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Abstract. The issue of ensuring the mechanical safety of load-bearing structures in buildings and facilities is currently of
particular relevance. One critical aspect of this problem is the strength of compressed and compressed-bent elements under
transverse impact loading. Several failure mechanisms can occur in reinforced concrete (RC) columns. This paper develops an
analytical methodology for determining the ultimate load capacity of square cross-section elements under horizontal impact,
specifically for the failure mode associated with diagonal shear. Such scenarios are possible in cases of vehicle collision with a
column or impacts near the support zone of the structure. The analytical model is based on static equilibrium equations, which
incorporate the ultimate mechanical characteristics of the materials, accounting for dynamic strengthening effects. The concrete
deformation model considers the confining effect in the direction perpendicular to compression, which enhances the concrete’s
calculated resistance but induces additional stresses in the transverse reinforcement. A numerical example of the calculation for a
building’s RC column is provided, yielding specific numerical results. A comparison is made between the outcomes of the
proposed methodology and those obtained from a detailed numerical simulation performed using a verified solid finite element
model. The limitations of the proposed analytical method are identified, and its sufficiently high accuracy and efficiency are
demonstrated. Finally, prospects for further development are outlined, and recommendations for the practical application of the
method to ensure the mechanical safety of reinforced concrete columns are provided.
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AHaJIUTHYeCKAs MOJeJIb JTMHAMUYECKOI0 pacyeTa Kejie300eTOHHbIX KOJIOHH
NPH FTOPU30HTAJIBLHOM yape ¢ pa3pyuieHreM 0 HAKJIOHHOMY Ce4eHHI0

A.B. Asekceiines ™, K.B. IOpycos

! HauuoHanbHbli HeciIe0BaTelbckuii MOCKOBCKMIA roCY IapCTBEHHBIH CTPOMTENLHBIN yHUBEpCUTET, Mocksa, Poccutickas Dedepayus
P4 aalexw@mail.ru
Ioctynuna B pepakiuio: 26 centsops 2025 r.

Jopa6otana: 20 HosiOpst 2025 .
[punsra k nyonukamuu: 30 HosOps 2025 .

Annortaunus. [Ipodiema obecrieueHns MeXaHUUECKOH 0€30IacHOCTH HECYIIMX KOHCTPYKUHUH 31aHUH M COOPYKESHUH MPeACTaBIs-
eTcsi 0COOSHHO aKkTyanbHOH. OJHUM U3 BaXKHBIX aCHEKTOB 3TOH MPOOJIEMBI SBIISETCS MPOYHOCTH CHKATHIX M CHKATO-U30THYTHIX
9JIEMEHTOB IIPH JEWCTBHU HONEPEYHON ynapHOi Harpysku. IIpu 3ToM Ui Kelae300€TOHHBIX KOJOHH MOXKET Peai30BBIBATHCS
HECKOJILKO CXeM paspylieHus. Pa3paboTana MeToAnKa aHATUTUYECKOTO ONPEeIeH s IPeIeNIbHOM Harpy3KH OT TOPU30HTAILHOTO
yAapa U 3JE€MEHTOB KBaJPaTHOI'O MONEPEYHOI0 CEUCHMs NPH PEaNU3alUd CXEMbl Pa3pyLICHUS [0 HAKJIOHHOMY CEUYEHHIO.
XapakTepHbIMHA aBapUMHBIMU CUTYAIHSIMU, COOTBETCTBYIOLIMMH 3TOH CXeMe pa3pyLIeHHUs, SIBJISIOTCS CTOJKHOBEHHUS C KOJOHHOM
aBTOMOOWJISL WIIM yapbl BOJIM3H 30HBI OIIOPHOTO 3aKpeIieHuss KOHCTPYKUMU. OCHOBOM aHAINTHYECKOTO pacyera SBISIOTCS ypaB-
HEHMs CTaTMYECKOT'O PABHOBECHUS, B KOTOPBIX HCIIOJIB3YIOTCA MPEJe/IbHbIE MEXaHNUECKHE XapaKTePUCTHKA MaTepHalIOB C Y4ETOM
JTMHAMHUYecKoro ynpouHenus. [Ipu nedopmupoBannu 6eToHa yunuThiBaeTcs 3)(GEKT OT CTECHEHUs B HaNpaBICHHUH, NEPIECHANKY-
JSIPHOM CXKaTHIO, YTO MOBBINIAET PACYETHOE CONMPOTHUBICHHE OSTOHA, HO BBI3BIBAET AOTOJHUTEIBHBIE HAIPSHKEHHS B IIONEPEYHON
apMmatype. BblnonHeH npuMep pacuera >kene300€TOHHONW KOJIOHHBI 3[jaHusl, JOBEJCHHBIM 10 YMCIOBBIX 3HAYCHUH, U MIPUBEIICHO
COIOCTAaBJICHUE PE3YJIbTAaTOB MpEIJiaracMoil METOJUKH C YMCICHHBIM pacueToM. B kauecTBe MHCTPYMEHTa YHCIIEHHOTO pacueTa
UCIIOJIb30BAJIaCh BepUPHULIUPOBaHHAS 00bEMHAsi KOHEUHO-3JIEMEHTHAsE MOJIeIb. BBISBIEHBI OrpaHUYEHHs MPEIaraeéMoro aHaju-
THYECKOTO METOJIa M YCTAHOBIIEHA €T0 JJOCTATOYHO BBICOKAs TOYHOCTH U 3(h(deKTuBHOCTE. CHOpMyIHpOBaHBl HEPCIIEKTUBBI Aajlb-
HeWmux pa3paboTOK M JaHbl PEKOMEHIANUH M0 KOHKPETHOMY HCIIONIB30BAHHIO METONA ISl 0OecIieYeHUs] MeXaHUIecKoi 0e3-
OTIACHOCTH )K€J1e300€TOHHBIX KOJOHH.

