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The characteristic damage of masonry walls under the combined action of vertical and horizontal loads has been analyzed.
Possible schemes of masonry destruction are considered. A diagonal shear is identified as a typical case of the destruction of
piers under seismic impacts. The closeness of the loading conditions of the piers of the bearing walls under the action of the
seismic force to those that arise in the frame when it is skewed is noted. The article considers the results of experimental studies
of masonry specimens on the skew as models of the operation of piers under seismic impacts. The nature of destruction is
analyzed, determining factors of influence. Based on the analysis of known experiments, proposals are presented for a kine-
matically possible scheme for the destruction of masonry walls, which is proposed as a base for the calculation
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PoGora kam'siHOI KJIaAKU IPU CyMicHI il
BEPTUKAJbHUX i TOPU30HTAJILHUX HABAHTAKEHb:
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IIpoananizoBaHi XapakTepHi HOIIKOPKEHHSI KaM STHUX CTiH IPY CyMICHIH Jii BEepTHKAIBHNX 1 TOPU30HTAIGHUX HABAHTAXKCHb.
Po3risiHyTO MOXIIHBI CXeMH pyiHyBaHHS KiIagkd. OcoOJINBY yBary NpHIiIeHO MiXXBIKOHHIM IPOCTIHKaM, KOTPi € OAHI€I0 13
HaWOIIBII HANIPYXKEHUX H ypa3IMBUX KOHCTPYKIIH HEerNITHUX Oy/iBelb 3 TOUKHU 30py celicMocTiiikocTi. BuaineHo miaroHans-
HHH 3CYB SIK XapaKTepHHH BHUIAJOK PyWHYBAaHHS MPOCTIHKIB NpH ceHcMiuHMX BIutMBax. HarosmorieHo Ha GIM3BKOCTI YMOB
3aBaHTAXXCHHsI MIPOCTIHKIB HECYYHX CTiH MPHU il CeHCMIYHOT CHIIM [0 THX, SIKi BUHUKAIOTh Y KapKaci rmpu ioro nepekoci. Po3-
TISTHYTO Pe3yNbTaTH CKCIEPUMEHTAIbHHUX JOCITIKEHb KaM sSTHUX 3pa3KiB Ha MepeKic sk Mopeneit podoTtu mpocrinkis. [Ipo-
aHaNi30BaHO XapakTep pyiHyBaHHs, BU3HAYaNIbHI (AKTOPH BIUIMBY: MaTepiaa KJIaaKH, MIIHICTh KAMEHIO 1 pO3YHHY, BHYTpI-
ITHE 1 30BHIIIHE apMyBaHHS KJIaJKH, MiACHICHHS PO3UMHHUMY i OETOHHUMH aIUTiKalisMH, HePeXpecCHUMH Ta TOPH30HTAIb-
HUMU 3aJ1i300€TOHHUMH CMYyTaMH, BYTJICBOJIOKHOM, JliarOHaJIbHUMU METaJIeBUMH TsbKaMu Ta iHmri. Ha ocHOBI aHanizy BiqoMux
SKCIEPUMEHTIB HaJlaHi MPOMO3HLIT 10710 KIHEMATHYHO MOKIIMBOI CXEMHU PYHHYBaHHs KaM’sIHHX IIPOCTIHKIB, KOTPY 3arporio-
HOBAHO sIK 0a30BY IS PO3paxyHKY BapiallitHIM METOJIOM Yy TeOpii INacTUYHOCTI, po3pobiennM y HanionansHOMY yHIBEpCH-
teri «[lontaBcpka mositexuika iMeHi IOpis Konaparioka» 1uist po3paxyHKy MILIHOCTI GETOHHHMX i 3a51i300€TOHHUX, KaM’ THHX
Ta apMOKaM sSHHX €JIEMEHTIB IPH 3pi3i, MiCLIEBOMY CTHCHEHHI Ta MpoJaBiIioBaHHi. B cranil pyiiHyBaHHS MPOCTIHOK PO3ALIS-
€THCsI HA YOTHPH KOPCTKI JUCKH: [Ba KJIMHH I1i1 BAHTAXXHOIO IIOIIAIKOIO 1 ABa AUCKH, OKPECIICHI 3CYBHUMH IUISTHKaMH KJIMHIB
1 IUIOIIMHOIO PO3KOJIIOBaHHA, KOTpa 3’€iHye X BeplMHU. KIMHM pyXaroThCs Ha3ycTpid OJMH OJHOMY, a J[BA IHIUMX JUCKH
BIJIANISFOTHCS OJIMH BiJl OHOTO B HATIPSMKY, TICPIICHIUKYIIIPHOMY JI0 IUIOLIMHU PO3KOJIFOBAHHS

