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Abstract

Introduction. To date, there have been extensive experimental data made available in both domestic and foreign scientific
literature on the study of displacements and deformations of reinforced concrete walls under the combined action of
horizontal load Q and vertical load N. However, there are not enough comprehensive works systematizing the obtained
data to be used as an empirical basis for designing more accurate deformation models and engineering calculation methods
for walls, allowing differentiated assessment of flexure Afiexure and shear Asjear displacements. This article aims to look
into this issue.

Materials and Methods. The object of the study is reinforced concrete walls of buildings and structures under the com-
bined action of horizontal load Q and vertical load N. The subject of the study are the displacements and deformations of
the walls. Materials include scientific articles on the topic by foreign authors. The methods being used are formal logic
(analysis, synthesis, induction, deduction), graphical methods for constructing deformation schemes, and analytical meth-
ods of nonlinear structural mechanics.

Research Results. For wall aspect ratios 1.5 < H/B < 2.0, flexure Asiexure displacements dominate in the total displacement
structure A, while horizontal sliding displacements Asia amount to about 1% of A and can be neglected. The share of
flexure Ariexure 1S approximately 98% of A at the initial loading stages. As horizontal load Q increases, the contribution
of Ariexure gradually decreases: to 90% at the moment of crack formation, to 85% at the yielding of vertical reinforcement,
and to 80% at the failure stage (when compressed concrete spalls).

For wall aspect ratios 1.0 < H/B < 1.5, shear displacement Asnear has a significant influence on the total displacement A: its share
at the initial loading stages is about 22%, while determining a protective concrete layer — 46%, and reaches 64% at failure.
Using the graphs of relative displacements of walls with aspect ratios 1.5 < H/B < 2.0, it was found that at the failure
stage, the shares of flexure and shear displacements are 88% and 12% of the total, respectively. Similar graphs obtained
for walls with aspect ratios 1.0 < H/B < 1.5 confirmed that Asxear Significantly affects the total displacement A. The share
of Ashear at initial loading is about 22%, while determining a protective concrete layer — 46%, and reaches 64% at failure.
Discussion and Conclusion. The "X-diagonals" method implemented in a planar calculation scheme allows for highly
accurate separation of components caused by flexure and shear deformations from the total displacements. Thanks to this
the scheme is a promising tool for further experimental and theoretical studies. We assume that the height of the wall
segment where the diagonals are designed should be arbitrary — H; making this method more universal.

In addition to the planar calculation scheme, a rod (beam) scheme can also be used. The rod calculation scheme of the
wall, with known patterns of stiffness parameter changes in the rod end sections (at the locations of plastic hinge for-
mation), is convenient for engineering calculations of frame buildings and structures based on the finite element method
in diverse computational complexes.

Keywords: reinforced concrete, monolithic walls, experimental data, wall strength, flexure displacements, shear dis-
placements, total displacements, flexure deformation, shear deformation, total deformation
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AHHOTaLUA

Beseoenue. K HacTOAIIEMy BPEMEHH B OTEUECTBECHHOM U 3apyOeKHOW HAYIHOU INTEpaType HaKOIUICH OOIIMPHEII SKCIIe-
PHMEHTANBHBII MaTepHal M0 HUCCIEAOBAHMIO NEpEMEICHUI 1 nedopManuii *Keae300eTOHHBIX CTEH MPU COBMECTHOM
JIeMCTBUM rOpU30HTANILHOM Q 1 BepTukanbHoit N Harpy3ok. OJHaKO OTCYTCTBYIOT 0000IIaIOIINe paOOThl, CHCTEMATH3H-
pYIOIIME MOJTy4eHHBIE JaHHBIE C IIEIbI0 X MCIOJIB30BaHUS B KaUueCTBE AIMIMPUUECKOTo Oazuca Jyisi HOCTPOeHHUs Ooiiee
TOYHBIX J1e(OPMAIIMOHHBIX MOJIeTIel 1 HHKCHEPHBIX METOAUK pacuéra CTEH, MO3BOJISIOIUX AU PEePeHIIMPOBAHHO Olle-
HHUBATh NIEPEMEIICHUS N3TH0A Aflexure U CABHUTA Aspear. JJaHHAS CTAThsl HANIPABJICHA HA PEIICHHUE 3TON MPOOIIEMBI.
Mamepuanst u memoowt. OOBEKT UCCIETOBAHUN — HKeIe300€TOHHBIE CTEHBI 3JIaHUI M COOPYKEHHUH NPH COBMECTHOM
neiicTBuM ropu3oHTanbHON Q M BeprukanbHOW N Harpysok. [Ipenmer uccnenoBannii — mnepeMenienus 1 neopMarmn
cTeH. Martepuainbl — HaydHBIE CTaThU 3apYOEKHBIX aBTOPOB, HOCBSIIEHHBIE HCCIIEyeMOMY Bompocy. MeTtoasl — ¢op-
MaJlbHasl JOTHKa (aHaJIN3, CHHTE3, HHAYKINS, AEAYKIHSA), TpadMuecKuil METOI TOCTPOSHHS CXeM Je()OpMHUPOBaHNS, aHa-
JUTHYECKIE METObI HEIMHEHHOH CTPOUTEIIbHON MEXaHUKH.