KuaroueBble ciioBa: nonepeqﬂmﬁ yaap, JKe1e300€ TOHHEIC KOHCTPYKIIMHU, TUHAMHUYCCKOC HAIpy>XCHUE, MCXaHUICCKas Oe3ormac-
HOCTb, CABUTI'OBAs IIPOYHOCTH

3asBiieHHE 0 KOH(JIUKTE HHTEPECOB. ABTOPHI 3aSBISIOT 00 OTCYTCTBHH KOH(IIUKTa HHTEPECOB.

Bruiax aBTOpOB: Anekcetiyes A.B. — KOHIECIILIUS UCCIIEIOBaHNUS, pa3paboTKa 3aBUCUMOCTEH aHAIUTHYECKONW MOJIENH, TIOATOTOB-
Ka PUCYHKOB, IIOJI'OTOBKAa KOHEYHOIJIEMEHTHOM MO, HayuyHoe peaaktupoBanue; FOpycos K.B. — pa3paboTka 3aBUCUMOCTEH
AQHAJTUTUYECKON MoJeny, BepupuKausg KOHEYHOIIEMEHTHOM MOJEIH, BBHIIOJIHEHUE YHCIIOBBIX IPUMEPOB pacueTa, IMOArOTOBKa
TEKCTa, aHaJIM3 pe3yJIbTaToB pacuera. O0a aBTOpa 03HAKOMJICHBI C OKOHYATEJILHON BepcHuell cTaTbu M OJI00pHIIN ee.

Jast uurupoBanus: Anexcetiyes A.B., IOpycos K.B. AHanutndeckas MOJIeNb JHHAMUYECKOTO pacdera Kelle300eTOHHBIX KOJIOHH
[IPY TOPH3OHTAIILHOM yZape C pa3pylIeHHeM 110 HaKJIOHHOMY ceueHuio // CTpouTenbHass MeXaHHKa MH)KCHEPHBIX KOHCTPYKIMI
u coopyxenuit. 2025. T. 21. Ne 6. C. 497-508. http://doi.org/10.22363/1815-5235-2025-21-6-497-508 EDN: EBFSNK

1. Introduction

An important aspect of ensuring the safety of buildings and structures with reinforced concrete frames
is checking the strength of columns and beam-columns against lateral impact. This issue has received
considerable attention, which indicates the relevance of this research area. Factors such as the load-bearing
capacity of reinforced concrete columns, taking into account the effect of confinement of concrete (confined
concrete) [1], the deformability of composite reinforced concrete columns in carbon fiber reinforced plastic
(CFRP) tubes [2], and the dynamic response and energy absorption capacity of structures with modified
concrete, for example, with the addition of rubber crumb [3]. A large amount of experimental research,
analytical and numerical modeling has been carried out, which shows interest in a comprehensive study of
the behavior of compressed columns under impact loads. This includes corrosion damage [4], considering
the longitudinal (vertical) coupler splicing of rebar along the length [5], and considering combinations of
bending and compressive actions [6]. One of the most important aspects of research in column dynamics is
its response and damage assessment due to horizontal impact [7]. The point of application of the impact
load is important. For example, in [8], impact on a part of a column near its support node is considered.
The authors of this study prove the effect of the type of supports on the load-bearing capacity of columns.
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A number of papers are devoted to the study of compressed structures under low-velocity impact, for
example [9]. For such an impact, the damping properties of the column and its ability to absorb energy can
be increased by strengthening it with CFRP [10]. Low-velocity impact can be modeled in calculations as
both quasi-static [11] and impulse load [12], where it is noted that the limit state of columns can be reached
either by fracture or buckling. Buckling usually prevails for slender reinforced concrete columns with a
slenderness ratio of more than 50. The complexity of describing the deformation and modeling of columns
under horizontal impact has necessitated the development of simplified analytical approaches to
calculations and engineering methods. Various features of these methods are presented in the following
papers. Article [13] compares simplified approaches to assessing the load-bearing capacity of conventional
and CFRP-strengthened reinforced concrete columns, paper [14] describes the probabilistic nature of the
loading effect and assesses the reliability of structures, and study [15] reveals the influence of the
percentage of longitudinal reinforcement on the load-bearing capacity. Analytical models for determining
the load-bearing capacity under dynamic impact are based on quasi-static equilibrium equations [16], which
have been refined for cases of random corrosion damage [17] and various compressive and impact force
ratios [18]. There are significant differences in calculation methods depending on the impact velocity, the
stiffness of the impactor body, the stiffness of the column itself, and the penetration of the impactor tip into
it. In [19], a significant reduction in the stiffness and load-bearing capacity of a compressed column as a
result of corrosion is noted, but stiffness can also decrease due to cracking under combined loads, including
static moments and shear forces [20]. A number of studies focus on the stiffness of the impactor. If the
stiffness of the impactor body is high, then all the kinetic energy is transferred to the impacted structure
(“hard” impact), and if the impactor itself can absorb energy during impact, such an impact is considered
soft [21]. In addition to the stiffness of the impact, the shape of the cross-section has a significant effect on
the dynamics of columns. Thus, when comparing the results of studies [22] (square cross-section) and [23]
(round cross-section), it can be seen that round columns are more vulnerable to brittle shear failure than
square ones.

