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Abstract: The paper presents the results of tests of masonry specimens subjected to
vertical displacement, with limited deformations in a direction parallel to the masonry bed
joints (horizontally) and additionally compressed in the direction perpendicular to the bed
joints (vertically). Specimens in the form of fragments of masonry walls were made of solid
ceramic brick and AAC blocks. Studies have shown that the nature of the relationship between
wall deformation angles and shear stresses caused by vertical displacements depends on the
values of accompanying compressive stresses normal to the plane of the masonry bed joints.
Compressive stresses have a positive effect on the load-bearing capacity and crack resistance of
this type of masonry walls and the angles of deformation occurring at the moment of cracking.
The dependence of the transverse stiffness modulus on the value of shear stresses is strongly
non-linear, but with increasing shear stresses, it stabilises at a certain level independent of the
values of compressive stresses associated with shear.

Keywords: vertical shear, vertical wall displacement, transverse stiffness, shear defor-
mation angle

1. Introduction

Vertical displacements of masonry walls may result from deformations of the structures
on which they are directly supported, i.e. deflections of ceiling members, floors, lintel beams
and foundations or displacements transferred from other elements adjacent to these walls, e.g.
transverse walls and columns.

Uneven displacements of foundations and floors may be the effect of improper prepa-
ration of the subsoil [1]-[9] resulting from inadequate or uneven compaction, changes in
water regimes due to drainage, land quality improvement, deep excavations in the vicinity,
swelling or shrinkage of the subsoil caused by vegetation, displacement of expansive soils,
soil leaching during plumbing or rainfall installations failure, loss of soil stability. Additional
displacements of the subsoil may also be the result of erecting new buildings next to existing
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ones, compaction of the soil and increasing loads due to vehicle traffic or other dynamic loads.
Underground mining exploitation also causes the formation of continuous and discontinuous
deformations on the land surface.

In masonry walls subjected to the influences mentioned above, usually a complex stress
state occurs resulting not only from shear caused by vertical displacements. Additionally, the
value and direction of the principal stresses causing cracking and failure are also affected
by the limited freedom of deformation in the horizontal direction by the adjacent structural
members and, in case of load-bearing walls, vertical compressive stresses transmitted to the
wall from the upper storeys.

Research on unreinforced and reinforced masonry shear walls due to vertical displace-
ments, among other research problems, has been conducted at the Civil Engineering Faculty
of the Silesian University of Technology for over 20 years and published, among others, in
works [1], [3], [5], [10]-[22]. The described research problem is rarely analysed experimentally
and theoretically. The author is known only to a few foreign publications, which are quite
loosely related to the subject presented here. Subject-related studies were described in reports
from foreign researches [23]-[25]. On the one hand, it proves the originality of the presented
research, and on the other hand, it makes it difficult to compare the results of the tests with
the results from other research centres.

2. Specimens and test stand

2.1. Materials and specimens

The tests were carried out on specimens made of solid ceramic bricks and autoclaved
aerated concrete blocks (AAC). The walls made of ceramic bricks had bed joints of normal
thickness, nominally equal to 10 mm, while the specimens of AAC had thin bed joints with
a nominal thickness of 3 mm and unfilled head joints.

For ceramic brick specimens, masonry units with mean compressive strength
fz = 28.8 N/mm? and normalised strength f, = 23.3 N/mm? determined in accordance with
PN-EN 772-1 [26] and with a coefficient of variation equal to 6.4% were used. A prescribed
cement-lime mortar was used with a volume components ratio 1:1:6 (cement:lime:sand) with
mean compressive strength determined according to PN-EN 998-2 [27] standard equal to
f=9.7 N/mm? with a coefficient of variation of 10.0%

AAC blocks with a nominal volume density of 500 kg/m® had a mean compressive
strength of 2.7 N/mm? and normalised strength according to [26] f, = 3.1 N/mm? with a coef-
ficient of variation of 7.9%. The system prescribed mortar for thin joins bonding AAC blocks
had a mean compressive strength according to [27] f,, = 18.8 N/mm? with a coefficient of
variation of 9.6%.

