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ANALYTICAL CALCULATION METHOD FOR REINFORCED
CONCRETE COLUMNS UNDER LATERAL IMPACT
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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.

Keywords: reinforced concrete columns, transverse impact, dynamic loading, shear failure, flexural failure,
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AHAJIMTUYECKUHN METOJI PACUETA )KEJE30BETOHHBIX
KOJIOHH HA MOINEPEYHBIH YJIAP

A.B. Anexceiiues, B.M. Tycnuna

HarnmonanbsHbIif ccnenoBaTenbckuii MOCKOBCKHIA TOCYIAPCTBEHHBIN CTPOUTENBHBIN YHUBEPCUTET, T. MockBa, POCCHS

AHHoTanusi: B craThe mpencTaBIieH METOJ aHAIUTHYCCKOTO pacueTa CKATO-H30THYTHIX IKele300€TOHHBIX
KOJIOHH, TIOJIBEPTaOIINXCSl aBaAPUIHOMY IIOIICPEYHOMY VAapy, XapaKTepPHOMY ISl aKTyallbHBIX TEXHOTCHHBIX
BO3ICHCTBUIL, TAKUX KaK CTOJIKHOBEHHUE C TPAHCIIOPTHBIMHU CPEICTBAMHE WA APYTUMH yIAPIIONTIME 00BEKTaMU.
IIpemnokeHHBIE TOAXOM YYMTHIBACT JIBa OCHOBHBIX MEXaHHM3Ma pa3pyILICHHS: IO HOPMAJTbHOMY MW TIO
HaKJIOHHOMY CEYEHHWIO, M IIO3BOJISICT OICHWBATH TIpeAeTbHBIC 3HAYCHHS TOPH30OHTANBHBIX CHJI C yYETOM
JIMHAMUYECKOTO yMpouHeHus: 0eTOHa W apMaTypbl. MeToj OMHpAaeTcsi Ha TOCTPOSCHUE KPHBBIX IMpeaeTbHOU
HECyIIel CIIOCOOHOCTH, OTPAKAIOMIMX 3aBHCHMOCTh MaKCHUMAIbHBIX YCHIHMH OT ACHCTBYIOUIEH MpPOIOIBHON
CKMMAIOIICH CHJIBI, 8 TaKXXe BBOJUT KOX(P(HUIIMECHTHI CTECHCHHS IONEPEUHbIX aehopManuii U IapameTphbl
WHTCHCHUBHOCTH HArpy3KH, BOCIIPHHHMAceMOil morepeyHoil apmarypoil. Oco0oe BHUMAHHUC VYACICHO YUeTy
CTECHEHUsI TONEePEYHBIX jaedopmaruii OSTOHA, BIMSHUSA Ha MPOYHOCTH IIara, JuaMeTpa M Kilacca MOMepeuHon
apMaTypbl, a TaKXe BO3MOXHOCTH MPEIOTBPAIICHUS MPOTPECCUPYIOIIETO pPa3pyIICHUST KOHCTPYKIIHH.
[IpemtoxkeHHass METOAMKA CITY’)KUT S(GGEKTUBHBIM HWHCTPYMEHTOM JUIS aHalW3a JKUBYYCCTH 3JaHUM U
COOpPY)KCHUH TIPH aBapUHHBIX MEXaHUYECKHUX BO3ICHCTBUSIX TEXHOTCHHOTO IMPOUCXOXAeHUs. Pa3paboTaHHBIN
MOJTXO/I MOKET OBITH MPUMEHEH IPH MPOSKTHPOBAHUU MPOPIIIAKTHUCCKUX MEP, MOBBIMIAIINX YCTOHUYUBOCTh
KOJIOHH K TIOTIEPEYHBIM yIapaM, W CIIOCOOCTBYeT OIICHKE CTEIIeHH MEXaHW4YecKoi O0e30macHOCTH
JKEIIe300€TOHHBIX KOHCTPYKIMHA, YTO OCOOCHHO BaXXKHO MJISI KOJIOHH OOINBIION THOKOCTH W DIIEMEHTOB C
Pa3TUYHBIME BUAMH HAaYaJIbHBIX WM IPUOOPETEHHBIX MTOBPEKICHUH.