A number of considered studies [7; 8; 18; 22] involve the use of intensive computational procedures
and require highly qualified researchers, which significantly hinders the practical application of the proposed
developments.

Therefore, the purpose of this article is to develop an engineering method for calculating compressed
columns under impact causing shear failure. To achieve this goal, it is necessary to solve the problem of
constructing a simplified method for evaluating the load-bearing capacity and to verify it on the basis of
experiments and numerical modeling. The object of the study is a compressed reinforced concrete column
subjected to horizontal impact at the support, and the subject of the study is the ultimate shear bearing

capacity.
2. Methods

When a horizontal force is dynamically applied to the column, most researchers, including [24],
identified the following failure patterns: local crushing, which may be accompanied by chipping or punching
(local failure), bending failure (along normal sections), and shear failure (along inclined sections) (Figure 1).

Considering experimental and theoretical studies of column shear failure, as well as qualitative results
of numerical modeling, it is noted that the load-bearing capacity is significantly affected by the level of
compressive loading, as well as the magnitude and direction of the static shear force present in the frame
structure. As a result of dynamic impact, the column is loaded by both shear force and bending moment.
Therefore, similar to normal operation, two strength conditions must be formed: strength along the inclined
section under shear force taking into account added stress from dynamic loading; strength along the inclined
section under bending moment taking into account its change under dynamic loading:

kdl max < cd ult >
deMmax < cd ult >

(1
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where k,,, k;, are the dynamic load coefficients of the system; Q.. , M, are the internal forces due to

load for the considered inclined section; Q. ;> M4, are the ultimate force values determined by the

resistance of concrete and reinforcement in case of shear failure.

g L
J e e 7
a — - 3 3
1 =23 \ - ] ’ —»74
—> A
b c 17 o 2
d rrrr7 : ¢ rrrrr7

Figure 1. Failure modes under horizontal impact:
a, b, c — local crushing at various impact velocities; d — diagonal shear failure of a compressed column;
e — flexural failure: / — impactor; 2 — column; 3 — local crushing zone;
4 — concrete spall on the side opposite to the contact area between the impactor and the column

S ource: made by A.V. Alekseytsev.

The method chosen for solving the system of inequalities (1) consists of compiling static equilibrium
equations with respect to the lateral axis of the column and with respect to the point passing through the
beginning of the inclined section. Cases of local failure (Figure 1, a—c) are not considered in this study. For
numerical verification, the method of direct integration using the implicit scheme of differential equations
of motion of the system, discretized using the finite element method (FEM), was adopted. For a reinforced
concrete frame, this equation can be represented in the form of (2).

M§3+Cy+K.y=F, (2)

where 3, , ¥ are the acceleration, velocity and displacement vectors respectively, F is the vector of nodal

forces, M 1is the mass matrix. Damping matrix C and global shear stiffness matrix K, in formula (2) are

determined using formula (3):
C=BK’E; K=K+ Ky +Kgps (3)

where P is the structural damping constant; K,,,K,,,K, are the shear coefficient matrices for concrete,
reinforcement and supports (in case when the column rests on a deformable base).

3. Results and Discussion
3.1. Calculation Procedure

The first strength condition is obtained from expression (1). If there is static load present in the system
before the dynamic impact, the following formula is proposed:

AQ 0
2y Lo | @
knOg  Opn +Osun

500 ANALYTICAL AND NUMERICAL METHODS OF STRUCTURAL ANALYSIS




Anekcetiyes A.B., Opycos K.B. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeruit. 2025. T. 21. Ne 6. C. 497-508

where AQ, is the added shear force caused by the horizontal impact; k]‘f, is the coefficient accounting for

the restraints and the column stress state under service load; Qgh is the ultimate shear force in the section
taking into account dynamic strengthening of concrete and reinforcement and the confinement effect;
Q> Opv > Osy are respectively: the shear force from the design static load, the shear force resisted by
concrete, and the shear force resisted by transverse reinforcement during normal operation, taking into
account the presence of longitudinal force N, .