KurouoBi ciioBa: miaroHaabHUI 3CYB, MOIIKODKEHHS, CeiiCMiUHMI BIUTUB, CXeMa PyiHYBaHHS
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Introduction

Ensuring seismic resistance is always one of the main
tasks in the design and construction of buildings and
structures in earthquake-prone areas. Recently, the ap-
plicability of this problem for Ukraine has significantly
increased in connection with the frequent cases of
earthquakes in Europe, including with a large number
of human victims and significant material damage.

New seismic zoning maps ZSR-2004, put into effect
in the norms [1] since 2006, provide for an increase in
the proportion of territories subject to seismic effects.
According to them, at this time, approximately 15% of
the territory of Ukraine is earthquake-prone with design
seismicity of more than 7 points.

The size of economic losses from seismic effects es-
tablished as a result of the analysis for buildings with
different structural schemes (with the same seismicity
of the site) [2] indicates that buildings with masonry
walls that are widespread in Ukraine are the most vul-
nerable to seismic effects and belong to the least seis-
mic-resistant type. This is due, in particular, to the in-
creased mass of structures and the presence of a large
number of joints and seams, which leads to significant
damage to building elements.

Review of the research sources and publications

The results of recent studies [3 — 8] show that build-
ings with bearing masonry walls receive the following
typical damages from the action of seismic loads: in-
clined and cruciform cracks in the piers of walls and
unpierced walls; vertical cracks at the junction of the
longitudinal and transverse walls with possible falling
out of the walls; horizontal cracks in the walls, often at
the level of the bottom of window areas, lintels or at the
level of support of the floor; cracks in the places where
reinforced concrete lintels were laid; cracks of a chaotic
direction in the walls, which are a combination of the
above (Fig. 1).

Definition of unsolved aspects of the problem

Currently, there is no methodology for calculating
masonry structures under the combined action of verti-
cal and horizontal forces, which would be based on a
common theoretical basis.

Problem statement

To create a reliable method for assessing the bearing
capacity of masonry walls under the combined action
of vertical and horizontal loads and informed decision-
making regarding their effective reinforcement, it is
necessary to analyze the nature of the destruction of
structures and the results of their physical modeling in
the experiment. The data obtained will serve as the ba-
sis for creating design diagrams of elements in as-
sessing their strength.

Basic material and results

Tumanov A. [9], based on the results of experimental
studies, proposed a classification of cracks observed in
masonry walls under the combined action of vertical
and horizontal forces. The main types are:

- main vertical cracks that divide the surface of the
walls into separate vertical blocks;

- limiting inclined cracks that define the boundaries
of an inclined compressed strip (destruction area);

- microcracks, the accumulation of which leads to
crushing of the masonry;

- cracks in the tensile zone;

- cracks that characterize a shear of compressed ma-
sonry in inclined compressed strips.

The proposed classification of cracks can be consid-
ered as a criterion for the implementation of individual
schemes of masonry destruction: displacement in the
horizontal plane, diagonal shear, failure beyond the ten-
sile zone, and crushing (Fig. 2).
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Figure 1 — The nature of the destruction of ma-
sonry walls under seismic effects:
a — a diagonal cracks [3];
b — a vertical crack at the junction
of the longitudinal and transverse walls [7];
¢ — a cruciform crack in the wall [8]
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Figure 2 — The nature of the destruction
of masonry under the combined action
of vertical and horizontal loads:

a — displacement in the horizontal plane;
b — diagonal shear;
¢ — failure beyond the tensile zone;

d — crushing

One of the most vulnerable structures of masonry
buildings in terms of seismic resistance are piers, cases
of destruction are shown in Fig. 3 [10].
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Figure 3 — Cases of destruction
the piers under seismic effects

The width of the piers to a certain extent affects the
location of the cracks (Fig. 4).

The most typical damage to walls is the formation of
inclined and X-shaped cracks, which propagate mainly
along the joints of the masonry, starting at the corners
of the holes and other places where the walls weaken
(change in stiffness). If the crack crosses the stones,
then this is a sign of their insufficient strength, the lay-
ering of the masonry indicates a weak bond of the mor-
tar to the stone. The value of crack opening can be dif-
ferent and is the main sign when assessing the degree
of damage to a wall element.

According to [12], the piers of bearing walls under the
action of a seismic force are under loading conditions
that are close to those that arise in the frame when it is
skewed.

