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Abstract: The paper presents selected results of tests of full-scale masonry walls linearly
supported on a deflecting beam. The walls with thin bed joints and unfilled head joints were
4.55 m long and 2.45 m high, and were made of group 1 calcium silicate masonry units. The
tests included walls with and without openings.

The tests were carried out in a specially designated and constructed test stand, which
allowed simultaneous vertical load on the upper edge of the wall and vertical deflection of
the beam supporting this wall. During the test, measurements of mutual displacements of six
points on the wall surface were carried out. On both faces of masonry specimens, the changes
of the length of the measuring bases connecting these six points were recorded.

Walls without openings were detached from the central part of the supporting beam at
a deflection not exceeding 2 mm. Walls with one door opening also cracked at an early stage
of tests. In this case, a detachment from the supporting beam and cracking at the ends of the
lintel occurred because of the rotation of the pillars connected by the lintel above the opening.
In walls with two door openings, first cracks were formed at the ends of lintels due to the
rotation of pillars with a small deflection of the supporting beam, less than 3 mm. Whereas,
in walls with door and window openings, first cracks occurred under the window and at the
end of the lintel in the outer pillar of the wall.

Keywords: AAC blocks masonry, floors deflections, damages of masonry walls, trans-
versal deformations of masonry

1. Introduction

Damage to masonry walls may result from uneven displacements of structural elements
adjacent to these walls and on which they are supported. The above-mentioned elements include
foundations, lintel beams and ceiling elements, for which a few millimetres of deflection can
lead to cracking of masonry walls.
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Damage to walls supported on ceilings results from the uneven movement of structural
ceiling members. These displacements are most often deflections of reinforced concrete struc-
ture. Deflection, which is vital for a masonry wall supported on RC ceiling, is the effect of
loads that occur after the erection of masonry and after removal or partial removal of ceiling
props. The deflection of the ceiling results from permanent loads that affect the ceiling struc-
ture after masonry is erected, i.e. the self-weight of the floors, installations and suspended
finishing systems, as well as other finishing materials such as plastering. The other reason of
this deflection is imposing of service load which acts directly on the ceiling, and in the case
of load-bearing walls, permanent and imposed loads transmitted via these walls from higher
floors. It is also worth mentioning that the deflection of the loaded ceiling increases with time
due to creep and shrinkage of concrete, and may rise several times over the decades compared
to the deflection after the construction of a wall. Due to the low early strength of a wall and
rheological processes taking place in the masonry, when determining the deflection of a ceiling
after erection of a wall, it is not needed to take into account its self-weight without plaster
layers, but only in case if walls are constructed on a completely unpropped ceiling.

Prevention of wall damage usually consists in reducing ceiling deflection at the design
and construction stages. When designing, attention should be paid to the appropriate static
assumption, including the use of ceilings supported on all edges on supports with the
highest possible stiffness, shortening spans of multi-span systems, construction of supports
with similar stiffness on all floors. At the construction stage, it is essential to make sure
that the walls on the ceiling are erected only after the props have been removed, preferably
completely. Masonry walls should be made with the use of deformable cement-lime mortars
with normal thickness joints. It is desirable to finish the walls supported on the ceiling in
such a way that plasterings of the walls and ceiling are separated from each other. Due
attention is also needed to properly connect the vertical edges of the walls with the others,
which minimises cracks at the junction. The use of reinforcement placed in masonry bed
joints can also reduce the width of cracks, but usually does not prevent their occurrence,
especially in the case of the walls with openings. More information on how to limit ceiling
deflection, calculations of deflections, and their permissible values can be found in works
[1]-[3] and standards [4]-[8].

