient shear reinforcement. Their 
experiments revealed a sharp reduction in 
energy absorption capacity and strength when 
shear failure mechanisms prevailed. In [16], a 
study was conducted on the nonlinear response 
and shear behavior of columns under lateral 
impact. The experiments showed that the 
transition from a flexural to a shear mechanism 
is accompanied by localized concrete crushing 
and loss of section stability. Composite 
reinforcement is also actively investigated. The 
authors of [17] studied the use of GFRP bars in 
reinforced concrete columns under lateral 

impact. The experiments demonstrated 
improved energy absorption and failure 
resistance compared to traditional steel 
reinforcement. Researchers [18] showed that 
external strengthening with carbon fiber-
reinforced polymer (CFRP) significantly 
enhances the ability of columns to resist static 
and impact lateral loads, preventing loss of 
bearing capacity and providing a structural 
damping effect. Experimental data on the 
dynamic response of reinforced concrete 
elements, obtained in [19], demonstrate similar 
patterns of impact energy redistribution and the 
role of reinforcement stiffness in preventing 
through-failure. Thus, experimental research 
confirms the significant influence of geometry, 
reinforcement, prestressing, defects, damage, 
and external strengthening on the ability of 
columns to withstand transverse impact loads. 
3. Dynamics, Damping, and Protection 
Against Progressive Collapse. Dynamic 
aspects of reinforced concrete column behavior 
under impact loads are related to the processes 
of energy transfer and dissipation, which largely 
determine the likelihood of progressive 
collapse. The most important aspect here is the 
accounting for damping. The authors of [20] 
proposed a modified Rayleigh damping function 
for the numerical simulation of internal 
damping in frame structures. Subsequently, 
colleagues in [21] advanced this approach by 
proposing a non-stationary time-domain model 
of dynamic deformation that accounts for the 
material's delayed response. This allows for 
more accurate reproduction of oscillatory 
processes and critical states of reinforced 
concrete elements. The work of the authors [7] 
examines the dynamic behavior of columns 
under soft impacts and proposes criteria for 
damage assessment based on strain rate and 
residual stiffness. The authors emphasize that 
the structure's ability to dissipate energy through 
microcracking plays a key role in preventing 
progressive collapse. Research [15] showed that 
a lack of shear reinforcement sharply reduces 
the ability of columns to dampen impact energy, 
leading to rapid, cascading failure and loss of 
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load-bearing capacity in adjacent elements. 
These results are complemented by data from 
[16], which noted that proper design of 
transverse reinforcement can ensure a controlled 
plastic deformation mechanism, preventing 
instantaneous (brittle) failure. 
Thus, modern approaches to ensuring dynamic 
stability rely on a combination of constructive 
measures, numerical modeling of damping, and 
analysis of nonlinear response, all aimed at 
preventing sequential (chain) failures. The 
conducted literature analysis demonstrates that 
research on the behavior of reinforced concrete 
columns under transverse impact is rapidly 
evolving towards the integration of theoretical, 
experimental, and computational approaches. 
Despite significant achievements, tasks related to 
the simple and rapid safety assessment of 
reinforced concrete elements, particularly columns, 
based on engineering methods remain unsolved. 
One such method is proposed in this article. 
 
 
2. METHODS 
 
2.1 Problem formulation. Let us consider a column 
made of heavy-weight concrete with steel 
reinforcement, subjected to a compressive axial 
force, where the influence of the bending moment 
is negligible. That is, the column can be 
conventionally considered as eccentrically 
compressed with a small eccentricity. As a result of 
an anthropogenic event, the column is subjected to 
an emergency impact. This impact could be 
initiated by a collision with a vehicle or another 
impacting body. For this scenario, the limit state 
condition of the first group will be as follows: 
 

( ( ), ( )) ( ( ),  ( ), ( ))h ultf N t F t f N t Q t M t  (1) 
 
where: ()f  is load effect functional; ( ), ( )hN t F t  
are longitudinal forces and transverse loads 
varying in time; ()ultf  is resistance functional 
of the column in the limit state; ( ), ( ), ( )N t Q t M t  
are ultimate longitudinal force, ultimate 
resultant transverse force, ultimate resultant 