Pezynvmamot uccnedosanus. Ilpu cooTHomeHnu cTopoH ctensl 1,5 < H/B < 2,0 npeobianaiT u3ruOHbIe nepeme-
IIEHUA Aflexure B CTPYKTYpE OOIIMX MEPEMEIICHNH A, a IepeMeIIeHNs] TOPU30HTAIBHOTO CKOJIBXXEHUS Aslid COCTaB-
10T opsanka 1 % ot A, u uMu MOXHO npeHeOpeds. Jloms mepeMenieHni OT U3Tnda A fiexure COCTABISACT MPHUOIH-
3utenbHo 98 % oT A Ha HayanbHBIX dTanax. C yBeJMYeHHEM TOPH30HTAIBHON HAarpy3ku Q Bkiaj mepemerieHui
Afiexure TOCTETICHHO CHIDKaETCs: 10 90 % — B MOMEHT MOSBICHHUS TPEIIUH, 10 85 % — MpH TEKy4ECTH BEPTUKAIb-
HOU apmatypsl 1 10 80 % — B ctagum pa3pyiieHns (IIPH BEIKPAIINBAHUH C)KATOTO OCTOHA).

ITpu coorHowmenun cropoH crensl 1,0 < H/B < 1,5 nepemenienne Aspeqr OKa3bIBaCT 3HAUUTEIBHOE BIMSHUE Ha 0o0IIee
nepemerieHue A: 10 Aspear HA HAUATBHBIX 3TANaX HATPYKEHUS COCTABIIAET OKOJIO 22 %, B MOMEHT OTCIIOCHUS 3aIUT-
Horo ciosi 6etona — 46 %, u nocturaer 64 % B MOMEHT pa3pyLICHUsL.

Mo rpadukaM OTHOCHTENBHBIX MEPEMEIEHUM CTEHBI MPU COOTHOMEHUH cTOpoH 1,5 < H/B < 2,0 Hamu BBISIBJIEHO, YTO B
CTaJMM pa3pyLIeHHUs 10T IepeMEIeHIH IPH N3rube U CABUI€ COCTABIIET COOTBETCTBEHHO 88 % u 12 % oT o6mux. AHa-
JIOTHYHbIe rpaduKu MOIYYEHbI TS CTeH ¢ cooTHOIeHneM ctopoH 1,0 < H/B < 1,5 u ycTaHOBIIEHO, 4TO NiepeMelieH e Asjear
OKa3bIBAaeT 3HAYMUTENILHOE BIUSHIE Ha ol1ee nepemelenune A. JI0is Asjeqr HA HAYAJIBHBIX 3TAIaX HATPY)KEHUS COCTaBIIAET
okoJ1o 22 %, B MOMEHT OTCJIOEHHS 3alIUTHOTO ci1ost 6eToHa — 46 % n nocturaer 64 % B MOMEHT pa3pyIICHHSI.
Oobcyacoenue u 3axniouenue. Metos «X-auaroHanein», peaau30BaHHbIN B INIOCKON pacu€THOM cXeMe, MO3BOJISIET C BHICO-
KO TOYHOCTBIO BBIJIEIIMTH U3 OOIMX MEPEMELICHHI COCTABIISIONINE, BBI3BaHHbIE AeopManusMu u3ruda u casura. biaro-
Jlapsi 3TOMY IPEUMYIIECTBY, TaHHAS CXeMa SBJIIETCS MEPCIIEKTUBHBIM HHCTPYMEHTOM IS TAIBHEHIIINX AKCTIEPUMEHTAITb-
HBIX ¥ TEOPETUYECKUX HcclienoBaHmi. [Ipruém, Ha Halll B3rJIs, BEICOTa (hparMeHTa CTEHBI, B TPAHUIIAX KOTOPOTO CTPOSTCS
JIMaroHallH, JIOJDKHA ObITh MPOU3BOJIBHOM — Hi, 4TO MO3BOJIMT ClieNaTh JaHHBIH METO]| O0Jiee YHHUBEPCAIbHBIM.

