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Possible causes of destruction of masonry in buildings with bearing masonry walls under the combined effect of vertical and
horizontal loads are considered. The diagonal shear is highlighted as a typical case for partitions under seismic impacts. Based
on the analysis of the results of experimental studies of samples for skewing, as models of the operation of the partition,
proposals are presented for a kinematically possible scheme of the masonry elements destruction, which is proposed as a base
for the calculation. The strength problem was solved by the variational method in the theory of plasticity, taking into account
both strength characteristics of the masonry, the dimensions of the samples, and the loading areas. The peculiarities of the
masonry work are taken into account by using the appropriate strength condition. The influence on the strength of reinforcement
of masonry partitions during diagonal splitting is considered
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Po3paxyHok MiITHOCTI KaM’SIHOI KJIAJAKU NIPH CYMICHI Ail
BEPTHKAJIBbHOI0 TA TOPHU30HTAJIHLHOI0 HABAHTAKEHHSA
BapianiiHUM METOA0M Yy TeOopii IJIACTUYHOCTI
JHos:xenko O.B."*, Ilorpiouuii B.B.2, Ycenko B.I'.%, Ycenxo JI.B.*

1234 Hanionansnuii yriBepcuteT «IlonTasebka nomitexHika iMeri IOpis Konapariokay
*Anpeca s muctyBanHs E-mail: 0.0.dovzhenko@gmail.com

Po3risiHyTO MOXIIMBI BUITAIKK PYHHYBaHHS KJIaJKH B Oy/IIBIISX 13 HECYYHMMH KaM sSTHUMH CTiHAMU IIPH CYMICHIH JIiT BepTHKa-
JBHUX 1 TOPH30HTAIBHUX HaBAHTAXKEHb. BUIIIICHO AiarOHaNbHUI 3CYB K XapaKTePHHI BUMIAIOK /ISl IPOCTIHKIB PH CcelicMi-
YHUX BIUIMBaX. HarosomeHo Ha BiICyTHOCTI HOPMaTHBHOT METOIMKH PO3PaxXyHKY MILlHOCTI JUIsl JAHOTO BUINIAJIKY PyHHYBaHHS.
BukopucTana kiacudikarist TpiliH B HETJSIHUX CTiHAX B SIKOCTI KPUTEPis pealti3awii OKpeMuX BUIAIKIB pyHHYBaHHS IPOCTi-
HKiB. Ha OCHOBI aHaizy pe3ysbTaTiB eKCIIepUMEHTAIBHUAX JOCIIKEHb 3pa3KiB Ha MepeKic, sk Mojeneld poOOTH MPOCTIHKIB,
HaJ{aHi POMO3HLIii 100 KIHEMATHYHO MOJKIIMBOI CXeMH PYHHYBaHHS KaM SIHUX €JIEMEHTIB, KOTPY 3alIpOIIOHOBAHO SIK 6a30BY
JUISL pO3paxyHKy. 3aqadi MIHOCTI po3B’s3aHi BapiallifHIM METOIOM Y Teopii IITaCTUYHOCTI 3 ypaXyBaHHIM 000X XapaKTepH-
CTHK OIIOpPY KJIaJKH, PO3MIpiB 3pa3KiB Ta IUIOLIAI0K 3aBaHTaXKeHHs. Kam’siHa Kila/ika po3rIsIa€ThCs K )KOPCTKO-IIACTHYHE
tino. IInacTuana nedopmaris 30cepe/pkeHa Yy TOHKHUX IIapax Ha MOBEPXHi 3CyBY, a CyCifHI 30HH (JUCKH) BBaXKAIOTHCS a0CO-
JFOTHOTO X)opcTKuMU. OcobnuBoOCTI podoTa Kam’sTHOT KJIa K1 BpaXxOBaHO LUIIXOM BUKOPHCTAaHHS BIAMOBIAHOI YMOBH MILIHO-
cTi. YMOBa MIIIHOCTI Ha AUISHKAaX 3CYBY B CTUCHYTHX 00JACTSAX DO3IVIANAETHCS SIK IUIACTUYHHMIT MOTEHIial. 3aCTOCOBYETHCS
NPHUHIHIT BipTyalbHHUX MIBUIKOCTEH. 3a/1a4i MILIHOCTI PO3B’A3yIOTHCS IULSIXOM JAOCIIDKEHHS (YHKIIOHATY IPUHIMIY Ha CTa-
LiOHApHUIA cTaH. Bapilol0Thes HANPSIMKY MePEMILCHHS XXOPCTKHUX JHUCKIB Ta MBUAKOCTI nedopmarii. OTpumaHi po3paxyHKOBi
3aJISKHOCTI ISl BU3HAYCHHSI 3YCHITb, KOTPI CIIPUIIMAIOTh MPOCTIHKU LEMISTHUX CTiH Y TPaHUYHOMY cTaHi. [ paHu4YHe HaBaHTa-
JKEHHS BIJIIOBiIa€ MiHIMyMY ITOTYKHOCTI IIacTUYHOI fedopmartii. BctaHOBIEHO BIUTHB CITIBBiTHOIICHHS MK BEPTHKAIEHOIO
i TOPU30HTAJIILHOKO CKJIAJ0BOI0 HABaHTAXKEHHS HA PO3MIPH IUIONIAJKU 3aBAHTKCHHS: IPHU 301IbLICHH] BEIMYUHU TOPH30HTA-
JIbHOT CHJIM PO3MIpH IUIONIAKU 3aBaHTaKEHHS 3MCHIIYIOThCS. PO3IJISHYTO BIUIMB Ha MIilHICTb MiJACHJICHHS LETJISHUX IIPOCTi-
HKIB IIpH J{iarOHaJEHOMY PO3KOJIFOBAHHI