The dimensions of the specimens are shown in Fig. 1. The thickness of the specimens
made of ceramic bricks was 25 cm, whereas of AAC blocks 24 cm.
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Fig. 1. Specimens used in the tests made of: a) solid ceramic bricks, b) AAC blocks. Source: own study

Ten specimens made of ceramic bricks and five specimens made of AAC blocks were
tested. The specimens were divided into groups depending on the values of compressive
stresses normal to the masonry bed joints plane o, that accompanied the vertical displace-
ments and shear in this direction. The specimens were tested without the participation of
o, stress and at four compressive stress values in the case of ceramic bricks specimens and
with o, = 0.9 N/mm? for AAC blocks specimens. Tab. 1 lists individual test series with their
symbols, values of compressive stresses accompanying vertical displacements and a total

number of specimens.

Table 1. Tests programme. Source: own study

Ceramic solid bricks masonry AAC blocks masonry

Specimen Compressive stress o, Specimen Compressive stress o,
N/mm? N/mm?

CB-00/1 0 AAC-00/1

CB-00/2 AAC-00/2 0

CB-03/1 03 AAC-00/3

CB-03/2 ) AAC-09/1 0.9

CB-06/1 0.6 AAC-09/2

CB-06/2 A total of 5 specimens

CB-09/1

CB-09/2 09

CB-15/1 s

CB-15/2

A total of 10 specimens




8 Adam Piekarczyk

2.2. Test stand and testing technique

The tests were carried out in the specially designated test stand shown in Fig. 2. The main
elements of the test stand were two external columns, the internal column through which the
vertical displacements were produced by F force, horizontal ties transferring S forces, resisting
members transmitting vertical R and horizontal H reactions and members for developing vertical
compressive stress 6, using NV, forces. Photograph of Fig. 3 shows the specimen monolithised
with columns and prepared for a test.

Fig. 2. Test stand: / — external column, 2 — internal column, 3 — masonry specimen, 4 — resisting member,
5 — tension member, 6 — load cell, 7 — lower tie, § — upper tie, 9 — members inducing compressive
stresses, /0 — hydraulic jack, /1 — laboratory floor. Source: own study

Fig. 3. Specimen made of ceramic bricks prepared for testing. Source: own study

The masonry specimen was monolithised with an external and internal column using
concrete containing early strength gain Portland cement. Vertical displacements were induced
by force F using a hydraulic cylinder and transferred to the specimen via an internal column
equipped with dowels. Force ' was measured by a strain gauge load cell. The vertical reaction
was transferred from the specimen to the outer column also having steel dowels and further to
the laboratory floor. Horizontal S-reactions were measured by means load cells, transmitted to
resisting members and to the laboratory floor. Compressive stress normal to the plane of the
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masonry bed joints 6, was induced by a system of three (AAC) or four (CB) pairs of 45 mm
diameter steel tendons under N, force and equipped with springs compensating the influence
of vertical wall displacements on the value and distribution of o, stress. Fig. 4 schematically
shows the loads to the specimen was subjected to during the test and the stresses affecting the
central area of the wall outside the zone of the disturbance of stress distribution.
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Fig. 4.  Diagram of: a) external loads acting on the specimen, b) stresses in the central part of the wall.
Source: own study

In addition to the force values, changes in the mutual position of four measuring points
on the wall surface on both specimen sides were recorded during the test. Mutual dislocations
of these points were determined based on the change in the length of the measurement bases,
which formed a square measurement system on the faces of the specimen with a side length
equal to 600 mm — Fig. 5a. Displacements were recorded using six transducers for each face
of the specimen with a measurement accuracy of 0.002 mm. Values of wall deformation angles
were determined on the basis of changes in the length of measurement bases according to the
diagram shown in Fig. 5b. For example, the angle 6, was calculated from the Eq. 1, in which
a;, b, and ¢, are the lengths of the sides of the respective triangle at the i-th load level.