N
70 D=t 1

Figure 4 — Schemes of cracks location
in the piers during earthquakes:

a — e — damage in relatively narrow piers;
f, g — the same in relatively wide piers [11]

In the first stage of deformation of the masonry
(Fig. 5), when the seismic forces are small, the piers
work together with the above-window chord over the
entire contact area. The vertical load is transferred from
the upper to the lower piers at all levels along all hori-
zontal sections.
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Figure 5 —The work of the piers of bearing walls
under the action of horizontal seismic force:
a — characteristic damages;
b — stages of deformation of the piers

In the second stage, cracks form in the tensile zones
of the horizontal section of the walls at the levels of the
upper and lower parts of the window area adjacent to
them, and the contact between the masonry is broken.
At this stage, the transfer of vertical and horizontal
loads in the mentioned sections is carried out only along
with the length a. <2a (where a is half the width of the
pier). With an alternating horizontal load, the bond in
the masonry is broken along the contact between the
top of the pier and the bottom of the chord due to the
formation of cracks.
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The third stage is characterized by a further reduction
in the length of the compressed zone and the formation
of a diagonal crack in the pier. One and the same pier
on different floors of a building may be at different
stages of deformation, which is associated with a
change in the values and ratio of vertical and horizontal
forces, as well as with possible differences in the
strength and stiffness of the piers.

So, an experimental study of the work of piers for the
combined action of vertical and horizontal loads can be
carried out when testing masonry samples on the skew,
first performed by Dmitriev A. in 1940 in the laboratory
of masonry structures CRIIS [13]. He tested fragments
of vibrational masonry walls from hollow ceramic
stones. Since 1948 Polyakov S. studied the features of
work of filling in frame-stone buildings: 57 samples
with frame and continuous filling were tested. Since the
publication of the monograph by Polyakov S. [14],
many authors have carried out experimental studies of
the strength and deformability of fragments of masonry
made of bricks of various types, limestone, and other
materials when skewed without frame framing. In most
cases, the specimens were tested with a concentrated
load applied along with one of their diagonals (Fig. 6).
To prevent crushing of the loaded corners of the ma-
sonry, the latter were reinforced with steel or reinforced
concrete bearing elements. With this test scheme, the
strength indicators of the samples are influenced by the
length of the support areas (/i.c), through which the load
is transferred to the sample.

Various methods of increasing the bearing capacity of
elements under the combined action of vertical and hor-
izontal forces were investigated.
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Figure 6 — Schemes used by researchers when
testing masonry specimens for deformation during
the application of a load along the diagonal

Known experiments with vibrational masonry panels
with sides dimensions 1060x1060, 1120x1120,
800%800, 8001200, and 800x1600 mm [15] without
reinforcement and with reinforcement with vertical
bars and wire meshes through three courses of ma-
sonry, which did not increase the strength of the sam-
ples. The desired result was achieved with external re-
inforcement, and here the distance between the moment
of the formation of a diagonal crack and the destruction
of the element significantly increased.

Kabantsev A. and Tonkikh P. [16] manufactured and
tested 7 series of experimental samples with dimen-
sions 1060%1060%250 mm from solid brick with
strength f, = 10 MPa on cement-sand mortar with
strength f,, = 7.5 MPa: control samples without rein-
forcement and reinforced with one or two sides.
Carbon fiber FibARM Tape 230 and FibARM
Tape 240 and binder FibArm Resin 230+ and FibArm
Resin 530+ were used as reinforcement elements [15].
The use of an external reinforcement system made it
possible to increase the bearing capacity of the masonry
by 30 — 100%, depending on the strength of the carbon
fiber, area, thickness, and a number of reinforcement
layers. The destruction of these samples, in contrast to
those reinforced with reinforced concrete and concrete
applications, which are applied according to the usual
technology and by the concrete shotcrete method [16],
occurred along a diagonal crack outside, brittle, almost
instantly after reaching the ultimate loads.

During the tests Derkach V. of unreinforced samples
with dimensions of 500x500%140 mm made of bricks
with strength f,= 15 MPa[17] the moment of formation
of diagonal cracks coincided with the moment of de-
struction. At the same time, depending on the strength
of the mortar, the following mechanisms of destruction
were observed: splitting along the diagonal, in which
the trajectory of the crack passes both along with the
stones and along individual vertical and horizontal
joints of the masonry (with a mortar with compressive
strength £,, = 7.9 —10.9 MPa); splitting along the diago-
nal, in which the critical crack has a stepped trajectory
and passes only along the horizontal and vertical joins
of the masonry; displacement along the horizontal
joints of the mortar (the last two types of destruction
were observed when using a mortar with strength
fn=3.1 MPa).