KiroueBble cj1oBa: jxene300eTOHHbIE KOJIOHHBI, IONEPEYHBbIi yaap, IMHaMUYecKas Harpys3Ka,

pas3pylleHUEe [IPU CABUIE, PA3PYIICHUE TIPU U3TUOE, TMHAMHYCCKOS YCHUIICHHE, 3P PEKT OrpaHuICHUs,
0€3011aCHOCTb KOHCTPYKIMH, IPOTrpeccupyloliee 00pyeHne, IPOYHOCTh
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Analytical Calculation Method for Reinforced Concrete Columns Under Lateral Impact

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, eclastic, 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 wuntil failure, which 1is 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
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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
i1s 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
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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:

JIN@),F, ()< f(N@), Q@0), M @), (1)
where: () is load effect functional; N(¢),F), ()
are longitudinal forces and transverse loads
varying in time; f(),, is resistance functional
of the column in the limit state; N(¢),Q(t), M (¢)

are ultimate longitudinal force, ultimate
resultant transverse force, ultimate resultant
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(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:

klemax <

koM, . <

max —

cd ,ult

2)

cdult »

kd3 Qmax < cd ult

where k,,k;, k;; — coefficients accounting for

dynamic effects under emergency impact; N, ,

O =02 402 My =\[M? + M2+ M? are

longitudinal force, principal transverse force,
and principal moment induced by the combined

(service and emergency) loads; N, ;s Qo uir>

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

and shear failure

preceding flexural failure £,

F, , differ. If a given load combination £}, 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); I - 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:

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 Bj; i=I..n are
intermediate and describe the shape of the curve.
Let us consider the construction of this curve.

F,(N,,t) e Q< F,(N,),;; € Lgc = 3 Point 4, F, =0,:
2 2
—>(F, s < F) ’ n°E ., /1y, A>50;
(P = i), kN, (2) = . @
§0|:RbAb +RscAs,tot:|’ﬂ’ <50
where F,(N,,t) — horizontal force from

emergency impact at the actual value of N, at
time #; Q- range of permissible emergency

load values; F,(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, ;Lz-— 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 4, Bi, C. We assume that point 4 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 Nuin (e.g., the self-weight of the
column). At this point, the horizontal impact is

Here:/, = ul— design length, accounting for the

variation in the geometric length / of the
column depending on its support conditions
(considered through the coefficient u);

R, A, Ry, A, — design strengths and cross-

sc o “Ts tot *
sectional areas of reinforcement and concrete,
respectively; ¢ — coefficient determined

according to SP 63.13330 for the case of small
eccentricities of the compressive force; 4 —
slenderness of the column.

Condition (4) specifies that slender columns
lose their load-bearing capacity due to Euler
buckling instability, while conventionally
designed columns are primarily governed by
material strength. Calculations have shown that
for columns with 4 <50 and under transverse

impact, k;; > 1.
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Points B, — B, . After calculating the ultimate

value N, =N, ,using (4), values N

u e,
assigned, for which the ultimate values

P € Ly are computed. For each value N,

i, e,i’

arc

the depth of the concrete compression zone x in
the critical section is calculated, and equilibrium
equations are formulated considering a unit
horizontal load. Subsequently, its ultimate value
is determined. This can be expressed as:

LN,
x =x . ted el red
AredM

m

X, =A@ (p, + 1) + 2, (u, + 11l 1) -

—at, (phy + ). (5)
o - 0.0015E, A, A
’ Rb,ser o bhO s bhO ’

M=M,+M,. 4, :bh+%(As +4.);

b

Here: M ,— bending moment from service

loads; M ,— 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:

max, i

+k,R - A, -(hy—a)

M i+ Neje, = kiR, -b-hig -ty +

M =max{( M + M(F,)+ M, )} ©)

m

1 ho_a'
““T1=N_IN (f+ 2 ]
e,i A|ﬁ>50

Where £k, k,

coefficients of concrete and reinforcement,
respectively; M (F),)is the moment from the

are the dynamic strengthening
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horizontal load F, =1, e, is the eccentricity of
the force N,;
induced by the force F, .

The deflection f is determined considering the

considering the deflection f,

curvature 1/r of the element and its stiffness.
The stiffness for a rectangular cross-section
element is calculated using the known formula:

0.15E,1

D=——""20_10.7E I,
20,345, ™
where: £}, [, — initial modulus of elasticity and

moment of inertia of concrete; ¢, — coefficient

accounting for the duration of load action, taken
as 1 for this design case; O,— relative

eccentricity, taken as 0.15 for the case of small
eccentricities; £, /. — modulus of elasticity and

R
moment of inertia of reinforcement.
The deflection of the column when divided into
m sections of equal length A/ is then

m Al 1
f’ZIMW)(]ﬁZ
Jj=10 r;
o (®)
=—3 jM(F) xM(F) dz
D Jj=10
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 k;,F ;.