ITomMHuMO MIIOCKON pacdETHON CXEMBI BO3MOKHO HCIIOIB30BaHUE U CTEP)KHEBOH. CTepKHEBYIO paCUETHYIO CXEMY CTEHBI
IIPU U3BECTHBIX 3aKOHOMEPHOCTSX 00 M3MEHEHMSX KECTKOCTHBIX IaPaMETPOB CTEP)KHS Ha KOHIIEBBIX ydyacTKax (B Me-
cTax 00pa3oBaHMs IUIACTHYECKUX IIAPHUPOB) yJOOHO MPUMEHSTH B MHXXEHEPHBIX pacyéTax KapKacHBIX 37IaHUH 1 COOPY-
KEHUI Ha OCHOBE METOJa KOHEUHBIX IEMEHTOB B TOM MM WHOM BBIYMCIUTEIBHOM KOMILIEKCE.

KaroueBrble ciioBa: xene300eTOH, MOHOJIUTHEIC CTEHBI, YKCIICPUMEHTAIBHEIC TAHHBIC, IIPOYHOCTH CTECHBI, ICpEeMeIIIe-
HUS TPH W3rube, MepeMelleHus Mpu CABHUTre, O0Iue MepeMenieHus, nedhopManus npu u3ruode, nedopmanus mpu
caure, obmas aedopmarus

BaarogapHocTu. ABTOPBI BEIPKAIOT 0JIaroJapHOCTh PEIAKITUH U PEIIEH3eHTaM 32 BHUMATEIbHOE OTHOIIICHHE K CTaThe
1 yKa3aHHBIE 3aME€UYaHUsl, KOTOPbIE TIO3BOJIMIIN TTOBBICUTH €€ Ka4eCTBO.
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Introduction. Reinforced concrete walls are among the most common types of building structures. They typically
combine load-bearing and enclosing functions, experience vertical and horizontal loads, and thereby operate under
conditions of complex stress-strain states. An accurate assessment of the deformations occurring during the process is
key to their precise mechanical calculation and further safe operation. This paper looks into the movements and
deformations of walls.

Before moving on with the study description, let us get clear on the terminology:

— movement is a change in the coordinates of a point of a solid body (in our casea reinforced concrete wall) in space
under the action of loads (external forces) denoted by the Greek letter Aingex With its lower index showing the nature of
the influence of deformations of the solid body, such as flexure, shear, sliding, etc.;

— deformation is a change in the size and shape of a solid body under the action of a load, i.e., it is the mutual dis-
placement of points of a solid body relative to each other in space. Linear relative deformations — ¢, shear angles — v,
angles of rotation of sections of the solid body relative to its axes — ¢, and the curvature of the axes themselves —
(note: they are commonly denoted as 1/p in literature).

The total displacement of any point of a reinforced concrete wall due to loads acting in its plane can be broken down
into the following components:

A=A + Agear T Agig + Agr @

where Asiexure — displacements caused by the influence of pure flexure deformations; Asqear — displacements caused by
the influence of pure shear deformations in the plane of the wall; Asiia — displacements caused by the influence of sliding-
shear deformations at the bottom or the top of the wall; Apr — displacements caused by the influence of the rotation of
the bottom or top of the wall relative to the foundation or floor.

Having studied the scientific and technical literature analyzed below, we have identified the following problem: there
are no comprehensive studies systematizing the experimental data (accumulated considerably over the past few decades)
on the deformation of reinforced concrete walls under the combined action of horizontal, Q, and vertical, N, loads. This
serves as an obstacle both for improving the existing methods and techniques for the differentiated calculation of flexure
Afiexure and shear Asiear displacements of reinforced concrete walls, as well as for coming up with fundamentally new
approaches. The current studying is aimed at addressing this obstacle.

The movements caused by loads acting out of the plane of the wall are beyond the scope of the research.

