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PREFACE

The Regional Project "Building Construction under Seismic Conditions in the
Balkan Region", UNDP/UNIDO RER/79/015, has been carried out with the parti-
cipation of the Governments of Bulgaria, Greece, Hungary, Rumania, Turkey and
Yugoslavia, and with the United Nations Industrial Development Organization
acting as Executing Agency for the United Nations Development Programme.
Mr. J.G. Bouwkamp served as Chief Technical Advisor.

Within the framework of the Project, a set of seven Manuals has been produ-
ced, reflecting to a considerable extent the experience of the participating
nations in earthquake resistant design and construction. These Manuals were
developed by the National Delegates of the Project Working Groups, the Chief
Technical Advisor and the Consultants.

The following Manuals have been prepared:

Volume

Volume 2

Volume 3

Volume 4

Volume 5

Volume 6

Volume 7

Design and Construction of Seismic Resistant Reinforced Concrete
Frame and Shear-l~al1 Bui ldings
Design and Construction of Prefabricated Reinforced Concrete
Building Systems
Design and Construction of Stone and Brick-Masonry Buildings
Post-Earthquake Damage Evaluation and Strength Assessment of
Buildings under Seismic Conditions
Repair and Strengthening of Reinforced Concrete, Stone and Brick-
Masonry Buildings
Repair and Strengthening of Historical Monuments and Buildings
in Urban Nuclei
Seismic Design Codes of the Balkan Region
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From the United Nations the following individuals participated in the deli-
berations of the Coordinating Committee:

O.A. Nordstrand - UNDP. Athens. Greece. Resident Representative and UNDP
Principal Project Representative.

E. Csorba - UNIDO. Vienna. Austria. Senior Industrial Development
Officer. and

J.G. Bouwkamp - UNIDO. Thessaloniki. Greece. Chief Technical Advisor.

DISCLAIMER

The material contained in these Volumes includes detailed findings in earth-
quake engineering - particularly. objective evaluations of causes and effects
in earthquake damage - and in the seismic and geologic characteristics of the
physical environment.

The material reflects the interpretation and opinions of the authors and con-
tributors and does not necessarily represent the viewpoint of the United Na-
tions IndustrialDeyelopment Organization. the United Nations Development
Programme. the participating Governments and the National Science Foundation
of the USA. The above mentioned Governments and Organizations - while pro-
viding for the presentation of these Volumes in the public interest and for
their obvious informational value - assumes no responsibility for any views
expressed therein.

The Governments and Organizations do not approve. recommend. or endorse any
proprietary product or proprietary material mentioned in this Publication.
No reference shall be made to the Governments or Organizations mentioned a-
bove. that would indicate or imply - directly or indirectly - that the Gover-
nments and Organizations mentioned approve or disapprove of the use of any
proprietary product or proprietary material mentioned herein.

The description and classification of countries and territories in these
publications and the arrangement of the material do not imply the expression
of any opinion whatsoever on the part of the secretariat of UNIDO concerning
the legal status of any country. territory. city or area. or its authorities.
or concerning the delimitation of its frontiers or boundaries.

This publication has been reproduced without formal edifing by UNIDO.
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NOTE

This Manual is the third volume of the seven volumes developed under the
UNDP/UNIDO Proj ect RER/79/015 "Building Construc tion Under Seismic Condi-
tions in the Balkan Region" and was prepared by the Project Working Group C
on "Brick, Stone-Masonry and Adobe Buildings." It is aimed to provide en-
gineers in the Balkan region, as well as in other earthquake-prone count-
ries, with information pertinent to the analysis, design and construction
of earthquake resistant masonry buildings.

In the Manual both qualitative and quantitative instructions for architec-
tural and structural building configurations are given, materials and con-
struction systems to be used so as to achieve a satisfactory aseismic beha-
vior are specified and methods for analysis of masonry buildings and design
of structural elements are provided. Additionally, three design examples
are presented reflecting the existing practices in the Balkan countries.

The contents of this Manual are based on the National Reports of the par-
ticipating countries and were developed in Working Group meetings together
with the Project Chief Technical Advisor and the Consultant. The Working
Group met three times, namely, in Istanbul (in March 1982 and December 1982)
and in Thessaloniki (in March 1983). During the first meeting the scope
of the Manual was defined and a general outline for the preparation of the
National Reports was established. During the second meeting the National
Feports were presented in a two-day joint seminar, together with Project
~Iorking Group F on "Assessment of Earthquake Resistance, Strengthening
and Repair of CuI tural and Historical Monuments in Urban Nuclei."