Part of the results of tests of full-scale walls made of calcium-silicate masonry units
was published in articles [9] and [10], and walls made of autoclaved aerated concrete blocks
—in paper [11]. Besides, in the paper [12] it was proposed that the ratio of deflection of span
length of the linear element supporting the masonry wall should be limited to 1/2000 and that
the tensile strength of the masonry should be not less than 0.2 N/mm?. In the paper [13], the
authors suggest limiting of the ratio of deflection to span length to 1/3330. Studies of masonry
walls at a scale 1:2 made of concrete blocks were published in [14]. Limiting the deflection
of the structure supporting the masonry walls to 1/500 and 1/1000 of their span length, in the
case of walls without openings and with openings, respectively, was suggested in the study
[15]. Tests of masonry walls with and without openings supported on reinforced concrete
beams are presented in the paper [16]. The tests of walls in the scale with openings made of
solid ceramic masonry units was carried out by the authors of the study [17] and [18]. The
first cracks occurred at a deflection not exceeding 2 mm, which was about 1/1000 of the span
length of the supporting beam. The authors of publications [22]-[26] were also involved in
experimental tests and theoretical analyses related to the problem of masonry walls supported
on deflecting structure.
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2. The specimens and test stand

2.1. The materials and specimens

Specimens were made of group 1 according to PN-EN 1996-1-1 [27] calcium-silicate
blocks, 250 mm long, 180 mm wide and 220 mm high; mean compressive strength was
determined in accordance with PN-EN 772-1 [28] f; = 17.7 N/mm? and normalised compres-
sive strength f, = 21.8 N/mm?. Designated masonry mortar with mean compressive strength
fow=12.5 N/mm? determined according to PN-EN 998-2 [29] standard was used.

Full-scale walls with total nominal length of 4.55 m and nominal height of 2.45 m with
thin bed joints and unfilled head joints were tested. The type A walls did not have openings
(Fig 1a). The type B specimens contained one door opening asymmetrical to the vertical axis
of the wall (Fig. 1b). The type C walls contained two door openings located symmetrically to
the vertical axis of the wall (Fig. 1¢). The type D walls had one door and one window opening
(Fig. 1d). Above the door openings of the Type B and Type C specimens, single-span reinforced
concrete lintels were placed with a section width of 180 mm and height of 220 mm. Above the
door and window openings in the Type D walls, there was the double-span continuous lintel
with the same cross-sectional dimensions as single-span lintels. The length of the lintel was
chosen in such a way that the length of the support on the masonry was not less than 125 mm.
Two walls of each type were tested — a total of eight specimens.
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Fig. 1. The full-scale specimens: a) without openings, b) with one asymmetrically arranged door opening,
¢) with two door openings, d) with door and window openings. Source: the author’s own study

2.2. The test stand and testing technique

The tests were carried out in the specially designated test stand shown in Fig. 2. The
walls were built directly on a steel beam supported along the entire length during construction
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(Fig. 2; item 8). After they were erected, a reinforced concrete ring beam 180 mm wide and
200 mm high was placed on the mortar layer (Fig. 2; item 5). Hydraulic cylinders induced the
vertical load in the form of F forces with a range up to 500 kN (Fig. 2; item 3). Measurement
of the force /" was also made with a load cell with a range up to 500 kN (Fig. 2; item 2). The
load was transferred to the specimens via steel transverse beams (Fig. 2; item 4).

The vertical displacements of the beam supporting the masonry wall reflected the deflec-
tion of the real reinforced concrete ceiling members, lintel beams or foundations. The flexural
rigidity of the steel beam of the stand (Fig. 2; item 8) was intentionally low, thus it was possible
to force additional vertical displacements, except for those resulting from the vertical load of
F forces. The additional deflection of the structure supporting the masonry wall results from
the loads acting directly on the ceiling (self-weight and service loads) and also are the effect
of delayed concrete deformations related to creep and shrinkage. Therefore, the vertical beam
displacements J,; in the tests were carried out in two ways. Firstly, the deflection was caused
by the vertical load F transmitted through the wall, and then increased to the expected value
with a system of elements designed for this purpose and equipped with hydraulic cylinders
with a range up to 150 kN and load cells with up to 50 and 100 kN (Fig. 2; item 10 to 13). The
deflection of the steel beam supporting the wall was measured using displacement transducers
with a measuring range of +50 mm attached to steel angles that were connected to the supports
of the test stand regardless of the deflecting beam (Fig. 2; item 7). Vertical displacements of the
supporting beam were measured on both sides of the wall in 1/6 and 5/6 span (§,,), in 1/3 and
2/3 span (5,,) and half-span (3,;). The expected deflection value was fixed with M30 screws
(Fig. 2; item 14).
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Fig. 2. The test stand: / —steel frame, 2 — load cell, 3 — hydraulic jack, 4 — steel crossbeam, 5 — RC ring beam,
6 — tested wall, 7 — members of the system for measuring the vertical displacements, § — flexible wall
support (steel beam), 9 — beam supports, /0 — elements of the system enforcing vertical displacements,
11 —hydraulic jack with a range up to 150 kN, /2 —load cell with a range up to 100 kN, 73 —load cell
with a range up to 50 kN, /4 — screws for fixing the defections. Source: the author’s own study