KurouoBi ciioBa: npocTiHOK, CeiCMIYHUIA BIIUB, JiarOHaIbHE PO3KOJIIOBAHHS, IUTACTUYHA Ae(opMmartis.
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Introduction

In Ukraine, a large number of buildings with bearing
masonry walls are operated (designed). They are usu-
ally under the combined action of vertical and horizon-
tal loads. Among the latter, seismic effects play the
most significant role. According to [1], now about 15%
of the territory of Ukraine is located in seismic zones
with seismicity of more than 7 points.

The classification of cracks in masonry walls pro-
posed in [2] under the combined action of vertical and
horizontal loads can be used as a criterion for the im-
plementation of individual masonry failure cases: shear
in the horizontal plane, diagonal shear, destruction
along the tensile zone; crushing.

The most typical damage to walls during seismic im-
pacts is the formation of incline cracks that propagate
both along with the stone and mortar and along the
seams of the masonry (Fig. 1).

Figure 1 — The destruction nature of a fragment
of masonry walls under seismic
influences according to [3]

Review of the research sources and publications

A significant amount of experimental research has
been accumulated on the masonry walls operation on
the combined action of vertical and horizontal loads,
and have been carried out since the middle of the last
century. In most cases, the samples were tested for a
concentrated load applied along their diagonals (Figure
2, a). The choice of the test scheme is due to the analogy
of the work of the masonry under seismic influences
with the loading conditions, which are close to those
arising in the frame when it is skewed (Fig. 2, b).

The nature of the failure is analyzed, determining fac-
tors of impact: masonry material, stone and mortar
strength, internal and external reinforcement, reinforce-
ment with soluble and concrete applications, cross and
horizontal reinforced concrete strips, carbon fiber, di-
agonal metal straps, and others [4-17].

The calculation of the masonry for the action of the
horizontal force in accordance with the national regula-
tions [18] is carried out for shear (using the design
shear resistance of the masonry f,q) and for bending in
the corresponding direction (taking into account the
characteristics of the tensile resistance in bending along
the unbound section f.4; — with the plane of cracking,
parallel to the horizontal seams, and resistance to ten-
sile bending along the tied section fi> — with the plane
of cracking, perpendicular to the horizontal seams).