Point C. The value P, is determined from the

condition:
kd2 max( lt) < M (9)
where M . (P,) is the maximum bending

moment in the section from the vertical force,

M, 1is 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

F (DA
QF
Ve
/|
U E— T
At
b)

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:

P=QF,/At, (11)

where QF; is the area under the pulse, At 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 Ly,
is constructed without specific characteristics
for different values of N,;, following the
methodology below. To assess the strength of

the inclined section, the system of inequalities is
written as:

e
knQi O + Qv >
M o <M, +M  +M

s,inc

(12)

where the first equation is necessary to
determine the value of F), based on the dynamic

increment of transverse force AQ,, while the

second serves a verification function. Here, in
the first equation, k]”\’, is a coefficient accounting

for the level of compressive force, confinement
of transverse deformations, and the kinematic

constraints of the column. The quantities

sh,Qst,QbN,stN are represent the transverse

forces resisted by the section under dynamic
loading, static service loading, concrete under
service loads, and reinforcement under service
loads, respectively. In the second equation,
M,, M M_, denote the bending moments

SW2 s,inc

resisted by concrete, longitudinal reinforcement,

transverse reinforcement, and inclined bars
(bent-up bars), respectively.
The ratio k% :
—\Y!
1 N fP”’
ke + e Ne ,
\/ 13 5— H Nult Pult
N

k]‘\i[ = fOl" €< 0.6, , (13)

ult

ult -l
(Pﬂ+keJ , for ;\Ye

> 0.6,

ult ult

where P’ is the value of transverse impact
load initiating flexural failure under force
N,#0,P,

,P, 1s the same under force N,=0.
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The value of N, is determined using the second
equation of system (4); k, is the coefficient of

transverse deformation confinement.
For a square section, it can be determined using
Fig. 3 and the dependency provided below.

A
4

BN A |
ad] 2. g
*M v
a) j dISI .

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 y..,d,, are the reinforcement percentage

considering core area 2 and the area of
longitudinal reinforcement only, and the
diameter of the transverse reinforcement bar;
dis 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 Q'" :

U ] VNC/NMZ
dlt = \/3klet (1+ke)( : 1 )bhgqsdw ’ (15)

where R, — design tensile strength of concrete,
b, h,— width and effective height of the section,

qsdw — distributed per length load resisted by

transverse reinforcement under impact, within
the vertical projection of the inclined section. It
is defined as:

Volume 22, Issue 2, 2026

. R.A N
g, S [ 1024k )—e |,
dhe =k =% (0.2+k,) N (16)

w

The value of Q,,, in formula (12):

O,y =1.5¢ R, bh; | c,

0.50, R, bhy < Oy < 2.5R, bl a7

where ¢ — projection of the inclined section
onto the vertical axis, ¢ is calculated as:

. 1.5¢,R,,bh; o<
0,755,

1,25, 0.25R, <o, <0.5R,

2h0 9

on= 2.5{ —ﬁj,o.SRbs@bSRb’ (18)
Rb
o, = Ne
’ Ab +%Asc
Rb
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All notations in the formula are standard and
provided in SP 63.13330, the value of ¢, is

determined by (16), assuming that &, =1.

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

AAJ’

155

h 4

15 P,=407kN
R,=29.8 MPa
A=4,6.09 cm’

> R=442 MPa
X

=

%)

>

»|
>

212.5

a’=27 mm
y N,=480 kN

I ¢
(]

Anatoliy V. Alekseytsev, Valentina M. Tusnina

dynamic  strengthening  coefficients  for
materials: k,=1,15, k,=1,2, k;, =1.5 The load

is considered as suddenly applied with a
rectangular pulse shape. The distance between

the supports is 1.38 m, a =E_/ E; =6.66 .The

equilibrium equation (10) applied to this
experimental task is

M, +Ne, =kR,-b-hi -y +
+k,R, - A -(hy—a'),

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

£ =0,8/(1+(442/2-10%)/0,0035) = 0,49,
ap =0,49(1-0,49/2)=0,37. The
moment is M, , =F,1,38/6=0,23F, (kHm).

The eccentricity e,is calculated using (6). For

bending

this, the moment of inertia and Euler force are
determined:

Ly =23.7°-15.5/12+6.66-2-6.09-(18.5/2) =

=24134 cm”.
N, =73-107-24134-107° /1.38% =37520 kN.

The system deflection is determined using Mohr
integrals:

f=207F,P /11164E, I, = F,-207-1,38°10° /
/11164 -(48-0.85-3000x24134) = F, -0.01774 cm.
e, =1/(1-480/37520)(F,-0.01774+18,5/2) =
=9,361+0,0181F,.