Materials and Methods. Prevously in [1], we described the general mechanisms of deformation and failure of walls
under the combined influence of the load ratio N/Q and the height-to-width ratio of the wall — H/B. It was found that the
ratio H/B qualitatively predetermines the wall failure mechanism, i.e., it impacts the pattern of appearance and
development of cracks from a microscopic size to major ones, along the trajectory of which the wall structure is divided
into separate parts. The load ratio N/Q is responsible for the quantitative values of the parameters of implementing this
mechanism. At small values of H/B, the share of shear displacements Asxear predominates in the resulting displacements
of the wall A, while the resistance to horizontal load Qu is at its maximum. In this case, the failure is more brittle in its
nature. As the ratio H/B increases, so does the share of the flexure displacements Ariexure, While the shear displacements
Asnear decrease; so does Qy, and plastic deformations are more intense.

The mechanisms of deformation and failure of walls under load described in [1] enable one to design deformed
schemes with the overlay of internal force schemes balancing external loads. These deformed schemes allow us to calcu-
late the total displacements of the wall A at its characteristic sections, and most importantly, to isolate the components
caused by the influence of flexure and shear deformations — Afiexure and Asjear respectively — from the total displace-
ments. Some variants of such schemes by different authors are considered below, along with their analysis regarding the
correspondence of each to a relevant study of wall structures and their convenience as a tool for analyzing the stress-strain
state of walls.

Research Results. One of such schemes is found in [2, 3]. Given some necessary additions made for a more complete
9nderstanding, it is shown in Fig. 1.

flexure shear
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Fig. 1. Calculation scheme of deformation of a reinforced concrete wall (left) under the combined action of vertical N
and horizontal Q loads and the graph of curvature distribution along its height (right) [2]

The scheme is a rectangular plate with a clamped lower edge, while all of the other three edges are free from
constraints. A vertical load N and a horizontal load Q are applied from above. A pattern of fan-shaped cracks is drawn on
the plate whose nature was revealed during the experiment. Along the trajectory of one of the cracks, a calculated section
is drawn, i.e., the first thick line from the bottom. It intersects on the left with the stretched zone of the wall, or the
detachment zone, where the detachment mechanism of crack formation dominates; in the center is the zone of combined
shear and detachment where two mechanisms of crack formation overlap, i.e., transverse detachment and longitudinal
shear; on the right is the compression zone of the wall. The stable development of cracks occurs largely due to the
dissipation of accumulated energy from elastic-plastic deformation of pure flexure causing displacements Afiexure, While
shear or sliding deformations causing displacements Aspear and Asua result in spontaneous cracking and almost
instantaneous brittle failure in the local zone.

On the right in Fig. 1 are the theoretical curvature diagrams of the neutral axis of the wall. The solid line corresponds
to the total curvature defined by the combined consideration of flexure and shear deformations, while the dashed line
corresponds only to flexure with no shear. Each diagram consists of two straight lines with different slopes: in the lower
part of the wall, the angle is softer, accordingly, the curvature changes more intensively in the height than at the top. The
point of inflection between these sections corresponds to the transition from a quasi-brittle failure mechanism at the top
of the wall to a pseudo-plastic failure mechanism at the bottom of the wall. Along the broken line of the cross-section of
the wall, a system of internal forces is applied: N — the resultant compressive stresses in the concrete; N; — the resultant
tensile stresses in the concrete; T — the resultant shear stresses along the edges of the inclined crack. Fig. 1 also denotes
hriexure, ot — the height of the pseudoplastic failure zone at the bottom of the wall, respectively, assuming that there are
only pure flexure deformations, and while accounting for a combination of flexure and shear deformations; y, — the
curvature corresponding to the height hpi; ymax — the maximum curvature; x — the height of the compressed zone;
z. — the arm of the resultant N relative to the neutral axis; z; — the arm of the resultant N; also relative to the neutral
axis; 6, 6, — the angle of inclination of the cracks forming according to the pull-shear mechanism, respectively, in the
upper zone of the wall (above the point of transition from quasi-brittle failure to pseudoplastic) and in the lower zone
(below this point), with & — const and 6p — var.

It should be noted that the resultant tensile stresses N; in the calculated section is located above the resultant
compressive stresses N¢ precisely due to the influence of shear deformations. In pure flexure these forces would be at the
same horizontal level.