1415

Fig. 5. Method of measuring deformations of specimens: a) square system of measuring bases equipped
with displacement transducers, b) determination of deformation angles. Source: own study
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al —b*—c? (1)
0, = arcsin| ————
2b.c;

The tests were carried out with a monotonic load increase until failure, i.e. a state at
which it was not possible to obtain a higher value of the vertical force F.

3. Test results and discussion

Tab. 2 summarises the obtained test results, i.e. the values of shear stress accompanying
the occurrence of the first crack 1., and the corresponding mean value 1, ultimate shear
stresses T, and T, ,,,, the ratio of mean ultimate shear stresses to shear stresses at the moment of
cracking T, ,,/T..m,» deformation angles determined at the occurrence of cracks and accompa-
nying the ultimate load obtained, 0., and 6, respectively, the mean values of these angles
0, and 0, ., theratio 6, ,./0 as well as the values of the transverse stiffness modulus D,,

determined on the basis of shear stresses and angles of deformation obtained at the moment
of masonry cracking and corresponding mean values D, ..

cr.mv?

The shear stress t; was determined as averaged at the height of the specimen by dividing
the force F; causing vertical displacements by the vertical cross-sectional area of the wall 4,.
The transverse stiffness modulus D, was calculated as the quotient of the shear stress 1, and
the corresponding deformation angle 0;:

T.
D =— 2
I @

i
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Table 2. Basic test results. Source: own study

Ceramic solid bricks masonry

soccimen %0 T fome T T Tl T O
P N/mm?  N/mm? N/mm? N/mm? N/mm? mm/m
CB-00/1 0.568 0.683 0.378
—0 0.582 —— 0.656 1.13
CB-00/2 0.569 0.628 0.344
CB-03/1 0.776 0.942 0.386
————0. — 0. ——0.94 1.1
CB-03/2 03 0.822 0-799 0.937 0.940 8 0.362
CB-06/1 0.905 1.24 0.545
CB-06/2 0-6 0.933 0-919 1.18 121 132 0.576
CB-09/1 1.16 1.35 0.602
— 0. 1.11 1.34 1.21
CB-09/2 ? 1.05 1.33 0.743
CB-15/1 1.27 1.67 0.818
— 1. 1. 1. 1.31
CB-15/2 > 1.33 30 1.73 70 3 0.934
Sooc o O 0, Ome Ol Oum Do Do
peetmen N/mm?> mm/m mm/m mm/m N/mm? N/mm?
CB-00/1 5.83 1503
CB-00/2 0 0.361 0381 3.11 8.60 1733 1618
CB-03/1 0.533 2010
CB-03/2 03 0.374 0.446 0.490 1.31 271 2141
CB-06/1 6.90 1661
——— —0. 561 22 31 —— 164
CB-06/2 06 0-56 3.54 > 93 1620 640
CB-09/1 543 1927
CB-09/2 0.9 0.673 412 4.78 7.10 1413 1670
CB-15/1 9.14 1553
CB-15/2 1.5 0.876 2.6 9.05 10.3 1424 1488
AAC blocks masonry
soccimen %0 T oo T T Tl T O
P N/mm?>  N/mm? N/mm? N/mm? N/mm? mm/m
AAC-00/1 0.181 0.181 0.273
AAC-00/2 0 0.188 0.177 0.188 0.177 1.0 0.323
AAC-00/3 0.163 0.163 0.336
AAC-09/1 0.282 0.505 0.589
AAC-09/2 0.9 0.385 0.334 0.526 0.516 1.53 0.872
soccimen O Oams O Omo O/l Do D
P N/mm? mm/m mm/m mm/m N/mm? N/mm?
AAC-00/1 0.273 663
AAC-00/2 0 0.311 0.323 0.311 1.0 582 577
AAC-00/3 0.337 485
AAC-09/1 2.61 479
TAACO09D 0.9 0.731 276 2.69 3.68 Y 460

Fig. 6 shows the relationship between shear stresses 1, and deformation angles 6, at various
values of accompanying normal compressive stress o, for specimens made of ceramic bricks
and AAC blocks. The graph in Fig. 7 shows the changes in the transverse stiffness modulus
D, depending on the stress value T, in the range from 0 to 7, at different compressive stress o,.