(principal) moment that the reinforced concrete 
structure can withstand. 
The dynamic loading process for analytical 
calculation can be represented by equations 
incorporating maximum static forces adjusted 
for dynamic effects and possible dynamic 
overloading: 
 

1 max ,

2 max ,

3 max ,

d

d

d

k N N

k M M

k Q Q
, 

 
 

(2) 
 

 
where 1dk , 2dk 3dk  – coefficients accounting for 
dynamic effects under emergency impact; maxN , 
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max x yQ Q Q , 2 2 2

max x y zM M M M are 
longitudinal force, principal transverse force, 
and principal moment induced by the combined 
(service and emergency) loads; ,N , ,Q , 

,M are corresponding internal forces resisted 
by the structural materials, considering dynamic 
strengthening. 
Under the assumption that the force impact on 
the column does not cause extensive local 
damage leading to global failure (i.e., effects 
such as punching or scabbing are absent, which 
may occur at relatively low impact velocities 
during the contact between the impactor and the 
column), failure is expected to occur either in 
the normal section (Fig. 1a) or in the inclined 
section (Fig. 1b). 
It is assumed that the ultimate values of the 
horizontal load nonlinearly depend on the 
magnitude of the compressive axial force for 
both flexural failure and shear failure 
mechanisms. This relationship is described by 
the ultimate load capacity curve (Fig. 1c), which 
demonstrates that under the same service 
compressive force N , the maximum loads 
preceding flexural failure 1,ultF  and shear failure 

2,ultF differ. If a given load combination hF  lies 
below these curves, the column maintains its 
load-bearing capacity under the actual force N . 
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Figure 1. Problem formulation: failure schemes under horizontal impact - diagonal shear failure 
(a); flexural failure (b); 1 - impactor, 2 - reinforced concrete column, 3 - concrete crushing zone; 

ultimate capacity curves (c); 1 - moment failure, 2 - shear failure 
 

2.2 Calculation Methodology for Normal 
Sections 
For the analytical substantiation of the column's 
strength with respect to the inclined section, the 
general strength condition and the specific 
inequality derived from it are used: 
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time t ; – range of permissible emergency 
load values; ( )hF N – ultimate horizontal 
force resisted by the reinforced concrete column 
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condition N N ; L – curve of the ultimate 
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Thus, to assess the section strength, it is 
necessary to construct the ultimate load capacity 
curve. Let us define this curve by characteristic 
points . We assume that point A is 
located at the conditional intersection of curve 1 
with the Q-axis (Fig. 1c). Suppose the 
longitudinal force in the column cannot be zero, 
and its value is Nmin  (e.g., the self-weight of the 
column). At this point, the horizontal impact is 

maximal. Point C is located at the intersection 
with the N-axis. Here, the horizontal impact is 
minimal under the maximum compressive 
longitudinal force. Points i, i=1..n are 
intermediate and describe the shape of the curve. 
Let us consider the construction of this curve.  
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Here: fM – bending moment from service 
loads; eM – moment caused by the longitudinal 
force due to accidental eccentricity. Other 
designations of calculated parameters are 
generally accepted and provided in SP 
63.13330. The equilibrium equation under a unit 
horizontal load for a rectangular column section 
is as follows: 
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Where 1 2,k k  are the dynamic strengthening 
coefficients of concrete and reinforcement, 
respectively; ( )hM F is the moment from the 

horizontal load hF =1, fe  is the eccentricity of 
the force ,e iN  considering the deflection f , 
induced by the force hF .  
The deflection f  is determined considering the 
curvature 1/ r  of the element and its stiffness. 
The stiffness for a rectangular cross-section 
element is calculated using the known formula: 
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where D  is the element stiffness, and the 
product of the sub integral functions can be 
evaluated using Simpson's formula. Solving 
equations (6) yields the value 2 ,i ultd Pk . 
Point C. The value ultP  is determined from the 
condition: 
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where max ( )ultM P  is the maximum bending 
moment in the section from the vertical force, 

ultM  is the ultimate moment resisted by the 
reinforced concrete section under bending. For a 
rectangular section, it is determined 
conventionally: 