The angle of inclination of the cracks 6y at the transition point is given by the formula:

0, :arctg[ 4 J )

shear

where hshear = hpl _hflexure'
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According to the experiment [2], the value of &y ranges from 55° to 65°.

In Fig. 2, the curvature diagrams of the neutral axis of the wall are shown [2]: two theoretical ones — the first under
the assumption of deformations only due to flexure (1), the second — accounting for both flexure and shear (2), as well
as the experimental diagram (3) described (approximated) by the previous two theoretical diagrams.

Yy, M

3,87 3 - Scheme based on the experimental data

1 -Scheme of pure flexure

2 - Scheme accounting
for the shear

0 5 10 15 Curvature,
Fig. 2. Curvature distribution schemes along the wall height [2]

The maximum difference between diagrams 1 and 2 was 31%, which is significant.
In order to calculate the components of deformations and displacements caused by flexure and shear separately, some
general clarifications will be introduced into the calculation scheme (Fig. 1) and moved to the scheme (Fig. 3) [4]:
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Fig. 3. Calculation schemes for determining shear angles, vy, longitudinal relative deformations, €, curvatures, y, and rotation angles,
¢, while deforming a wall: a — scheme of wall deformation; b — diagram of the distribution of longitudinal deformations ¢
in an arbitrary i-th section of the wall drawn at a height Hi from the base; c — diagram of the distribution of curvature along
the height of the wall; d — diagram of the distribution of rotation angles [4]

In order to assess the bending deformations, let us look at the curvature diagram in Fig. 3B described by some contin-
uous and differentiable function x = x(y). Let i be the ordinal number of an arbitrary cross-section of the wall located at a
height H; from its bottom. In this section, the diagram of relative deformations ¢ of the wall is shown in Fig. 3A whose
extreme values are related to the curvature known from the strength of materials formula:

_ leal+ e
L= @)
where & and g — deformations of tension and compression on the side faces of the wall width B.
The average value of the curvature on a wall section with a height of AH; enclosed between two close sections i and
i-1is (i + yi-1)/2. Then the angle of rotation of the wall cross-section at the level of the center of gravity of the section
AH; (Fig. 3d) is given by the formula:
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o=l Ay =Pt L2, @

The desired displacements in an arbitrary i-th section are given by the formulas:
Afexurei =G Hi, (5)
Agreari =7 Hi» (6)

where y; — the angle of displacement of the wall face at a height from the base (Fig. 3 «).

Determining the relative deformations &; and & of the vertical wall faces during the experiment appears to be not
challenging. To this end, the methods such as strain gauges, holographic interferometry, etc. can be used. It is thus fairly
simple to estimate the movements of pure flexure Asiexure With formulas (3)-(5). However, the pure shear disp Asyeq- are
more challenging [5].

In [4, 6-8], the computational method of "X-diagonals" is set forth in order to estimate these displacements (Fig. 4).
To this end, the authors selected a square fragment of the wall with a width B and a height H, = B. But we believe that
the height of the fragment can be arbitrary, i.e., Hi, which will make this method more universal.

The desired displacement of the shift As;eqr is estimated by changing the lengths of the diagonals of the selected square
before (d) and after deformation (d1’, d2") (Fig. 4 a):

d 1 L}
= = — _— _— —_— 7
Ashear J/HB [ZBj(dl d)d (dz d)HB ( )

Aflexure Aflexure
? e

Ashear Ashear Aftexure Aflexure

c)
Fig. 4. Geometric schemes of wall deformation for determining flexure Aflexure and shear Ashear: a— scheme of pure flex-
ure; b — scheme of pure flexure with a constant curvature along the height; c — scheme of pure flexure with a variable curvature

along the height [4, 7]

Formula (7) is accurate only if the curvature of the deformed wall faces is constant in height (Fig. 4b). This is possible
in some small (infinitesimal) area, in other cases it results in noticeable errors. The estimate of the shear displacement
Asnear in this case turns out to be overestimated as it also contains flexure displacements Afiexure (Fig. 4 C).

In order to clarify formula (7), let us consider the wall deformation scheme in Fig. 5 accounting for vertical displacements.