The deformations of the wall along eleven sections of the measuring bases located
between six points on the wall surface were also measured. Deformations were recorded on
both faces of the specimens. The measuring bases formed two rectangles, each 1.95 m long
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and 1.90 m high, which were conventionally described as the left-field “L” and right-field
“R” —Fig. 3. Changes in the length of the measuring bases as a result of the action of vertical
forces F and deflections J,; were measured using displacement transducers with a measuring
range of +5 and +10 mm. Eighth deformation angles 6, were calculated on the basis of the
changes in the length of sections indicated as «; to &, in Fig. 4. For example, angle 6, was
determined from the following formula:
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Fig. 3. The areas where measurements of wall deformations were made in the left-field ,,L” and right-field
,,R” based on changes in the length of sections of the measuring bases on the example of a wall:
a) without openings, b) with door and window opening. Source: the author’s own study

Fig. 4.  The diagram of the method for determining the angles of deformation 6, on the basis of changes in
the length of eleven sections of measuring bases a;...k;. Source: the author’s own study

3. The mechanism of wall cracking and discussion
of selected tests results

Table 1 summarises selected values of parameters determined at the moment of the first visible
occurrence of cracking. Table 2 contains the test results referring to the values obtained at failure of
the specimens, for which it was not possible to obtain higher values of 'load. Tab. 1 and 2 in column
3 contain the values of the load on the upper edge of the wall p,, at which the walls cracked p,, and
failed p, given in kN/m?, i.e. equal to the average stress value in the horizontal cross-section of the
wall as a result of the impact of ' forces. The load p, was determined from the following equation:

_2F;

bi=1v 2
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where F/ is the force transmitted to the wall from a single jack, L, is the wall length (L, =4.55 m),

t is the wall thickness (= 0.18 m).

Column 4 summarises the deflection values in the mid-span of the supporting beam

3,5 and 9, , accompanying the relevant load p;,. Column 5 in both tables shows the values
of the ratio of the corresponding deflection in the middle of the beam span to its length §,,, /L
(L = 4.5 m). The values of the deformation angle calculated for the moment of first crack
occurrence 0, and failure 6, are listed in column 6 on the left “L” and right “R” of the indi-
vidual walls. Columns 7 and 8 of the tables show a description of the cracking mechanism
and drawings which illustrate these damages.

Table 1. Selected test results obtained at the moment of first occurrence of cracking. Source: the author’s

own study
Ders Oines Ot Oers Description of pattern
Wall  Area kKN/m> mm /L mm/m of cracks and damages
1 4 5 6 7 8
0.005 f‘|‘f‘|‘[‘I‘I‘I‘\‘I‘\‘I‘I‘I‘I‘I‘I‘I
\‘I‘\‘I‘i‘l‘l‘l‘\‘I‘\‘I‘l‘l‘l‘l‘l‘l
Al 120 1570 e
0.006 \:I:l:I:|:I:Illllllllllllllllllllll
0.013 R
detachment from e i e
A2 L4012l the beam T
0.008 \:I:l:I:|:I:Illllllllllllllllllllll
0.025 \:I“\:Ill:l:l:l:\:I:\:I:I:I:I:I:I‘[I
l‘|‘l‘|‘I‘I‘I‘I‘J‘I‘J‘I‘I‘I‘I‘I‘I‘I
A0V 162 112778 el
0.019 \:|:\:|‘I‘I‘I‘IL__L]:I:I:]:I:I:I(I
at the end of the
B-1 - 0 139 13937 0.179 lintel in wider pillar | O
- . TTTTTTTITITT
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. the beam I \r fIWIfIWIfITI\ITI
at both ends of the
L 0089 intel e
B-2 87.0 149  1/3020 SRR
R 0016 ochmentiion Ty
L 0211 horizontal and verti- [T Tiiin
cal at the end of the
cl 2.69 171673 lintel from the exter- % %
R 0.134 nal pillars
L 0.069 horizontal and verti- [TITTTATRITIITIL
cal at the end of the
€2 R 171 172632 0,089 lintel from the inter- % % %