Anatoliy V. Alekseytsev, Valentina M. Tusnina



93Volume 22, Issue 2, 2026

 
Figure 1. Problem formulation: failure schemes under horizontal impact - diagonal shear failure 
(a); flexural failure (b); 1 - impactor, 2 - reinforced concrete column, 3 - concrete crushing zone; 

ultimate capacity curves (c); 1 - moment failure, 2 - shear failure 
 

2.2 Calculation Methodology for Normal 
Sections 
For the analytical substantiation of the column's 
strength with respect to the inclined section, the 
general strength condition and the specific 
inequality derived from it are used: 
 

,max ,

( , ) ( )

e

h

h h ult N N

F N t F N L

F F
, 

 
(3) 

 

 
where ( , )hF N t  – horizontal force from 
emergency impact at the actual value of N  at 
time t ; – range of permissible emergency 
load values; ( )hF N – ultimate horizontal 
force resisted by the reinforced concrete column 
in the critical normal section, considering 
dynamic strengthening of materials under the 
condition N N ; L – curve of the ultimate 
values of this force. 
Thus, to assess the section strength, it is 
necessary to construct the ultimate load capacity 
curve. Let us define this curve by characteristic 
points . We assume that point A is 
located at the conditional intersection of curve 1 
with the Q-axis (Fig. 1c). Suppose the 
longitudinal force in the column cannot be zero, 
and its value is Nmin  (e.g., the self-weight of the 
column). At this point, the horizontal impact is 

maximal. Point C is located at the intersection 
with the N-axis. Here, the horizontal impact is 
minimal under the maximum compressive 
longitudinal force. Points i, i=1..n are 
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Here: fM – bending moment from service 
loads; eM – moment caused by the longitudinal 
force due to accidental eccentricity. Other 
designations of calculated parameters are 
generally accepted and provided in SP 
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is as follows: 
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Where 1 2,k k  are the dynamic strengthening 
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respectively; ( )hM F is the moment from the 

horizontal load hF =1, fe  is the eccentricity of 
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induced by the force hF .  
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curvature 1/ r  of the element and its stiffness. 
The stiffness for a rectangular cross-section 
element is calculated using the known formula: 
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where: ,b bE I – initial modulus of elasticity and 
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where D  is the element stiffness, and the 
product of the sub integral functions can be 
evaluated using Simpson's formula. Solving 
equations (6) yields the value 2 ,i ultd Pk . 
Point C. The value ultP  is determined from the 
condition: 
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where max ( )ultM P  is the maximum bending 
moment in the section from the vertical force, 

ultM  is the ultimate moment resisted by the 
reinforced concrete section under bending. For a 
rectangular section, it is determined 
conventionally: 
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Dynamic loads can have various pulse shapes 
(Fig. 2), while equations (6) and (9) allow 
determining the dynamic equivalents of  
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Figure 2. Pulse shapes under dynamic loading: triangular (a), rectangular (b) 

the loads without considering their duration. To 
compare the values of loads specified as 
impulses with those obtained from the 
mentioned equations, the following formula can 
be used: 
 

/tP F t , (11) 
 
where tF  is the area under the pulse, t  is the 
actual impact duration on the structure. 
2.3 Calculation Method for Inclined Sections. 
Under dynamic impact on a column, particularly 
in the presence of rigid restraints at the supports, 
the strength of the inclined section may be 
exhausted either by the action of the transverse 
force or by the bending moment. The curve L  
is constructed without specific characteristics 
for different values of ,e iN , following the 
methodology below. To assess the strength of 
the inclined section, the system of inequalities is 
written as: 
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where the first equation is necessary to 
determine the value of hF  based on the dynamic 
increment of transverse force dQ , while the 

second serves a verification function. Here, in 
the first equation, d

Nk  is a coefficient accounting 
for the level of compressive force, confinement 
of transverse deformations, and the kinematic 
constraints of the column. The quantities 

, , ,ult
d st bN swNQ Q Q Q  are represent the transverse 

forces resisted by the section under dynamic 
loading, static service loading, concrete under 
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loads, respectively. In the second equation, 
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where ult

NeP  is the value of transverse impact 
load initiating flexural failure under force 

0eN , ultP  is the same under force 0eN . 