Subsequently, together with the Consultant, the members reviewed the re-
ports and formulated the Manual contents. During their third meeting, a
first draft of the Manual was reviewed and a final format was agreed upon.

The porking Group consisted of National delegates of the participant coun-
tries with Dr. Mufit Yorulmaz, Professor, Faculty of Engineering and Archi-
tecture, Istanbul Technical University, Istanbul, Turkey, serving as Con-
venor. Participating members of the Horking Group were: Dip!. Eng. Eliza-
beth Vintzeleou. Assistant, National Technical University, Athens, Greece;
Dr. Endre Dulacska, Structural Chief Engineer, Institute of Building Types
Design, Budapest, Hungary; Florin-Ermil Dabija. Associate Professor. Ins-
titute of Constructions, Faculty of Civil Engineering. Bucarest, Rumania.
Consultant of the Working Group was Mr. Miha Tomazevic. Senior Research
Engineer, Institute for Testing and Research in Materials and Structures,
Ljubljana, Yugoslavia.

Professor Jack G. Bouwkamp, University of California, Berkeley, California.
USA. served as Project Chief Technical Advisor and participated in all Wor-
king Group discussions.



1. INTRODUCTION

Although masonry is used for construction of buildings since ancient times,
our knowledge on its behaviour under seismic conditions is still not suffi-
cient. Until recently, masonry was not considered to be a suitable material
for building construction in seismic zones. This was mainly due to the con-
sequences of earthquakes durign the last decades: most losses of life have
occurred due to the collapse or heavy damage of masonry buildings.

However, the analysis of damage, suffered after earthquakes, as well as the
research, carried out in many countries, have clearly shown the deficiencies
of the collapsed and heavily damaged buildings, and indicated the appropria-
te technical measures to be taken in order to improve the behaviour of mason-
ry buildings when subjected to earthquakes as well.

This Manual is based on the experiences of Balkan countries concerning mason-
ry const~uction under seismic conditions as well as on the results of research
work, carried out both in sOme Balkan countries and in other parts of the world.
The aim of this Manual is to present the state of the art of masonry construc-
tion in the Balkan region, as well as to provide the designer with useful data
for alternative design and construction of earthquake resistant masonry buil-
dings by introducing reinforced masonry.

In the Manual, first the behaviour of masonry buildings during earthquakes is
discussed. Observed damage patterns are analysed and consequently failure mec-
hanisms and causes of failure are defined.

Then, the fundamental principles of architectural and structural concepts for
desirable building configuration are presented, and some information about the
constitutent materials of masonry walls is given. Masonry construction systems
as used in the region are described, and reinforced masonry is briefly intro-
duced as possible alternative.

In the following, design assumptions and procedures are explained. Seismic ac-
tions are defined and sectional capacities of wall elements are evaluated (li-
mit state design method).

Finally, instructions are given for construction and design of other structu-
ral and non-structural elements, such as foundations, floors, tie-beams, ro-
ofs, partitions, and chimneys.

The Manual which reflects the present state of masonry construction in the Ba-
lkan region, but also shows some possibilities of improving masonry construc-
tion, does not represent a Code. Specific numbers, as given in the ~~nual, sho-
uld therefore be only seen as general recommendations.
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2. BEHAVIOUR OF BUILDINGS DURING RECENT EARTHQUAKES

2.1 Characterisation of Buildings

Masonry has been used for construction of buildings since ancient times. No-
wadays, despite the extensive use of modern construction materials like re-
inforced concrete and steel, masonry buildings still represent a great majo-
rity of both residential and public buildings, constructed in the Balkan re-
gion.

According to the functional requirements, available materials, technical kno-
wledge and traditional practices specific to different countries and diffe-
rent construction periods, a wide variety of different kinds of masonry bu-
ildings exist in the Balkans. Distinction can be made according to the mate-
rials used for construction (stone, adobe, brick, ceramic blocks), place of
construction (urban or rural areas), period of construction (prior to World
War One, between the two World Wars, post-war period, after the adoption of
aseismic regulations), use of buildings (residential, public), and structural
system.

Stone and adobe still are widely used as construction material for resident-
ial buildings in certain parts of the region. The same materials were also
used in urban nuclei. The buildings of this type usually have a regular str-
uctural layout, with thick walls uniformly distributed in both directions,
although not all are being load-bearing walls and tie-beams are often ~mit-
ted. The number of stories does not exceed 2 in rural areas, and 3-4 in urb-
an areas. Poor quality clayey sand or mud mortar are still used for constru-
ction. Floors are usually of timber joists, not anchored to the walls. Some-
times wooden floors are replaced by stone or brick vaults.