Coefficient k]‘f; is determined according to formula (5):

-1
1 N, | put N
— |k, + Ne PNe , Ne <0.6,
i 1.5—n ult \ Lult ult
ky = 1 (5
It -
%+k Ne >0.6
e B = V.Y
Pult ult

where P}\ﬁg is the static equivalent of the lateral impact load, at the value of the service longitudinal force

equal to Ne and when bending failure of the column occurs; B, is the same for longitudinal force Ne=0;
p is the coefficient for converting the design column length to the geometric length. When one end of the
column is fixed and the other is pinned, p=0.7; when both ends are fixed, but compression remains
possible, u=0.5. Evaluation of P#/, P, is performed taking into account the influence of bending
moments and deflections caused by these forces. The value of N, is determined for the case of small
eccentricity (virtually axially compressed bar) using the formula from SP 63.13330':

Ny = (P(RbAb + RSCASC) > (6)

where ¢ is the buckling coefficient; Rj,R,. are the design compressive strengths of concrete and
reinforcement respectively; A4y, A, are the areas of concrete and reinforcement.
The value of k, refers to the level of the confinement effect. For a square cross-section based on the

basic recommendations of J. Mander’s model [25], it is determined based on the percentage of longitudinal
reinforcement and the geometry of transverse reinforcement:

2
S [1_5w“’wj, (1)
-y, 2d

where .,d,, are the percentage of longitudinal reinforcement taking into account the area of the

confinement contour (puc. 2) and the transverse rebar diameter respectively; d is the transverse rebar
length along the side, which is parallel to the plane of impact P within the bounds of the centers of gravity

of the transverse rebars perpendicular to P.

ult

Ultimate force Q)" can be determined based on the expression that is valid for shear failure with a

projection length of the inclined section ¢ =24

(1yNe/ Nty ) b

oyt = J 3ky Ry, (14 k) Gasy (8)

'SP 63.13330. Concrete and reinforced concrete structures. General provisions. JSC Research Center of Construction —
A.A. Gvozdev Research Institute of Concrete and Reinforced Concrete (NIIZHB). 2019.
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where Ry, is the design tensile strength of concrete; k; is the coefficient of dynamic strengthening of

concrete; b,h, are the width and the design height of the cross-section; qfw is the intensity of the load

resisted by the transverse reinforcement, taking into account dynamic strengthening of steel and the stress
from confined concrete core (Figure 2).

A
< y I h P
I
P \ : / Sw
4 ) 2 : \ ,,SW
* P MRl
al ’ d's|

Figure 2. Determination of the confinement level:
a — column cross-section; b — section s—s: / — confinement boundary;
2 — core zone of the confinement; 3 — longitudinal rebars; 4 — transverse rebars

S ource: made by A.V. Alekseytsev.

The value of qsdw is determined as

d Ry Ay N,
=k 1-(0.2+k% , 9

v ’ Sy [ ( e) Ny ] ®
where R, 4, are the design strength and the area of transverse reinforcement; &, is its coefficient of

dynamic strengthening.

The value of the shear force resisted by concrete, taking into account compression by the longitudinal
force, is calculated as follows, based on the methodology described in SP 63.13330 for the design of
prestressed reinforced concrete structures:

5 OS(Panl‘bhO < QbN < 2‘5Rbtbh0 N (10)

1.5¢, Ry, bh3
OpN D

where c¢ is the projection of the inclined section onto the vertical axis, and the value of ¢,, accounts for the
presence of normal stress caused by the compressive force. It is determined as follows:

1.25, 0.25R, <0y, <0.5R,

N,
(Pn = Op » Op = 5 (11)
25—-|1-—=1, 0.5R, <0, <R oFe
( ij b =0p =1L A+ Il;bbo A,

where in the case of small eccentricity (all of the section is non-uniformly compressed) 4. is the area of
the longitudinal reinforcement; 4, is the area of concrete; a=E / Ej, is the ratio of the elastic moduli of
concrete and reinforcement, determined taking into account the stress state of the column; R;, is the design

compressive strength of concrete; €5, =0.002 is the concrete strain for short-term load.
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The value of ¢ can be determined as:

2
15(anbtbh0 c< 2h0

: (12)
0.75¢5,

where the intensity g, of the load resisted by the transverse reinforcement is determined according to (5)
at kg =1.

The second strength condition from expression (1) has the form given in SP 63.13330 and, in general,
if the required development length of longitudinal reinforcement is achieved, it is satisfied

kd2MmaXSMcd,ult:Ms+Msw > (13)

where M¢,Mg,, are the bending moments resisted by the longitudinal and transverse reinforcement of the
column, respectively.

3.2. Analytical Calculation

A column with the following parameters is considered: cross-section of 400x400 mm, length of
4.0 m, B25 grade concrete (R, =11.5 MPa, R;, =0.9 MPa), A500 grade longitudinal reinforcement with

R; =435 MPa, transverse reinforcement of the same grade, but with Ry, =300 MPa, coefficients of dynamic
strengthening taking into account [26] k= 1.1 for concrete, and k,= 1.2 for reinforcement, fixed at the
base, pinned connection to the upper floor slab, u=0.7, the distance from the exterior face of concrete
(horizontal and vertical) to the center of gravity of the longitudinal reinforcement a =5 cm (Figure 3).