nal pillar

U — wall without ring beam
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Table 1. (cont.) Continuation from the previous page. Source: the author’s own study
Pers dper Oiper Oer Description of pattern
Wall  Area kKN/m> mm /L mm/m of cracks and damages
1 2 3 4 5 6 7 8
—
L l E}:ﬁé 0.080 no cracks o
D-1 JESSSS 78.0 1.29 1/3488 detachment from the i PR
R %DE 0.676 beam; oblique cracks T
T under the window
L g TE % 0.216 no cracks
detaChmentfrom |IENEEEEEEEEEEEEE
a beam; oblique T i
D-2 0 2.00 172250 cracks under the o T
R 3.52 window; horizontal LTI LI

and vertical cracks at
the end of the lintel
on an external pillar

For walls with door and window openings, a different cracking and failure mechanism

was observed. A common feature was the detachment of the walls from the supporting beam,
which in the case of walls without openings and containing both window and door opening
always occurred at the beginning of the test with a slight deflection not exceeding 2.0 mm and
without the load on the upper edge of the wall or with a small load.

In the case of walls without openings, two types of failure have been observed. One of

the walls failed at relatively low load and deflection occured in a manner typical for bending
elements, i.e. a vertical crack running through the entire height of the wall. Two walls without
openings failed by diagonal cracks, but in the case of the wall without a reinforced concrete
ring beam, a lower ultimate load and associated deflection were observed.

Table 2. Selected test results obtained at walls failure. Source: the author’s own study

P O1a 01 0, Description of pattern
Wall  Area kN/m> mm /L mm/m of cracks and damages
1 2 3 4 5 6 7 8
L 0.086 Vertlcal Crack in the I‘I‘I‘I‘I‘I‘IIII‘\‘l‘\‘l‘l‘l‘l‘l‘l‘l
Al 605 1/744 middle of the wall,  {imim i m iy
R ’ 0.130 detachment from
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R 4.64 of the masonry in
the corners
oblique cracks from TP ¥ MR B i
- 2 helower comers; T,
A7 19.7 1/228 detachment from’ H:‘\[’J‘ﬂﬁﬂ'w\[l\ﬂ\‘w\‘:‘:%]:]:':
R 347 thb TTIITTTTRTTTITITYLIT
: e beam

U — wall without ring beam
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Table 2. (cont.). Continuation from the previous page. Source: the author’s own study

P S Sipw O Description of pattern
Wall Area kN/m?> mm /L mm/m of cracks and damages
1 2 3 4 5 6 7 8

12.2

B-1 391 11.2 1/402

horizontal and vertical

at the ends of the lintel;
diagonal cracking of the
pillar; detachment of

a part of the pillar sepa-
rated by the crack; crush-
ing of the masonry under
the lintel; detachment
from the beam

horizontal and vertical at
the end of the lintel on
the wider pillar; detach-
ment from the beam
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6.24

B-2 354 6.59 1/683

at the ends of the lintel;
detachment from the
ring beam; detachment
from the beam; under
the lintel on the wider
pillar; the opening of
vertical joints over the
lintel; diagonal cracking
of the external pillar

TITIJT11111

I
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R B j E 0.266

horizontal at the end of
the ring beam; detach-
ment from the beam
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T |
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C-1 620 234 1/192

horizontal and vertical
at the ends of the lintel,
under the lintel on the
side of the internal
pillar; “stepped” crack-
ing of the external pillar;
detachment from the
supporting beam

R E_Df 14.4

horizontal and vertical
at the ends of the lintel;
under the lintel on the
side of the internal
pillar; detachment from
the beam

]

The first damages of Type B walls with one door opening appeared in the areas at the
ends of the lintels and the wall was detached from the supporting beam. The failure of walls
of this type consisted of diagonally cracking of the narrow pillar.