Brick masonry is used as a construction material for residential and public
buildings in urban areas from the last half of the XIX. century onwards. The
structural layout, especially in the case of public buildings, is frequently
irregular, with many offsets and setbacks. Poor quality lime-sand mortar is
often used for construction. Floors are usually of timber, but sometimes br-
ick vaults supported by steel beams, or reinforced concrete slabs can be fo-
und. After the World War One, reinforced concrete tie beams were introduced,
increasing the number of stories to 6-7, with story heights about 3-4 m.Mix-
ed structural systems are found, using reinforced concrete columns as inner
load bearing elements. In that case, the number of stories is relatively sma-
II (2-4), but the story heights reach 5-7 m.

During the post-war period the construction of apartment buildings, up to 6
stories high, having load bearing walls in the transversal direction only with
prefabricated floor elements became very popular. Longitudinal walls have be-
en weakened by many openings and were not considered to participate in the lo-
ad-bearing system. Again not much attention has been paid to the quality of
materials and construction.

Earthquake protection regulations, adopted during the 1950-60 period, intro-
duced several measures to improve the earthquake resistance of masonry buil-
dings. These regulations required the use of r.c. horizontal tie-beams and
the uniform distribution of walls in both orthogonal directions.

Depending on the building height and seismic intensity these regulations fur-
ther required the introduction of r.c. tie-columns. They also stipulated the
quality requirements of materials.
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2.2 Building Performance

Considering the response to earthquakes, adobe and stone masonry buildings
suffered severe damage. Because of insufficient interlocking between inter-
secting walls and lack of anchorage between walls and floors, cracks between
intersecting walls were often observed. In many instances separation of wal-
ls and even collapse out of the plane of the walls did occur. Also,despite
the sometimes favourable structural layout,the quality of wall materials
was often insufficient to prevent the walls from diagonal cracking, disinte-
gration and ultimate collapse.

In case of old brick masonry buildings, the unfavourable effect of insuffici-
ent anchorage between walls and floors was also observed. Irregular structu-
ral layout in plan, large openings, lack of bearing walls in both orthogonal
directions often caused severe damage or even collapse of many buildings.
The unsatisfactory behaviour of brick masonry buildings often resulted from
the poor quality of materials used for construction, especially mortar.

The behaviour of mixed structural type buildings was very poor, because the
lateral load resisting system was concentraded in outer walls, often perfora-
ted by many openings. The same poor behaviour has been observed in buildings
with load bearing walls in one direction only.

Masonry buildings, designed and constructed according to seismic codes, beha-
ved more or less satisfactory. Cases of collapse were rare and heavy damage
occurred rather unfrequently. New buildings, designed and constructed compl-
etely according to the requirements of aseismic regulations,including materi-
al requirements,suffered minor damages. However,where the requirements of as-
eismic protection were only met partly, and the quality of construction was
inadequate, damages of various degrees occur. For instance the observations
have shown, that the vertical reinforced concrete tie-columns prevented the
buildings from collapse in many cases, even if the walls were seriously dama-
ged because of the bad qu~lity of materials and construction.



5

3. ANALYSIS OF DAMAGE PATTERN AND POSSIBLE CAUSES OF FAILURE

3.1 Classification of Damage Patterns

Of the great number of masonry buildings subjected to strong earthquakes ma-
ny were severely damaged, some collapsed, however some survived earthquakes
only slightly damaged or even undamaged.Obviously the observations of such
kind alone cannot assess the potential earthquake resistance of masonry buil-
dings in general. Therefore, an analysis of the observed damage pattern is
essential.

Although the structural typology of masonry buildings varies in different co-
untries such as buildings being constructed in traditional material like sto-
ne, adobe, brick, with no special provision against earthquakes and buildings
designed to resist the earthquake forces, using modern materials like ceramic
or concrete blocks, the observed types of damages allow classification into a
common set of patterns.

The following typical patterns of damage of structural walls for different ty-
pes of masonry buildings, subjected to earthquakes of different intensities,
have been observed:

a. horizontal cracks between walls and floors (Fig.3.l);

b. vertical cracks at the joints or intersecting walls (Fig.3.2);

c. separation of peripheral walls, (Fig.3.3);

d. out of plane collapse of peripheral walls, (Vig.3.4 and 3.5);

e. cracks in spandrel walls (Fig.3.3);

f. diagonal cracks in wall piers (Fig.3.6, 3.7 and 3.8);

g. partial disintegration or failure of walls (Fig.3.9, 3.10 and 3.11);

h. partial or complete collapse of the building (Fig.3.l2).