The value of ultN is determined using the second 
equation of system (4); ek  is the coefficient of 
transverse deformation confinement. 
For a square section, it can be determined using 
Fig. 3 and the dependency provided below. 
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Figure 3. Determination of the deformation confinement level: column cross-section (a); 

section s-s (b); 1 – boundary of the deformation confinement zone, 2 – core of the deformation 
confinement zone, 3 – longitudinal reinforcement, 4 – transverse reinforcement 

 
where ,sc wd  are the reinforcement percentage 
considering core area 2 and the area of 
longitudinal reinforcement only, and the 
diameter of the transverse reinforcement bar; 
d is the length of the transverse bar in the 
impact plane, as shown in Fig. 3. 
When the projection length of the inclined 
section onto the vertical axis does not exceed 
twice the effective depth of the section, the 
following formula is proposed for ult

dQ : 
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where btR – design tensile strength of concrete, 

0,b h – width and effective height of the section, 
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swq  – distributed per length load resisted by 
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where c  – projection of the inclined section 
onto the vertical axis, c  is calculated as: 
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considering core area 2 and the area of 
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diameter of the transverse reinforcement bar; 
d is the length of the transverse bar in the 
impact plane, as shown in Fig. 3. 
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All notations in the formula are standard and 
provided in SP 63.13330, the value of c

swq  is 
determined by (16), assuming that 2 1k . 
 
 
3. RESULTS  
 
3.1. Comparison with Experiment. Calculation 
for Normal Section. To verify the proposed 
method, we use the experimental results from 
[10], shown in Fig. 4. For the calculation, in 
accordance with recommendations from various 
studies, including [8], we adopt the following 

dynamic strengthening coefficients for 
materials: 1k =1,15, 2k =1,2, 2 1.5dk The load 
is considered as suddenly applied with a 
rectangular pulse shape. The distance between 
the supports is 1.38 m, / 6.66s bE E .The 
equilibrium equation (10) applied to this 
experimental task is 
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Figure 4. Experimental data for verification of the calculation methodology: material and load 
characteristics, cross-section in the experiment (a), design model (b), the crushed specimen (c) 

The boundary values of the relative height of 
the concrete compression zone under bending 
are calculated as 

50,8 / (1 (442 / 2 10 ) / 0,0035) 0,49R ,
0, 49(1 0,49 / 2) 0,37R . The bending 

moment is max 1,38 / 6 0,23h hF F (k m). 
The eccentricity fe is calculated using (6). For 
this, the moment of inertia and Euler force are 
determined: 
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integrals:  
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Substituting all values into equation (10), we 
have hF =8489+5975-4493, 314hF kN, 

1,5 314 1,5 471hP F N. The theoretical 
result satisfactorily corresponds to the 
experimental one. The error is less than 15.7%. 

3.2. Example of Column Calculation for 
Inclined Section. Let a column (Fig. 5, a) be 
subjected to an emergency impact load P. The 
structure is made of concrete with compressive 
strength class B25 ( 11,5bR , 

0,9btR ), reinforcement A500 
435sR  300swR , with dynamic 

strengthening coefficients as in Section 3.1: 
1k =1,1, 2k =1,2,  and coefficient 0,7 . The 

longitudinal reinforcement area is 4 28 
4 28 2

0 24,63 d
s , and the transverse 

reinforcement consists of 4 8 bars forming a 

closed contour, spaced at 250 mm along the 
height 8 20,503 d

sw . The load is 
2000 eN , and the transverse force (under 

conditionally centered loading of the middle 
column) is 0 stQ . It is necessary to 
evaluate the maximum bearing capacity of the 
column under horizontal impact.The given load 
arrangement suggests that the most probable 
failure mechanism will be the loss of strength of 
the inclined section (Fig. 5, c). Taking this and 
the above loading into account, we write (12) in 
the form d ult

d N dQ k Q .  