AZ :
| N, =2000 kN — O_CE
e m
Bﬁg&
I
-’ S
| p 2 d S P=1
! ® 17.92 Sp€—
- 57.6
a s
rE
A
Ecr
D QF) f Q.m i
. ; i =4
‘S-‘“-:":'aN q\w ,JI' rl‘lh %
TP w74 IR
- N | L z| S
E is. I I
= : 7Y i
j B - ] =
A iaan '
c “a7300 e

Figure 3. Calculation example for a column under horizontal impact:

a — initial structure; b — cross—section S; ¢ — design model with an inclined section (i.s.);
d — bending moment diagram from a unit impact load; e — principal tensile strains in concrete

at the peak dynamic force under service load Ne

Source: made by A.V. Alekseytsev.
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Aﬁgf)zg =24.63 cm?, symmetrically at the

The column is reinforced with 4428 longitudinal bars,
corners. The transverse reinforcement represents a closed frame made of 4d8, and this frame is arranged at
a constant spacing of 250 mm along the height of the column, rebar area Asdf =0.503 cm? . The column is
assumed to be virtually axially compressed under service load N, =2000 kN, shear force O;; =0 kN..

The column is subjected to dynamic action in the form of a horizontal impact from car collision. This
impact is simulated by a mechanical force applied at a distance of 0.8 m from the base support. It is
necessary to determine the maximum value of this dynamic force, assuming that the shape of the impact
impulse is rectangular.

In the calculation, it is assumed that the failure occurs along an inclined section with a projection
length of ¢=2A, and the strength condition for the inclined section under the action of bending moment is
satisfied (the value of the moment is small compared to the beam elements).

Condition (4) takes the form AQ, < k]‘f,let . For determining k]“\', , the following values are calculated:
W =24.63/30-30=2.73%, where d = 30 cm is the size of the square confinement region (Figure 3, b, ¢).

Then the confinement level

2 2
P (1—SW_de _ 1 (1_25—2.8j —0.408,
LTI 2d 1-0.0273 2-30

4 =O(Ry Ay + Ry A;,0) =0.9(1.15-40- 40 +43.5-24.64) = 2620 kN .

and

N,

u

Ratio N,/ N,; =2000/2620=0.763>0.6, the equilibrium equation at the beginning of the inclined
section passing through section S (Figure 3, ¢), is used, and the conditional ultimate horizontal forces at
N,=0kN, N,=2000 kN, which would cause bending failure, are calculated. The maximum moment from

the action of these forces will be at the fixed support (Figure 3, d), an equilibrium equation is formed for
this section. The deflection from the horizontal force at the fixed support is zero, so the equation will take
the form:

M ynax + Neer =ki Ry -b-hg ‘ap +hR, -Iélszcd28 -(hy—a ), the maximum moment is determined using
the displacement method under the condition that it is caused by force Pﬁ‘,g , eccentricity
er = ((35-5)/2)=15cm. Constant ap, associated with ensuring plastic failure mode, is determined, for
which the boundary value of the relative height of compressed concrete under impact is calculated:

<§R=0.8+(1+(435+2~105)+0.OO35):O.493, then op =0.493(1—0.493/2)=0.37. Substituting all the

obtained values into the equilibrium equation yields:

0.144- 4004 +2000-15=1.1-1.15-40-352-0.37+1.2-43.5-12.32-(35-5),

57.6P1 =22934+19293-30000, Pi! =212.74kN. When N, =0kN, P, =733.1kN.

e:

Then k]”\l, =(0.403+212.74/ 733.1)_1 =1.4427. The intensity of the impact load resisted by two d8

transverse reinforcement bars taking into account the confinement effect level and the presence of service
compressive force (5) is calculated:

2000

30101 (1 —(02+ 0.403)(—2620D —1.4544(1 - 0.422) = 0.78493 KN/cm.

¢¢ =12

sw T
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The adopted diameter of the transverse reinforcement, taking into account the presence of longitudinal
force and the adopted reinforcement spacing, must be checked for developing its full strength in concrete.
Elasticity coefficient:

Vp = Ry + Eyep =11.5+(27.5-0.002:10° ) =0.209.
Average stress is calculated as

6=N/ Ay =2000/ (40 -40+0.2097" - (2/2.75)-10- 24.64) =1.017 kN/cm?,

coefficient

0, =2.51-—|=25 1—ﬂj=0.289,
R 1.15

8

G, 2 Gy min = 0.25¢, Ry = 0.25-0.289-0.09 40 = 0.2601 .

The condition is satisfied. Then, according to (4):

ot = \/3 1.1-0.09- (14 0.403)FV2262) 40,352 .0.7849 = 146.8kN.

The value of AQ,; = Q4" - k§, =146.8-1.4427=211.8kN.
That is, with an impact time of 1 second, the column can withstand a mechanical force of 211.8 kN.