The experiments of Demchuk I. [18] were carried
out on masonry samples with dimensions of
500%500x65 mm for the manufacture of which solid
and hollow (18%) bricks were used on standard mortars
with compressive strength f,, = 3.1, 7.9, and 10.9 MPa.
The results obtained indicate a decrease in the shear
strength of the masonry f;, at the mortar strength
fm=73.1 MPa.

Gasiev A. [12] produced and tested 3 series of sam-
ples with dimensions 1030x965x250 mm using a brick
of average strength f, = 12.5 MPa on a mortar with
strength f,, = 7.5 MPa: control samples and reinforced
with a sheet of carbon fiber brand MBRACE FIB
CF230/4900.200g / 5.100m with one and two sides of
the specimen along its extended diagonal. The bearing
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capacity in the first case of external reinforcement in-
creases by about 1.5 times, and in the second by 2 times.

In the work of Izmailov Yu. [19], the results of exper-
imental studies of the strength of four series of samples
on the action of static and pulsating loads directed along
the diagonal are presented. Both traditional masonry
and vibrational brick elements were used. Strengthen-
ing was carried out by applying a plaster layer from a
high-strength mortar to the side surfaces or reinforcing
the plaster layer with steel meshes. Vibrations and the
presence of plaster layers on the lateral surfaces of the
samples increase the strength of the masonry up to 2
times; reinforcement postpones destruction from the
moment of cracking, creating conditions for the devel-
opment of plastic strain. Destruction of brick elements
occurred along a diagonal crack, which spread along
the joins, vibrational brick samples collapsed along a
bandaged section; the destruction of the reinforced vi-
brational brick samples occurred along an inclined
compressed strip. The effect on the resistance of the
masonry was also analyzed by reinforcement with steel
diagonal ties or during preliminary compression.

Experimental studies by Kadam S. and Singh Y. [6]
included tests of six series of samples with strength
characteristics of brick f, = 21.06 MPa and mortar
fm=3.72 MPa. The first two series had three reinforced
masonry piers with dimensions of 700x700x115 mm
(single-layer) and 700%700%230 mm (two-layer). Sam-
ples 3 — 6 series were reinforced from the outside
(in one and two planes) with welded wire meshes lo-
cated in a layer of concrete. Destruction of unreinforced
specimens occurred behind a jagged diagonal crack and
was sudden and externally brittle. The authors propose
to consider this failure as a combination of diagonal
shear and horizontal displacement. The behavior of re-
inforced specimens depended on their thickness, inten-
sity, and method of reinforcement. The destruction be-
gan with the formation of a diagonal crack, the devel-
opment of which was restrained for a certain time by
reinforcement, which promoted more plastic failure in
comparison with the samples without reinforcement.
For specimens reinforced in one direction, the failure
was accompanied by cracks that were localized along
the edges of the specimen. At large displacements,
there was a significant local crushing of the concrete
adjacent to the welded mesh, which was torn in some
places. For specimens reinforced in two directions, fail-
ure occurred along a crack that propagated along the
length of the compressed diagonal of the specimens.
At the last stage of loading, local crushing of the ma-
sonry in the places of load application was observed.
The increase in the shear strength of the reinforced
specimens in comparison with the reference was in the
range of 0.57 — 1.48 MPa.

In the experiments of Dong K., Sui Z., Jiang J.,
Zhou X. [20], solid brick and ordinary mortar
were used to make samples with dimensions of
2100%1560%240 mm and 1560%1560%240 mm (a total
of 11 piers were tested). Three samples without rein-
forcement served as reference, the other 8 were rein-
forced with reinforced cross and horizontal strips from
a solution 250 mm wide. The experiment varied: the