 

 
 

Figure 5. Reinforced concrete column with calculation parameters: design model (a),  
cross-section S (b); 1 - contour of the deformation confinement zone, 2 - core of this zone,  

3 - longitudinal reinforcement, 4 - transverse reinforcement; cross-section s-s (c),  
inclined section (shear) failure scheme (d), bending moment diagram caused by unit impact (e) 

 
It is calculated: 24,63 / 30 30 2,73%sc , 
d=30 m - the dimension of the deformation 
confinement zone (Fig. 5, b, c). 
It is solved (14):  
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The ratio / 2000 / 2620 0,763 0,6e ultN N , 
therefore in formula (13) using the last equality. 
Next, it is determined the ultimate horizontal 
forces for flexural failure at forces 0 eN kN , 

2000 eN kN . For the bottom support fixation, 
the equation (12) is: 
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The maximum moment is determined from Fig. 
5, e, with the value 5(35 5 / 1) 2fe cm. 
The value R , ensuring the absence of brittle 
failure, is determined in the conventional way: 

 
50,8 / (1 (435 / 2 10 ) / 0,0035) 0,493R , 
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Solving equation (12), it is obtained: 
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The constructive requirement is checked: 
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elasticity coefficient:  
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The condition is satisfied. The ultimate value 
of the dynamic transverse force using 
expression is (4): 
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The value  

146,8 1, 4427 211,8 kNult d
d d NQ Q k . 

This value of the horizontal dynamic force is the 
ultimate at 2000 eN . 
3.3 Numerical Verification of Calculation 
Results. Let us perform a calculation of a solid 
finite element model, Fig. 6. 
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Figure 6. Some results of the numerical analysis: solid finite elements of concrete (a), bar elements 
of reinforcement (b), results of the assessment of shear strains in concrete and von Mises equivalent 

stresses in the reinforcement; the scales are given for time 0.19 s 
 

Concrete was represented as hexahedral 
elements deforming according to the Drucker-
Prager model with the capability to simulate 
element failure. Reinforcement was modeled as 
bars following bilinear diagrams. The 
characteristics of concrete used in the 
calculation are as follows: cohesion stress 3.3 
MPa, internal friction angle 38 deg., dilation 
angle 28 deg., tensile stress 0.9 MPa, 
compressive stress 11.5 MPa, ultimate tensile 
strain 0.0001, ultimate compressive strain 
0.0035. For the reinforcement, the following 
was adopted: ultimate tensile strain 0.025, yield 
stress of longitudinal bars 435 MPa, yield stress 
of transverse bars 300 MPa. 
The parameters of the computational process are 
as follows: overall damping – 5%; when solving 
the nonlinear problem, 25 iterations of the 

Newton-Raphson method were used at each 
integration step, with stiffness matrix updates 
every 5 iterations. The convergence criterion 
was set as a tolerance for nodal force residual 
equal to 0.1%. The integration time was taken 
as 1.5 sec, with a step 0,05 sect .  
Analysis of Figure 6 allows us to note the 
following features. When resisting only the 
longitudinal force at time 0.0 sect before the 
impact, the stresses in the longitudinal 
reinforcement are significantly lower than when 
assessed using the formula from SP 63.13330, 
while concrete, conversely, carries most of the 
load. During the realization of the impact, which 
is accompanied by an increase in the value of P  
at time 0.1 sect , a wave of deformations 
corresponding to the flexural failure mechanism 
initially forms, and an increase in equivalent 
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stresses is observed in both longitudinal and 
transverse reinforcement. In the limit state at 