3.3. Numerical Verification of Calculation Results

Due to the complexity of setting up and conducting a full-scale experiment that reproduces the
calculated situation, the problem is verified using a three-dimensional finite element model. The Drucker —
Prager plasticity model [27] was used for concrete, with the possibility of material softening under shear
stress, which simulates shear failure. The reinforcement was modeled using a bilinear diagram with a limit
on the rupture strain. The parameters of the concrete and reinforcement deformation models, as well as the
hyperparameters of the calculation algorithm, are given in Table 1.

Verification of the finite element method (FEM) model with respect to bending strain with concrete
deformation model parameters was carried out in [28]. For compressive strain, a design comparison at the
ultimate force N, =2620 kN is performed. Numerical simulation of this process, taking into account slow
(close to static) loading, yielded a value of 2778 kN. Numerical and analytical calculations with other
material parameters also yielded similar results for the ultimate compressive force. However, there are the
following differences in the strength parameters obtained on the basis of the numerical and analytical
models. The compressive stress in concrete obtained in the finite element model corresponds to the value
of Ry, but the stress in the longitudinal reinforcement at the limit state is at the level of 6=(0.4+0.7) Ry,

and the main criterion for stopping the load growth is the stress in the transverse reinforcement reaching its
limit 6=R,,,. It has been established that the growth of strain in the transverse reinforcement leads to
concrete failure. It is evident that analytical models need to take into account the concrete confinement
effect and the formation of strength criteria in terms of strain in the presence of transverse reinforcement, as
well as the need to consider the aspects of concrete deformation in the area surrounding the reinforcement,
which has been done in [29].

Using the verified finite element model, calculations of the considered column were made at various

values of N,, and these were compared with the results obtained using the proposed analytical method
(Table 2).
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Table 1. FEM-analysis constants

Parameters
H Material / Cohesion stress .In-ternal Dilation angle Yield Ultimate strain
yperparameters friction angle strength
0.9 MPa 0.0001
(tension) (tension)
B25 concrete 3.3 MPa 38 deg. 28 deg.
11.5 MPa 0.0035
(compression) (compression)
AS500 longitudinal rebars - - - 435 0.025
A500 transverse rebars - - - 300 0.025
General damping ratio 5%
Convergence criterion Load convergence tolerance 0.1%
Nonlinear iteration 25 Newton — Raphson iterations per step, stiffness matrix updates each 5 iterations
Integration step and time | Ar=0.05s, r=15s
Source: made by A.V. Alekseytsev.
Table 2. Comparison of the AQ, values
Method AQ, , with axial compression force Ne equal to
2500 kN 2000 kN 1500 kN 1000 kN 500 kN
FEA 109 195 256 287 309
Proposed method (M) 257.28 211.8 272.4 275.3 298.2
Tolerance 6 =(FEA-M)/M 91 % -0.07 —0.048 0.026 0.022

Source: made by A.V. Alekseytsev.

The FEA results in this problem agree well with the analytical ones. As the table shows, the
applicability of the proposed methodology should be limited by the level N, /N,; <0.8, since the error of

the method as N, — N,; becomes very large. Calculations have shown that in the presence of service

transverse force Q,, condition (1) yields results, which correspond with numerical modeling quite
satisfactorily.

3.4. Discussion and Perspectives

The presented method is based on one of the possible scenarios of column failure, when the dynamic
force increases at a relatively low rate, so that the stress in the concrete does not exceed the crushing stress,
and its strain rate does not exceed the critical values leading to the formation of crack fans. If the load
application rate is high, then during contact interaction, a failure pattern in the form of punching or chipping
may occur. The calculation models for compressed elements given in a number of regulatory documents do
not currently take into account the effects of concrete dilation, confinement effect, and the emergence of
stress in the transverse reinforcement due to this confinement, but numerical models and experiments
confirm these effects. Numerical models show that the load-bearing capacity of a compressed column along
an inclined cross-section, taking into account lateral impact, significantly depends on the stress state of the
concrete. The proposed model indirectly takes into account the effects of the emergence of stress in the
transverse reinforcement when calculating parameter ¢, (5), however, microcracking and, as a result,
concrete dilation are not taken into account, nor is the resistance of concrete on the descending branch.
Therefore, it is assumed that a significant error arises as N, = N, ;.
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The developed method can be used as an additional tool for solving problems related to assessing the
survivability of buildings and structures [30; 31] in the event of man-induced accidents of mechanical
nature. Prospects for improving this method include refining it for calculating elongated rectangular cross-
sections (pylons) and slender reinforced concrete columns (A>50). It is also interesting to introduce
various types of initial or acquired damage into the model, as well as to adapt the method to the calculation
of reinforced concrete columns strengthened with steel or carbon fiber.

4. Conclusion

1. A method for analytical calculation of the lateral impact load capacity for reinforced concrete beam-
columns causing shear failure has been developed. Verification showed satisfactory agreement with the
obtained results based on the calculation of the solid FEM model in the range of compressive force values
corresponding to characteristic loading of columns in civil buildings. The difference in results at
N, <0.8N,;, is no more than 5%.