The analysis of damage patterns can clearly identify the weak and the good
points of the different structural systems. On the base of the analysis of da-
mage, the failure mechanism of wall elements as well as of the complete struc-
tural systems can be defined. However, quantitative data on the seismic acti-
on or on the seismic resistance of the buildings cannot be defined unless ad-
ditional investigations to establish the material properties are performed.

3.2 Failure Mechanisms

When the building is subjected to earthquake motion, inertia forces, proporti-
onal to the masses of the structural system are induced. Since the ground mo-
tion is generally tridirectional both vertical and horizontal inertia forces
will be actirig on the structure, changing in time, and resulting in the tridi-
mensional vibrations of the building. The structural elements which were car-
rying basically vertical loads before the earthquake, must carry horizontal
loads as well, causing additional bending and shearing effects.

The observations of the behaviour of masonry buildings when subjected to earth-
quakes have shown that the vibrations of the building as a whole are strongly
dependent on how the walls are interconnected and anchored at the floor and ro-
of levels.
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In the case of old masonry buildings where the timber joist are not anchored
to the masonry (i.e. without ties of tie-beams) the individual walls tend to
separate along their joints or intersections. Vertical cracks in the walls
occur near the corners either in the side wall which experiences serious out
of plane bending distortions or in the adjacent end wall when the tensile
strength in that wall is insufficient to ~ithstand the inertial forces of
the side wall. Under those conditions the vibrations of the walls become unco-
upled and peripheral walls might collapse (Fig.3.13-a and -b).

In the case where ties are placed or reinforced concrete tie beams are cast
at the floor levels, the vibrations of the walls become synchronized (Fig.3.
13-c).However, in this case, the out of plane bending of walls takes place
again, reducing the resistance of the building as a whole.

Obviously the behaviour of masonry buildings is improved when the walls are
connected together by means of rigid reinforced concrete slabs with tie-beams
on the top of the walls. In this case the vibrations of walls are synchroni-
zed (Fig. 3.13-d),and the out plane bending of walls is less significant,be-
cause the walls are almost rigidly supported on all four boundaries. The buil-
ding behaves like a box and all the walls contribute to the resistance of the
building.

On the basis of the analysis of typical damage patterns, the following can be
concluded concerning the failure mechanisms of the wall as a structural ele-
ment:

the free standing wall is not stable to the out of plane forces (Fig.3.14-
a). Usually the wall resists inertia forces by its own weight as well as by
its flexural resistance. Unless the wall is vertically reinforced, the flexu-
ral resistance is to small to prevent the wall from failing out of plane after
the horizontal tensile cracks occur at the bottom part of the wall.

on the other hand, when the free standing wall is subjected to in plane
forces, its resistance will be much greater, the wall becomes a "shear wall".
There are several possibilities of failure of such a wall, which depend on its
geometry (height to length ratio) and material characteristics: a.) horizontal
sliding or pure shear failure occurs when a horizontal crack develops along
the mortar joint (Fig.3.14-b); b.) diagonal tension or shear failure occurs
when diagonal cracks either following the mortar joints or passing through the
units develop in the wall (Fig.3.14-c); c.) flexural failure occurs when crus-
hing of the compressed zones occurs after the horizontal, tensile cracks on the
tensioned side have diminished the effective compressive cross-sectional area
of the wall (Fig.3.14-d). Of course, failure mechanism could include various
combinations of those described above.

Inertia forces induced in the structure due to ground accelerations tend to de-
form the building (Fig.3.1S). The piers between the openings are more flexible
than the portion of wall below or above the openings, so practically all defo-
rmations take place in the piers. In the sections below and above the openings
the piers are carrying the maximum compressive or tensile stresses; whereas
in the mid-height sections, they are carrying the maximum shear stresses. The
magnitude of the stresses depends on the magnitude of the horizontal inertia
force as well as on the magnitude of vertical load, carried by the wall.

If the tensile stresses become greater than the tensile strength of the wall,
cracks develop, thereby reducing the effective compressive cross-sectional
area of the wall. Depending on the geometry and material characteristics, the
pier may subsequently fail either in shear due to diagonal tension or in fle-
xure due to the vertical compression at the compressed corners, whichever co-
mes first.
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The idealized stress state in a pier is shown in Fig. 3.16, shere:

ao

T

- compressive stress due to vertical load,

- compressive or tensile stress due to the overturning moment,

- compressive or tensile bending stress due to the bending of piers bet-
ween openings,

- shear stress in the pier.

In the case of old multistory buildings with flexible wooden floors without
tie beams provided at the floor levels, the spandrel beam between the two op-
enings one above the other is a potential weak point of the structure (Fig.
3.17).