0.19 sect , the shear strains in concrete exceed 
the limits for elastic behavior, meaning cracks 
form. In addition to the fan of cracks along the 
inclined section, cracks caused by bending and 
shear also form on the impact side along the 
height of the column. The stresses in the 
longitudinal reinforcement at this point are at the 
level of 50% of the design resistance, while the 
transverse reinforcement undergoes plastic 
deformation with stresses equal to 

300swR MPa. This indicates the initiation of the 
shear failure mechanism. Significant plastic 
deformations of these bars lead to a substantial 
reduction in bearing capacity and the formation of 
a kinematically unstable system. A comparison of 
the ultimate compressive force is performed. The 
analytical method gives 

0( ) 2620 kNult b b sc scN R A R A (calculated 
above). The calculation of the solid FEM model 
yielded a value of 2778 kN. For the column under 
consideration, the load-bearing capacity curves 
using points ,( ; )N P L  (see Fig. 1, c) is 
constructed. The results are presented in Fig. 7.  
The figure shows that the scope of the 
methodology is 0.14 / 0.8e ultN N , however, 
with a column strength reserve of less than 20% 

and during an emergency situation, it will most 
likely fail, so the necessity of calculation in this 
range is not in demand for practice; usually, 
columns, based on structural considerations 
(bearing possibilities), have a strength reserve of 
30-50%. 
 
 
4. DISCUSSION AND DIRECTIONS FOR 
FURTHER RESEARCH 
 
The proposed methodology describes one of the 
possible failure scenarios for a column. In this 
case, the dynamic load increases gradually at a 
low rate, and the stresses in the concrete do not 
exceed the value corresponding to its local 
crushing strength. The strain rate also remains 
below the critical level; therefore, fan-shaped 
cracks do not form, and there is no spalling or 
punching of concrete in the contact zone. Design 
models for compressed elements, including those 
presented in regulatory documents, do not yet 
account for a number of important effects. These 
include concrete dilation, energy dissipation 
during the dynamic process and its consideration 
in modeling, confinement of transverse concrete 
deformations, and the emergence of additional 
stresses in the transverse reinforcement due to this 
confinement.  

 

 
Figure 7. Load-bearing capacity curves of the column: 1bcL – calculation using the solid FEM 

model, 2bcL – calculation according to the methodology of this article 
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model, 2bcL – calculation according to the methodology of this article 

However, numerical calculations demonstrate 
that these effects indeed influence the strength 
of reinforced concrete columns. The results of 
numerical modeling confirm that the load-
bearing capacity of a compressed column at an 
inclined section under transverse impact is 
determined by the stress-strain state of the 
concrete. The proposed model partially accounts 
for the effect of the closed transverse 
reinforcement contour through the parameter of 
the load intensity it resists. Nevertheless, the 
process of microcrack formation and the 
associated concrete dilation are not considered.  
The developed approach can serve as an 
additional tool in analyzing the robustness of 
buildings and structures subjected to 
emergency mechanical impacts of 
anthropogenic origin. Further development of 
the method is associated with its refinement 
for pylons and highly slender reinforced 
concrete columns. Another promising 
direction is the consideration of various types 
of initial and acquired damages, as well as the 
influence of existing strengthening systems on 
the load-bearing capacity of columns. 
 
 
CONCLUSION 
 
1. A method for the analytical calculation of 
compressed-bent reinforced concrete elements 
under transverse impact has been developed, 
considering the bending and shear failure 
mechanisms. 
2. The determination of load-bearing capacity 
accounts for the confinement of transverse 
concrete deformations under compression. This 
considers the spacing, diameter, and class of the 
transverse reinforcement. Limitations for the 
method's application have been defined – the 
design compressive force must be less than 80% 
of its ultimate value. 
3. The proposed approach enables a 
significantly faster assessment of the 
mechanical safety level of reinforced concrete 
columns under horizontal dynamic loads 
compared to solid finite element modeling. The 

developed relationships can be applied in 
designing preventive measures aimed at 
enhancing the resilience of buildings and 
structures to progressive collapse. 
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