2. The analytical model takes into account the confinement effect of concrete under compression,
considering different spacing, diameter, and grade of transverse reinforcement. Limitations in the
application of the method have been identified in terms of the compressive force, which must be less than
80% of the ultimate value.

3. A possibility has been established to quickly, compared to a solid FEM model, assess the safety of
reinforced concrete columns in accidental situations such as collisions of technological or other transport
with columns, man-induced mechanical impacts on columns in support areas, when failure occurs due to the
action of a lateral force with a projection length of the inclined section 24y <c¢ <3k, -

4. The proposed relationships are recommended for use in the design of preventive measures aimed at
improving the mechanical safety of buildings and structures, including their protection against progressive
collapse.

References

1. Jaiswal D.K., Murty C.V.R. Lateral deformation capacity of cantilever RC hollow columns using physics-based
concrete confinement model. Structures. 2025;75:108662. https://doi.org/10.1016/j.istruc.2025.108662

2. Bai H., Zhang M., Wang D. Ultimate lateral load capacity of FRP tube-confined concrete-encased cross-shaped
steel column: Experimental and numerical investigation. Constr Build Mater. 2025;492:142856.

3. Azunna S.U., Aziz F.N.A A., Rashid R.S.M. Dynamic response of rubberized geopolymer concrete column
subjected to lateral impact. Progress in Engineering Science. 2025;2:100130. https://doi.org/10.1016/j.pes.2025.100130

4. Ma C., Sun H., Ning C., Wu S., Niu X. Experimental evidence of failure mode transition for reinforced concrete
rectangular columns with corroded stirrup. Eng Fail Anal. 2026;183:110193.

5. Chen Q.-J,, Lei J., Wang Y.-T., Liu X., Gao W., Yao M.-]., Cai J. Dynamic performance of precast concrete
columns with pressed sleeve connections under horizontal impact loads. Engineering Structures. 2026;346:121707.

6. Bao X., Li D., Zhao D., Shen J., Che, X., Cui H. Lateral impact responses of inclined steel-reinforced concrete
column: experimental and numerical investigations. Structures. 2025;74:108601. https://doi.org/10.1016/j.istruc.2025.108601

7. Wei J., Xue J., Hu Z., Qi L., Xu J. Dynamic response and post-impact damage assessment of steel reinforced
concrete columns under lateral impact loads. Engineering Structures. 2025;328:119735. https://doi.org/10.1016/j.engstruct.
2025.119735 EDN: TIVYRD

8. Tamrazyan A.G. Horizontal dynamic impact at the bottom of the column with regard to the joint operation with the
structural element. Reinforced Concrete Structures. 2025;10(2):3—16. (In Russ.) https://doi.org/10.22227/2949-1622.2025.2.3-16
EDN: IFYDUF

9. Lai D., Demartino C., Xu J., Xu J., Xiao Y. GFRP bar RC columns under lateral low-velocity impact: an experimental
investigation. International Journal of Impact Engineering. 2022;170:104365. https://doi.org/10.1016/j.ijimpeng.2022.104365
EDN: WLJUZK

10. Swesi A.O., Cotsovos D.M., Val D.V. Effect of CFRP strengthening on response of RC columns to lateral static
and impact loads. Composite Structures. 2022;287:115356. https://doi.org/10.1016/j.compstruct.2022.115356 EDN: RKLKFR

11. Anil O., Cem Yilmaz M., Barmaki W. Experimental and numerical study of RC columns under lateral low-
velocity impact load. Proceedings of the Institution of Civil Engineers: Structures and Buildings. 2020;173(8):549—
567. https://doi.org/10.1680/jstbu.18.00041 EDN: FXKMYL

AHAIUTUYECKVE W YMCHEHHBIE METOZbI PACYETA KOHCTPYKLIMIA 507


https://doi.org/10.1016/j.engstruct.2025.119735

Alekseytsev A.V., Yurusov K.V. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(6):497-508

12. Alekseytsev A.V. Stability of the RC column under horizontal impacts. Reinforced Concrete Structures. 2023;2(2):
3-12. (In Russ.) https://doi.org/10.22227/2949-1622.2023.2.3-12 EDN: VCYHKK

13.Li X, Yin Y., Li T., Zhu X., Wang R. Analytical study on reinforced concrete columns and composite columns
under lateral impact. Coatings. 2023;13(1):152. https://doi.org/10.3390/coatings13010152 EDN: RWPKLQ

14.Zhao W., Qian J. Resistance mechanism and reliability analysis of reinforced concrete columns subjected to lateral
impact. International Journal of Impact Engineering. 2020;136:103413. https://doi.org/10.1016/].ijimpeng.2019.103413
EDN: QVIKKB

15.Wang X., Zhang Y., Su Y., Feng Y. Experimental investigation on the effect of reinforcement ratio to capacity of
RC column to resist lateral impact loading. Systems Engineering Procedia. 2011;33(2):2725-2733. https://doi.org/10.1016/
j.sepro.2011.08.007 EDN: OBCWIH