Substituting all values into equation (10), we
have 31.68 F,=8489+5975-4493, F, =314 kN,

P=F,-1,5=314-1,5=471xN. The theoretical

result satisfactorily corresponds to the
experimental one. The error is less than 15.7%.
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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 (R, =11,5MPa,
R,, =0,9MPa), reinforcement A500
R, =435MPa R, =300MPa, with dynamic

strengthening coefficients as in Section 3.1:
k=1,1, k,=1,2, and coefficient £ =0,7. The
4228
transverse

area 1s
the

reinforcement consists of 48 bars forming a

longitudinal  reinforcement
A} =24,63 em”

sc0 and

AZ

N =2000 xH
B%ﬂnr

closed contour, spaced at 250 mm along the
height 4% =0,503 cm*.  The
N, =2000 kN, and the transverse force (under

conditionally centered loading of the middle
column) is Q,=0xN. It is necessary to

load is

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 AQ, < k$Q4" .

40m

2 P
S -
¥ A
Qb+ sw 3 ] 7 %
. : - ~| 2
;‘ q4>‘w~ ; ,-[’ (.|,|1 %
: 7‘,' 2|
. O =
'}
IR
l' @
d —> h 4
) / r7rrry
d=300
, M
SJ| P=1
17,92 ea—
e)
77 57,6

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: 1, =24,63/30-30=2,73%,

d=30 cm - the dimension of the deformation
confinement zone (Fig. 5, b, ¢).
It is solved (14):
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2
- 1 l_SW—dW _
1—p, 2d

1 (1_25—2.8

2
=0,408,
1-0.0273 2-30
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Nult = q)(RbAb + RSCASCO) =
=0.9(1.15-40-40+43.5-24.64) = 2620 kN

The ratio N, /N, =2000/2620=0,763>0,6,

therefore in formula (13) using the last equality.
Next, it is determined the ultimate horizontal

forces for flexural failure at forces N, =0 kN,
N, =2000 kN . For the bottom support fixation,
the equation (12) is:
Moo+ Noey =kRy bl -y + kR, - A2 x
x(ho —-a )
The maximum moment is determined from Fig.
5, e, with the value e, =((35-5)/2)=15cm.

The value «, ensuring the absence of brittle

failure, is determined in the conventional way:

£, =0,8/(1+(435/2-10°)/0,0035) = 0,493 ,
@y =0,493(1-0,493/2)=0,37 .

Solving equation (12), it is obtained:
0,144-400P" +2000-15=1,1-1,15-40-35> x
x0,37+1,2-43,5-12,32-(35-5) -

— P =212,74 KN.When solving the same

equation for N,=0—> P, =733,1 kN, next,

k¢ =(0,403+212,74/733,1)" =1,4427 Thus,

it is determined the value ¢ , considering the

impact resistance provided by the 2d8 lateral
rebars (5):

q?W:1’2.30-1,01 1_(0’2+0,403)(Mj =
25 2620

1,4544(1-0,422) = 0,78493 kN / cm.

Anatoliy V. Alekseytsev, Valentina M. Tusnina

checked:
q > g min- For this, it is calculated the

The constructive requirement is

elasticity coefficient:
vy = R, | Eyeg, =11,5/(27,5-0,002:10%) = 0,209
Normal stresses

o=N/A,,=2000/(40-40+0,209" x
x(2/2,75)-10-24,64) =1,017 kPa;

0, =2,5 1= | =25/ 11917 | _ ¢ 250,
R 115

8 b

q:’w 2 q‘yw,min = 0’25¢antb =
0,25-0,289-0,09-40=0,2601.
The condition is satisfied. The ultimate value

of the dynamic transverse force using
expression is (4):

a_ [311-0,00-(1+0,403) 2%
ult
X4O‘352'0,7849
=146,8 kN.

The value

AQ, =04 -k =146,8-1,4427 =211,8 kN.
This value of the horizontal dynamic force is the
ultimate at N, = 2000 xH .

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, wultimate 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
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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 A7z =0,05 sec.

Analysis of Figure 6 allows us to note the
following features. When resisting only the
longitudinal force at time 7=0.0 sec 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 sec, 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
t=0.19 sec, 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
R, =300MPa. 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

N, = o(R, A4, + R A,) = 2620 kN (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,;F,,) € Lye (see Fig. 1, ¢) is
constructed. The results are presented in Fig. 7.

The figure shows that the scope of the
methodology is 0.14< N,/ N, <0.8, however,

with a column strength reserve of less than 20%

P, kN

Anatoliy V. Alekseytsev, Valentina M. Tusnina

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.

800

!
700 R

600

500
400
300
200
100

0 500

1000
Figure 7. Load-bearing capacity curves of the column: L,. — calculation using the solid FEM

\| NV, kN

1500 2000 2500 2620

model, L,.,— calculation according to the methodology of this article
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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

Volume 22, Issue 2, 2026

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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