In the case of the Type C walls with two door openings, the first cracks occurred at the
lintel ends at a deflection not exceeding 3 mm and a load not exceeding 90 kN/m?. The failure
of this type of walls was manifested by the development of cracks at the ends of the lintels and
the creation of a diagonal crack in one of the outer pillars.
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Table 2. (cont.)  Continued. Source: own study

Do O1nw  Oipu O

Description of pattern

Wall  Area kKN/m> mm /L mm/m  of cracks and damages

1 2 3 4 5 6 7 8
horizontal at the end
of the lintel on the side

11.0

of the external pillar;
vertical and diagonal at
the end of the lintel in
the internal pillar; verti-
cal and diag. on the
external pillar; detach-
ment from the beam

C-2 538 22.0 1205

R & _Df 12.9

vertical and diagonal
at the end of the lintel
on the internal pillar;
vertical and horizontal
at the end of the lintel
on the external pillar;
vertical on the external
pillar; detachment
from the beam

T[T TRITITT
1! | I

B

L Bk 2.60

diagonal ,,stepped”
cracking

D-1 . 458 15.0  1/300
R 4= ‘ 10.5

vertical and horizontal
at the end of the lintel
on the external pillar;
oblique “stepped”
cracks under the
window; detachment
from the beam

. 332

vertical and horizontal
at the end of the lintel
on the external pillar;
diagonal in the corner;
horizontal on the inter-
nal pillar; detachment
from the beam

D-2 519 20.0  1/225

vertical and horizontal
at the end of the lintel
on the external pillar;
opening of vertical
joints over the lintel;
oblique “stepped”
cracks under the
window; detachment
from the beam; crush-
ing of masonry under
the lintel on the exter-
nal pillar

TTETITTITTi{003
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The first cracks in Type D walls after the wall was detached from the supporting beam
were formed at a deflection not exceeding 2.0 mm under the window opening. They were
“stepped” cracks. The failure of this type of wall consisted in crushing the masonry under the
longer span of the lintel or diagonal cracking of the outer pillar adjacent to the door opening.

a) b)

Fig. 5. Photographs of most common ways of cracking and failure of the walls: a) detachment of the lower
edge of the A-2 wall, b) detachment of the lower part of the outer pillar of the C-1 wall, c¢) destruc-
tion of the pillar in the B-1 wall, d) destruction of the B-2 wall under the lintel, e) cracks in the wall
D-1 under the window opening, f) failure of the outer pillar in the D-2 wall under the lintel. Source:
the author’s own study
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4. Conclusions

Based on the tests of full-scale masonry walls subjected to simultaneous compression

and the effects of vertical displacements of the beam supporting these walls carried in the
above-described range, it could be observed that:

(1]

w

— = /=
[cBEEN |
[ B W S Tl |

O

* the first cracks occurred already with a small deflection of the supporting beam, not exceed-
ing 2.7 mm, which was less than 1/1700 beam span and zero or a low vertical load of
the upper wall surface; this confirms the conclusions of [12] and [13] papers, which in
order to minimise the possibility of damage of masonry walls proposed to limit vertical
displacements of wall supporting elements to 1/2000 or even 1/3330 of their span;

* in the case of walls without openings, the detachment from the supporting beam in
the central part occurred first;

* in walls with openings, the first cracks usually appeared at the ends of the lintels and
also, in the case of walls with window and door openings, in the area of the wall under
the window opening;

« one of the walls containing a single door opening and one wall without openings were
damaged with deflection less than 1500 of the support beam span;

* in most cases, the deflection at failure did not exceed 1/300 of the span;

* in the case of geometrically asymmetrical walls, the effect of this asymmetry on the
deformation angles of the left and right part of the wall was visible; in the Type B
walls, the area without a door opening behaved almost like a rigid body compared
to the other part of the wall weakened by the opening, which had an impact on the
mechanism of failure of this type of wall;

disproportions of deformation in the case of walls with both window and door opening
were slightly smaller, although equally distinct; the part of the wall with a window
opening suffered at least four times greater deformations, the measure of which was
the angle of deformation.
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