strength of the mortar of masonry and reinforcement
strips, their thickness, the reinforcement ratio of the
strips, the location of the reinforcement (on one or both
sides), as well as the value of the vertical load. For the
value of samples, a brick with dimensions of
240%x115%53 mm with f, = 10 MPa and a mortar with
fm=1MPa, 2.5 MPa, and 10 MPa for unreinforced el-
ements were used. For reinforcement strips with a
thickness of 40 mm and 60 mm, a mortar with f,, = 2.5
MPa, 5 MPa, and 10 MPa was taken, respectively. The
strips were reinforced with steel bars 6 — 12 mm in di-
ameter. To simulate the work of the walls of the first
floor of a seven-story building, a vertical load of 0.516
MPa was applied, the third — 0.4 MPa, and the seventh
—0.21 MPa. In the reference specimens, the first diag-
onal crack appeared in the center of the wall. It spread
mainly along with horizontal and vertical layers of mor-
tar, while in some places it crossed the brick. Some-
times a second diagonal crack could appear perpendic-
ular to the first. Reinforced specimens collapsed from
shear-compression along diagonal and vertical cracks,
the latter appearing in unreinforced zones of the wall.
When the maximum bearing capacity was reached, the
strips retained their integrity and prevented the collapse
of the samples during failure. The cracking load for the
reinforced elements increased by 20 — 40%, and the ul-
timate load by 40 — 65%. An increase in the reinforce-
ment ratio of the strips, the level of vertical stresses, and
the strength of the mortar increased the shear resistance,
while an increase in the ratio of the thickness to the
width of the element, on the contrary, decreased it.
The reinforcement increased the plastic properties of
the masonry by 1.6 times with one-sided reinforcement
and 2.8 times with two-sided reinforcement.

In the experiments of Mustafaraj E. and Yardim Y. [5],
6 specimens with dimensions of 1200x1200%250 mm
was used with an average strength of a brick f, = 24.03
MPa and mortar f,, = 5.68 MPa in compression.
The samples were reinforced with a fiberglass mesh on
both sides of the wall, followed by a layer of mortar.
The test procedure was carried out in accordance with
ASTM [21].

In the control unreinforced samples, destruction oc-
curred along the compressed diagonal, mainly behind
the mortar joins. However, in some cases, a combina-
tion of displacement along mortar horizontal joins over
a length of about 500 mm was observed with a diagonal
crack that propagated exclusively through he mortar
joints. Specimens reinforced with fiberglass were de-
stroyed along the compressed diagonal, their strength
increased by an average of 1.3 times, while the plastic
characteristics of the masonry increased.

So, analyzing the experimental studies of masonry on
the skew, which can be considered as a simulation of
the operation of masonry piers with the combined ac-
tion of vertical and horizontal seismic forces, it should
be noted that the most characteristic variant of failure
(Fig. 7) is a diagonal shear in accordance with the clas-
sification (a crack can be stepped — extends only along
vertical and horizontal mortar joins or rectilinear —
crosses both the seams and the stone). Local crushing
of masonry at the supports is also observed [16].
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according to [6]

according to [5]

Figure 7 — Diagonal shear of masonry
in experimental studies on the skew

Undoubtedly, the most complete data on the nature of
deformation and destruction of masonry under the
shear can be obtained experimentally. However, exper-
iments require significant costs, and most importantly
are parametrically limited, therefore, numerical calcu-
lations are an effective addition to physical experi-
ments. A correct mathematical model is a tool for ana-
lyzing the influence of the selected parameters and their
combination on the stress-strain state of the masonry.
As a computational model, it is proposed to use the var-
iational method in the theory of plasticity [22], which
is widely used in calculations of concrete and rein-
forced concrete structures with a shear failure scheme
[23 — 26]. And the failure obtained in experiments
serves as a justification for the accepted kinematically
possible failure scheme.

In the theoretical model, at the stage of destruction,
the pier is divided into four hard disks: two wedges un-
der the loading area (in the general case, the wedges
should be non-sided) and two hard disks indicated by
the shear sections of the wedges and a splitting plane
that connects the tops of the wedges.

The wedges move towards each other; the other two
disks move away from each other in a direction perpen-
dicular to the splitting plane. There are four unknowns
in the problem: two angles of inclination of the sections
of shear of the wedges to the vertical, the ratio of the
speeds of movement of hard disks, and the ultimate
load.

Conclusions

In the experiments performed, the nature of the de-
struction of masonry samples was investigated when
they were skewed, the effect of the masonry material,
the strength of the stone and mortar, the internal and
external reinforcement of the masonry, its reinforce-
ment with mortar and concrete applications, cross, and
horizontal reinforced concrete strips, carbon fiber, di-
agonal steel tension bar on strength of elements were
revealed under the combined action of vertical and hor-
izontal loads.
The analysis of the material under consideration made
it possible to propose a substantiated kinematically pos-
sible scheme for the failure of masonry elements when
skewed, which will serve as the basis for using the
method for calculating the strength of such structures
by the variational method in the theory of plasticity, de-
veloped at National University «Yuri Kondratyuk Pol-
tava Polytechnicy.
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