In Fig. 6, the positive effect of the compressive stress 6, on the values of ultimate shear
obtained at stress 6, = 1.5 N/mm? to the ultimate
shear stress in the case of the non-compression test was 2.59. There is also a visible change

stress T, is visible. The ratio of mean stress t
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in the nature of the wall behaviour after cracking. In the case of specimens tested without the
compressive stress ¢, and ceramic brick walls sheared at 6, = 0.3 N/mm?, it can be observed
that after cracking, the deformation angle increases sharply while shear stress decreases. At
higher values of compressive stress o, the quasi-plastic nature of the wall behaviour is visible.
It consists in the fact that after cracking, the specimens are able to carry loads higher than those
that caused the cracking, i.e. it is strengthened, while the deformation increases significantly.

Shear stress 7, N/mm?

Fig. 6.

Stiffness modulus D, N/mm?

Fig. 7.
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Changes in the value of transverse stiffness modulus D; depending on the shear stress t; in the range
T, =0 — 1. Source: own study
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There is also a relationship between the values of compressive stress ¢, and the shear
stresses 1., and angles 0, obtained at the moment of the first crack appearance. Fig. 8a shows
an increase in the stress 1., as the compressive stress increases. The absolute increase in
shear stress value was higher for brick walls, the difference between 1,,,,, obtained at stress
o, = 0.9 N/'mm? and o, = 0 was 0.528 and 0.157 N/mm?, respectively, for ceramic brick and
AAC block walls. However, the relative increase understood as the quotient of the stress
difference mentioned above and stress values 1,,,,, at 6, = 0 was about 0.90 for walls made of
both types of masonry units.

Similarly, Fig. 8b shows the effect of stress o, on the obtained deformation angles at
the moment of masonry cracking 0. The wall was cracked with larger deformation angles,
the higher the compressive stress values were. The relative increase in angles 6, obtained at
o, =0 and 0.9 N/mm? was about 0.86 for ceramic brick walls and 1.35 for specimens made
of AAC blocks.

a) b)
1.5 :
=] « 1.0
= )
> o 0.8
: 1.0 &b
s ® g 06
[ g E
2 '52 0.4
5 g 02
% 0 L A S S NS B B
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5

S ' 2
Compressive stress g,. N/mm?> Compressive stress o, N/mm

Fig. 8.  The effect of compressive stress 6, on the accompanying formation of the first cracking:
a) shear stresses t,,, b) deformation angles 0,. Source: own study

The dependence of the transverse stiffness modulus D, on the shear stress 1, as can be
seen in Fig. 7, is strongly non-linear. Initially, at low stress 1, the stiffness decreases sharply,
after which it undergoes relative stabilisation, but still shows a tendency to decrease. A much
higher lateral rigidity of the walls made of ceramic bricks is visible. In the case of brick spec-
imens, it is also possible to observe higher stiffness of the walls, which were tested with the

simultaneous action of compressive stress 6., which was not found in the case of specimens
made of AAC blocks.

On the graph shown in Fig. 7, for illustrative purposes, the values of the shear modulus
G are depicted as a horizontal solid line. However, it should be remembered that shear modulus
G is a material feature of the body subjected to deformations, which results in only a change
in shape, without changing the volume, i.e. in the so-called simple shear case. Therefore,
G modulus and the transverse stiffness modulus D discussed here are not the same parameters.
Modulus G was determined for a wall made of both types of masonry in accordance with
PN-EN 1996-1-1 [26], i.e.:

G = 0.4E, 3)

where E is the modulus of elasticity determined according to the standard [26] as the charac-
teristic compressive strength of the masonry £, multiplied by the masonry elasticity coefficient
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K, equal to 1000 or 600, respectively for ceramic brick and AAC block masonry. Masonry
strength £, was also calculated using standard relationships based on normalised compressive
strength of masonry units and, in the case masonry made of ceramic bricks, mean compressive
strength of mortar. Modulus G was similar in value to the transverse stiffness modulus D,,
in the case of walls made of AAC blocks. The transverse stiffnesses of the brick walls after
falling to relatively stable values, not subjected to rapid changes as the shear stress increases
were lower than the value of calculated shear modulus G (see Fig. 7).