Combined, vertical and horizontal loads can be taken
into account by applying the main eccentricities due to
horizontal loads e or es, when calculating the strength
reduction factor @ or by applying an increased design
tensile bending resistance of the masonry in a plane par-
allel to the horizontal seam (in an unbound section).

Definition of unsolved aspects of the problem
Currently, there is no methodology for calculating
masonry structures with the combined action of vertical
and horizontal forces, which would be based on a com-
mon theoretical basis.
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Figure 2 — Test of masonry for distortion:
a — test scheme; b — the third stage of deformation of
partition under seismic effects

Problem statement

At the National University «Yuri Kondratyuk Poltava
Polytechnicy a variational method of the theory of plas-
ticity [19-22] is proposed as a basis for calculating ma-
sonry during diagonal splitting.

Basic material and results

In the theoretical model, at the stage of failure, the
partition is divided into four hard disks: two wedges un-
der the load area (in the general case, the wedges should
be non-equal-sided) and two hard disks, outlined by
shear sections of the wedges and a splitting plane con-
necting their tops.

The wedges move towards each other; the other two
hard drives move away from each other in a direction
perpendicular to the splitting plane. There are four un-
knowns in the problem: two angles of inclination of the
wedges shear sections to the vertical, the ratio of the
speeds of hard disks movement, and the ultimate load
(Fig. 3).

The frontal projection of the sample has a rectangular
shape, i.e., L#H, the dimensions of the load sections on
the vertical and horizontal edges of the element differ
from each other a;#a,. Correspondingly, the angles of
the seal wedge are y#y..

The strength problem is solved in the following se-
quence:

1) at first, the speed jumps are sequentially found in
the areas of the failure surface AC, BC, CC; (Fig. 4), as
well as the sizes of these areas:

- for AC and BC sections, speed breaks (Fig. 4) are
calculated as:
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the ratio of tensile strength to the compressive strength

a-a of masonry;
i — the power of plastic strain of masonry at the aircraft
site
2
m|2B 1+0,25(%] —1|AV,,S,0 (6)
AV,

— the power of external forces at given speeds on sites
- CC; and 4B (section CC| is taken as the main one, on
which the ultimate tensile stresses act, the last compo-
nent describes the action of external forces on sec-
tion AB)

(N

fXdZVISCCl _flocstAB'

Figure 3 - Kinematic diagram of the failure of a
masonry partition with diagonal splitting

AV, =V ,cosy, —V,siny,
AV, =V siny, +V,cosy, )
AV, ,=V cosy,—V,siny,

AV, =V siny, +V,cosy,

here y7 and )2 are the angles of inclination of the de-
struction areas of the 4C and BC to the vertical plane
(unknown parameters);

- surface areas, respectively:

a, sin o
— 1 1
S =—"—21b,
sin y, @)
a,sina
— 2 2
Spe =———2=b,
siny,

where b is the sample thickness;
Figure 4 - Before determining the parameters at

sing, = &’ the sites of destruction
Ji+ige
_ tgat The expression is converted sequentially.
sing, = —=——, Section AC:
Ji+tga
: 2
tga :£’ tgaz :E’ m| 2B 1+0,25{AI/’IJ -1 AI/nlSAC =
‘ H L nl
- for section CC; speed breaks
2
AV, =2V, } =m[23\/(k—tg)/1) +0.25(ktgy, +1) —(k—tgj/l)}x
' 3)
AV, =0 ><boc1 sing,
and the surface area of the section CC; is equal to 187
Section CB:
sina 2
Scel = -2 +—L1 4
“' cosa, al[cosa‘ 17, ] @ m| 2B 1+0,25[AVQJ ~1|AV,S, =
n2
2) the functional of the variational method is written,
. . 2
which includes three components: =m[28\/(k—tg;/2) +0.25(ktgy, +1) —(k—tg;/z)}x
— the power of plastic strain of masonry at the site of )
the AC % ba, sina, )
87,

2
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were m=fi- fraz, B>= (1+y/ (1-)°)/3; x= fraolfs —
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Section CCy:

218, i
ml[l:fmzb i_z alcosalJrM _
2 cos oy 127

H sin
o)
cos¢y gn

After substituting the components into the functional,
and taking into account its equality to zero, a formula
was obtained for determining the ultimate load as a
function of unknown parameters:

— =R +R, +—=

P H i
Jui2 ———2a,| cosq, ALY , (8)
mb m | cosa, g7,

where:

R, =[2B\/(k—tg71 )’ +0,25(k—tgy, +1)’ —(k—tgn)}x
N sing,
gy,

R, = [23\/(k—tg72)2 +0,25(k—tgy, +1)’ —(k—tg}/z)}x
L sina, .
g7,
The angles of inclination of the faces of the seal wedge
are interconnected by the dependence
tgaiga
gn = =2 .
kigenigy, —1gy, + ky

)

With symmetrical application of a load for a square
sample, we use the kinematically possible scheme in
Fig. 5.

N

Figure 5 - Kinematically possible scheme
of the failure of a square masonry specimen
during diagonal loading

Formula (8) for determining the ultimate load takes
the form

(10)

ﬁoc _ 2B\/(k_tg7/)2 +0’25(ktg7+1)2
m (k—1gy)
X(k—tgy}fmk(atg%l)’

gy gym

here fioc = P/blioe, k=V1/V> and a=h/ljsc.

During solving the strength problem, MS Excel and
its add-on "Solver" are used: the objective function (10)
is optimized from unknown parameters, 7gy, and k.
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k<=10

an @MUHYC1 >= 0,1
KOBKH > = 0
i >= 0,01

Figure 6 - Finding the unconditional minimum
of function (10) with diagonal loading
using a MS Excel

In the calculations of reinforced elements (for exam-
ple, using carbon fiber tapes in three levels, they are
considered as external reinforcement, while an addi-
tional term is introduced into the functional, taking into
account the deformation power of carbon fiber at given
speeds. The kinematically possible scheme of the fail-
ure of such an element is shown in Fig. 7).

'
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A, B,
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1

Figure 7 - Kinematically possible scheme
of the failure of a square reinforced masonry
specimen with diagonal loading
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The ultimate load, in this case, is calculated as

oo _ [ZB‘/(" ~tgy) +0.25(1+kigy ) —(k—tgﬂfﬂ

+
m gy (11)
) fxdzk(ath’_l) n (2"41 +A2)Uyk -0
migy Bl,m ’

here A; and A; are the areas of the reinforcement strips,
oy is the stress in the strips at the moment of failure.

In the proposed design schemes, it is possible to take
into account the failure of the stone and mortar (along
the diagonal plane) or only along with the mortar
(curve, passing along vertical and horizontal seams) by
using various characteristics of the tensile resistance of
the masonry.

In addition, the ratio between the vertical and hori-
zontal components of the load has a significant effect
on the size of the loading area: with an increase in the
value of the horizontal force, the size of the loading area
decreases. At low values of the horizontal force, on the
contrary, the dimensions of the sealing wedges in-
crease, and the length of the separation section de-
creases, which usually leads to an increase in the ulti-
mate load.

Conclusions

During determining the bearing capacity of the parti-
tions, the variational method of the theory of plasticity
was used, developed at the National University "Yuri
Kondratyuk Poltava Polytechnic" for the calculation of
structures made of materials with a significant differ-
ence between the compression and tension strength. On
the basis of the general provisions of the variational
method, the specifics of the masonry work are taken
into account. Based on the results of the analysis of the
prototype's destruction nature on a concentrated load
applied along the diagonals, kinematic schemes of de-
struction are proposed, which are the basis for calculat-
ing the masonry strength. The problem of the strength
of masonry elements for diagonal splitting, which takes
place in prototypes and walls of existing buildings and
structures, has been solved. Both masonry characteris-
tics were taken into account: compression and tension,
sample dimensions, and the nature of the load applica-
tion. The influence on the strength of reinforcement of
masonry walls during diagonal splitting is considered,
which can be used during the operation and reconstruc-
tion of the building and are given in the corresponding
section of the design documentation.
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