Ar 4z

Ashear
Ashear ~J o Aﬂaxure \

L Aﬂexure

Ve

Fig. 5. Flexure Afiexure and shear Asqear displacements accounting for vertical displacements Vi and Vr [4, 7]
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The flexure displacements and the angle of rotation of the horizontal section of the wall ¢ are equal to:
Aflexure = (Z(/)HB, (8)
ViVe ©)
L
where V. and Vr — vertical displacements of the upper face of the wall on the left and right sides, respectively;

a — coefficient accounting for a change in the curvature along the height of the wall given by the formula (for a graphical
interpretation of the coefficient, see Fig. 6):

J; oy 10
oH

oty

E= o

oH
A o)

Shaded curved area

o= —— 7
y Avrea of the rectangle

o/
Fig. 6. Scheme of the distribution of the angles of rotation of the curved wall face after deformation
for determining the coefficient o [4, 7]

This coefficient ranges within 0.5 < o < 1.0 and averages a = 0.62. The values of a close to the boundaries of the
interval (0.5; 1.0) are an idealized abstraction which can be used in theoretical models for simplification, but they are not
implemented in practice. The essence of the coefficient is that the greater a, the more flexible the wall structure is, i.e.,
the lower its flexure stiffness is. Conversely, the lower the a, the higher the bending resistance of the wall structure is,
i.e., the higher its flexure stiffness is.

The specified shear displacements are equal to:

d \r , Holn,
Ashear = [Ej[(dl - d) _(dz _d)]_|:Aflexure +(EJ(VR V|_ ):| (11)

or

s = 5 [0~ 6~ )]-(a-08)oh. 1)

Hence in order to obtain the contribution of flexure Afiexure and shear Asear displacements to the total displacements, it
is necessary to determine the coefficient o accounting for a change in the curvature over the height of the wall. Moreover, at
a = 0.5, formula (12) is reduced to (7), i.e., in this case, the gradient of the flexure curvature no longer impacts the shear.

The experimental results [4, 7] showed that before cracks are formed, the curvature of the walls has an almost constant
height distribution, respectively, the coefficient a =~ 0.5. As cracks appear, the plot of the curvature distribution becomes
triangular, and the coefficient a increases to about 0.67. As the load further increases, so does o and tends to 1.0 at the
moment of failure, which is accompanied first by the shutdown of the vertical reinforcement and then by the discoloration
of the compressed concrete.

It was also found that as the wall aspect ratio H/B increases, the value of o decreases.

[9] provides a core model for calculating the wall accounting for the compliance of the supporting nodes A and B
(Fig. 7) under the combined action of longitudinal N and transverse Q forces. Initially, the scheme was used to calculate
columns, but in this case it is used to model reinforced concrete walls with an aspect ratio of 1.5 < H/B < 2.0 in order
to obtain flexure Afiexure and shear Aspear displacements separately.
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Fig. 7. Core design scheme for deforming a reinforced concrete wall under the combined action of vertical N and horizontal Q loads:
a — core model for calculating the wall; b — scheme for bending the longitudinal axis of the rod during deformation;
¢ — plot of moments; d — plot of transverse forces; e — scheme for modeling wall flexure; f — scheme for modeling walls
accounting for the interaction of shear and flexure [9]

The scheme consists of a rod pinched in the upper and lower parts at points A and B (Fig. 7a). The rod deformation
scheme is shown in Fig. 7b. In Fig. 7c in and Fig. 7d are the schemes of moments and transverse forces, respectively.

In order to determine the curvature of the longitudinal axis of the flexure rod yrexure Caused by flexure, the distribution of
bending stiffness EI over the height of the wall is shown in Fig. 7d. In order to determine the curvature of the axis of the
xshear rOd caused by shear, the distribution of shear stiffness GA over the height of the wall is shown in Fig. 7e. At the ends
of the rod, for one and the other stiffness, it is assumed that the physical nonlinearity of reinforced concrete is accounted for
(the stiffness of Ela and Elg, GAa and GAg in Figs). In the middle part of the rod, the stiffness is assumed as for an elastic
body (stiffness Elo, GAo). At the same time, a constant value is assumed for each of the three stiffhess sections.

The lengths of the end sections of the rod within which physical nonlinearity is accounted for, are determined by
multiplying the height of the wall H by the empirical coefficients a.aand ae. The points separating the end sections from
the middle are plastic hinges.

The shear displacements Asxeqar acquire noticeable values at the end sections of the rod, they practically do not appear
in the middle part and the movements Ariexurec Caused by flexure dominate.