16. Puzankov Yu.l. Strength and deformability of compressed reinforced concrete elements under lateral dynamic
load. Dissertation for the degree of Candidate of Technical Sciences. Moscow, 1979. (In Russ.) EDN: WLDCER

17. Daneshvar K., Moradi M.J., Ahmadi K., Mahdavi G., Hariri-Ardebili M.A. Dynamic behavior of corroded RC
slabs with macro-level stochastic finite element simulations. Engineering Structures. 2021;239:112056. https://doi.org/
10.1016/j.engstruct.2021.112056 EDN: XNGSLW

18.Sun J.-M., Yi W.-J., Chen H., Peng F., Zhou Y., Zhang W.-X. Dynamic responses of RC columns under axial load
and lateral impact. Journal of Structural Engineering. 2023;149(1). https://doi.org/10.1061/jsendh/steng-11612 EDN:
BRWXNG

19. Alekseytsev A.V., Yurusov K.V. A study on the bearing capacity of compressed corrosion-affected reinforced
concrete elements subjected to transverse impulse loading. Bulletin of Moscow State University of Civil Engineering.
2025;20(5):667—682. (In Russ.) https://doi.org/10.22227/1997-0935.2025.5.667-682 EDN: ZKVQIE

20. Kolchunov V.I., Al-Hashimi O.1., Protchenko M.V. Stiffness of reinforced concrete structures under bending with
transverse and longitudinal forces. Construction and Reconstruction. 2021;6(98):5-19. (In Russ.) https://doi.org/10.33979/
2073-7416-2021-98-6-5-19 EDN: HOBBKE

21.Yilmaz T., Kirag N., Anil O. Experimental investigation of axially loaded reinforced concrete square column
subjected to lateral low-velocity impact loading. Structural Concrete. 2019;20(4):1358-1378. https://doi.org/10.1002/
suco.201800276

22.Zhao W., Ye J. Dynamic behavior and damage assessment of RC columns subjected to lateral soft impact.
Engineering Structures. 2022;251:113476. https://doi.org/10.1016/j.engstruct.2021.113476 EDN: YULMOI

23. Demartino C., Wu J.G., Xiao Y. Response of shear-deficient reinforced circular RC columns under lateral impact
loading. International Journal of Impact Engineering. 2017;109:196-213. https://doi.org/10.1016/].ijimpeng.2017.06.011

24.Zabegaev A.V. Strength and deformability of reinforced concrete structures under accidental impact loading.
Dissertation for the degree of Doctor of Engineering Sciences. Moscow; 1992. (In Russ.) EDN: NPQPEB

25.Mander J.B., Priestley M.J.N., Park R. Theoretical Stress-Strain Model for Confined Concrete. Journal of Structural
Engineering. 1988;114(8). https://doi.org/10.1061/(ASCE)0733-9445(1988)114:8(1804)

26.Kolchunov V.I., Fedorova N.V., Savin S.Yu. Dynamic effects in statically indeterminate physically and structurally
nonlinear structural systems. Industrial and Civil Engineering. 2022;(9):42-51. https://doi.org/10.33622/0869-7019. (In Russ.)
EDN: OTJLOQ

27. Arslan G. Sensitivity study of the drucker—prager modeling parameters in the prediction of the nonlinear response
of reinforced concrete structures. Materials and Design. 2007;28:2596-2603. https://doi.org/10.1016/J.MATDES.2006.
10.021 EDN: KUKOHN

28. Tamrazyan A., Alekseytsev A.V. Optimization of reinforced concrete beams under local mechanical and corrosive
damage. Engineering Optimization. 2023;55(11):1905-1922. https://doi.org/10.1080/0305215x.2022.2134356 EDN: VKGOVU

29. Kolchunov V1.I., Fedorova N.V., Ilyushchenko T.A. Strength model for concrete in near-reinforcement region.
Structural Mechanics of Engineering Constructions and Buildings. 2024;20(5):391-403. (In Russ.) https://doi.org/10.22363/
1815-5235-2024-20-5-391-403 EDN: ZRBRFL

30. Tamrazyan A.G. Methodology of theoretical bases of robustness of building systems. Reinforced Concrete
Structures. 2025;9(1):3—17. (In Russ.) https://doi.org/10.22227/2949-1622.2025.1.3-17 EDN: SJBCSO

31. Tamrazyan A.G., Alekseytsev A.V., Mishina E.S. Probabilistic criterion for assessing the robustness of reinforced
concrete frames during fracture localization. Bulletin of MGSU. 2025;20(7):1061-1071. (In Russ.) https://doi.org/10.22227/
1997-0935.2025.7.1061-1071 EDN: UCPSKZ


https://doi.org/10.1016/j.sepro.2011.08.007
https://doi.org/10.1016/j.engstruct.2021.112056
https://doi.org/10.33979/2073-7416-2021-98-6-5-19
https://doi.org/10.1002/suco.201800276
https://doi.org/10.1016/J.MATDES.2006.10.021
https://doi.org/10.22363/1815-5235-2024-20-5-391-403
https://doi.org/10.22227/1997-0935.2025.7.1061-1071