Fig. 9a is a graph depicting the values of transverse stiffness modulus obtained on the
basis of the stresses and deformation angles recorded at the moment of masonry cracking D.,,.
This modulus does not change significantly with a change in the value of compressive stress
o,, although a slight tendency to decrease with increasing o, stress can be observed here.
The values of D, modulus was determined based on the shear stress 1., and angles 0, which
increased with the growth of the compressive stress o, therefore they do not correctly show
the effect of this compression on transverse stiffness modulus D. For this reason Fig. 9b shows
the values of D; modulus determined at the smallest shear stress 1, ,,,, occurring at the moment
of masonry cracking of walls tested without compression (o, = 0) — see Fig. 7, which were
0.163 and 0.568 N/mm? in the case of specimens made of AAC blocks and ceramic bricks,
respectively. As can be seen in Fig. 9b graph, the stiffness principally did not depend on the
compressive stress value .. However, there is an increase in the mean stiffness of ceramic
brick walls tested at 6, # 0 by 30 to 45% compared to the stiffness specified at 6, = 0. For
walls made of AAC blocks, this increase was only 4%.

Fig. 10 shows the pattern of the cracks of masonry specimens observed at failure for
the maximum accompanying compressive stress ¢, and without compression. In the case of
specimens made of ceramic bricks tested at 6, = 0 (Fig. 10a), there are much fewer cracks,
basically it is a single bifurcating crack, which mostly runs at the interface of masonry units
and mortar. Stress o, = 1.5 N/mm? changed the way the masonry cracked (Fig. 10b); there are
more cracks, and they run mainly through masonry units. Specimens made of AAC blocks
tested without compressive stresses failed as it is shown in Fig. 10c, i.e. a single diagonal crack
was created, which due to the proportions of masonry units mainly ran diagonally through the
blocks. In the case of specimens tested at stress o, = 0.9 N/mm?, many cracks and detachments
of material appeared on the outer surface of the masonry blocks (Fig. 10d). The direction of
the cracks was much closer to vertical.

a) b)
2500 3000
£ 2000 B 2500
S Y < g
g & 1500 g <0
=5 o 7L 1500
? % 1000 7 £
éﬂs & : 1000
2 300 . 28 500
0 : 0
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Compressive stress o, N/mm? Compressive stress o . N/mm?

Fig. 9.  Influence of compressive stress 6, on the values of transverse stiffness modulus: a) at shear stresses
1., proper for each specimen, b) at shear stresses 1., lowest in the group of specimens made of bricks
and AAC blocks. Source: own study
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Cracks pattern at the failure of masonry specimens made of: a), b) ceramic bricks, c), d) AAC blocks.
Source: own study

4. Conclusions

Based on the tests carried out in the scope described above, the following conclusions
can be made:

The nature of the dependence of the deformation angle 6, on the shear stress t; was
determined by the values of compressive stresses normal to the plane of masonry bed
joints o.. At low values of 6, or in its absence, the brittle nature failure was observed.
At stresses o, > 0.6 N/ mm?, the quasi-plastic behaviour was visible with hardening
in the phase after masonry cracking;

The increase in compressive stress value o, meant that the first crack occurred at higher
values of shear stress 1., and deformation angle 0,,;

Compressive stresses o, had a positive effect on the load-bearing capacity of masonry
sheared due to vertical displacements;

The dependence of the transverse stiffness modulus on the value of shear stress was
strongly non-linear. After the initial rapid decrease in stiffness, its further degradation
was significantly slowed down;

The transverse stiffness modulus of the masonry determined at the moment of first
cracking D,, did not change considerably with increasing stress ;
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[12]

[13]

* The compressive stress o, increased the transverse stiffness of the ceramic brick
masonry D, compared to the stiffness of the masonry determined at 6, = 0 by 30 to
45%. No such relation was observed in the case of walls made of AAC blocks.
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