The total displacement of the wall A in the area of the plastic hinge is equal to:

A=A, __+A (13)

The studies [6-7, 10-12] consider examine pure flexure Afiexure and shear displacements Asjeqr as part of the total
displacement A with a wall aspect ratio of 1.5 < H/B < 2.0. It is shown that flexure displacements Afiexure dOminate in
such walls, and sliding displacements Asii¢ are on the order of 1% of A and can be ignored. The proportion of movements
from bending is approximately 98% of the total movement of the reinforced concrete wall at the initial stages. As the
horizontal load Q increased, the contribution of movements from bending Afiexure gradually decreased to 90% at the
moment of cracking; 85% — during the fluidity of vertical reinforcement; 80% — at the stage of failure (while painting
compressed concrete).

According to the results of processing experiments [6, 7], graphs of relative wall movements with an aspect ratio of
1.5 < H/B < 2.0 were obtained as shown in Fig. 8 a. It can be seen that at the failurre stage, the proportion of flexure and
shear displacements is 88% and 12% of the total, respectively.

shear flexure
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Fig. 8. Graphs of relative wall displacements with the aspect ratio: « — 1,5 <H/B <2,0; b —1,0<H/B < 1,5 (1 — curve of relative
flexure displacements Afiexurel Amax; 2 — curve of relative shear displacements Asrear/Amax; Amax — maximum wall displacements)

We obtained similar graphs after processing the data [6] (Fig. 8b) for walls with an aspect ratio of 1.0 < H/B < 1.5. It
has been found that the shear displacement Asxear has a significant impact on the overall movement of A. The proportion
of Asiear at the initial stages of loading is about 22%, at the moment of detachment of the protective layer of concrete —
46% and reaches 64% at the moment of failure.

In an experiment [6] it was shown that at the initial stages of loading, slight displacements A fiexure are observed in the
samples (Fig. 9a). As the first crack appears, the bending stiffness of the wall decreases sharply leading to a significant
increase in the displacements Afiexure.

Fig. 9b shows that as the first inclined crack appears, the displacements As;eqr Start having a more significant effect
on the total wall displacements A, despite the fact that the shear strength of the walls is more than 2 times higher than the
horizontal load Q.
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Fig. 9. Graphs of the dependence of the flexure Afiexure () and shear Asrear (b) displacements of the wall on the applied
horizontal load Q [6]

Discussion and Conclusion. The mechanisms of deformation and failure of walls under load identified in the experi-
ments conducted by a wide range of foreign authors enabled us to design appropriate deformation schemes with the super-
position of internal forces balancing external loads. This made it possible to obtain mathematical formulas for determining
the total displacements of the wall A in its characteristic sections, as well as dependencies that allow the components caused
by the influence of flexure and shear deformations Afiexure and Aspear t0 be isolated from the total displacements.

The scheme in Fig. 1 enables us to determine the desired displacement of shear Aspeqr and flexure Agiexure under the
combined action of vertical, N, and horizontal, Q, loads. Theoretical diagrams of the curvature of the neutral axis of the
wall are provided where a solid line corresponds to the total curvature determined by accounting for a combination of
flexure and shear deformations, and a dotted line corresponds only when flexure without shear is accounted for. It is found
that the maximum difference between the pure bending and shear-adjusted plots is 31% indicating that the calculation of
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walls using the model of an uncenterically compressed rod without accounting for shear displacements will have a sig-
nificant error.

The scheme in Fig. 3 enables us to calculate the components of deformations and displacements caused by bending
and shear separately, but with some generalizing refinements. Pure flexure displacements Afiexure are determined by
means of fairly simple formulas, but pure shear displacements As;eqar are challenging. In order to estimate these displace-
ments, the computational method of "X-diagonals" is set forth. However, in order to obtain the contribution of flexure
Asiexure and shear Asiear displacements to the total displacements, it is necessary to perform arithmetically complex oper-
ations to find the coefficient o accounting for a change in the curvature along the height of the wall.

Initially the scheme in Fig. 7 was used for calculating columns, but in this case it is used for modeling reinforced
concrete walls with an aspect ratio of 1.5 < H/B < 2.0 in order to obtain flexure Afiexure and shear Asieqar displacements. In
order to implement this scheme in a computing complex, it is required that conduct large-scale experimental and theoret-
ical studies are performed on more complex (more precise) wall models.

As a result of the theoretical study, it was found that the scheme shown in Fig. 1 provides a more precise description
of the wall structure and can be used as a practical tool in order to analyze its stress-strain state under the combined action
of vertical force N and horizontal force Q.
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