As it is the case of window pier, the spandrel beam is subjected to the com-
bination of bending and shear, too. Often it fails in shear due to diagonal
tension before the diagonal cracking of pier takes place, which results in
a loss of support for the floor structure.

The cracking of the spandrel beam can be avoided by either a rigid reinforced
concrete slab or reinforced concrete tie beams provided at the floor le-
vels.

Simultaneously the inertia forces cause the out of plane bending of walls,and
as a consenquence vertical bending cracks might develop in the critical sec-
tions of the wall.

Gable end masonry walls can be unstable. Unless properly anchored they beha-
ve like free standing walls. The strutting action of the roof purlins impo-
ses additional forces that can contribute to failure.

3.3 Causes of Failures

As it has already been pointed out there are two fundamental factors which str-
ongly influence the earthquake resistance of masonry buildings, namely

structural layout, and

quality of materials and construction.

Good behaviour of masonry buildings is guaranteed if walls are uniformly dis-
tributed in both orthogonal directions, there are no sudden changes in stif-
fness and the walls are tied together at the floor by means of rigid floors
and r.c'. tie-beams. Hovever, good quality of materials and construction met-
hods are also necessary to guarantee good behaviour of masonry buildings.

3.3.1 Deficiencies in Structural Layout

Concerning the structural layout of masonry buildings the following main defi-
ciencies were observed:

!EE~g~!~E_~!~~E!~~~!~~_~f_~~!!~_!~_2!~~~This can result in torsional effe-
cts and overstressing the walls in critical zones. Buildings with load bear-
ing walls in one direction only represent an extreme example of bad structu-
ral layout. Peripheral walls in the other direction, perforated often by ma-
ny openings, can not resist earthquake forces. After the perforated walls fai-
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led in shear, the transversal walls behaved like free standing walls, failed
in out-of-plane bending and the building collapsed (Fig.3.l2).

~£~~~!f£~_~!~!E!~~!!£~_£f_~!!ff~~~~_£~~E_!~~_~~!g~!_£f_!~~_~~!!~!~8~This
can result in severe damage of walls at the levels of sudden changes in sti-
ffnesses.

~~£~_£f_E!8!~_f!££E~_~!!~_£~!_!!=~_£E_!!~:~=~~~~This can result in vert-
ical cracks at the joints or intersections of walls due to the out-of-plane
bending of walls. The walls separate one from another and may collapse even
when the building is subjected to moderate earthquakes. Flexible floors may
also cause cracking of spandrel beams.

3.3.2 Quality of Materials and Construction

Although sufficient for carrying the gravity loads, mechanical characteris-
tics of materials used for construction of masonry buildings, especially of
mortar, were not sufficient to resist additional bending and shearing effe-
cts, induced in the structural system by the earthquake.

Very low tensile strength which characterises the shear failure of wall ele-
ment is especially evident in the case of old stone masonry and adobe buil-
dings, where clayey sand and mud mortars were used for construction.

Poor quality of materials and construction was also one of the main reasons
for structural damage of buildings, designed according to seismic codes. In-
efficient quality control allowed that bricks, blocks and mortar with mecha-
nical characteristics inferior to those specified were used for construction.
The quality of construction was also found to be inadequate: excessive thic-
kness of horizontal joints, vertical joints not being filled with mortar,
bricks not being soaked into water before the construction, etc.

The influence of the quality of materials and construction on the resistan-
ce of masonry buildings is illustrated in Figs.3.l8 and 3.19.

The two buildings were constructed at the same site separated by approxima-
tely 6 m. The rough construction works were finished at the time of the ea-
rthquake. The building shown in Fig.3.l8, constructed with hollow modular
clay blocks in cement-lime-sand mortar of good quality, survived the earth-
quake with no damage at all. The building in Fig.3.l9, however, constructed
with clay bricks and lime mortar of very poor quality, suffered severe dama-
ge.

3.3.3 Failure of Ground

During the recent earthquakes some cases were observed where the failure of
ground was the main cause of the damage or collapse of masonry buildings.
Two kinds of ground failure were the most frequent:

~!!~!~8_£f_~!£E=~~ This results in differential settlements or moving of
foundations, and hence building separating or tilting of the building (Fig.
3.20);

!!g~=f~£!!£~_£f_!££~~_~~!=E:~~!~E~!~~_~~~~~This results in settlements
of foundations, and tilting or sinking of the building into the ground (Fig.
3.21).
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Fig.3.l - Kozjansko,1974 Eart-
hquake (Yugoslavia):
Typical cracks betw-
een walls and floor
structurejrural sto-
ne-masonry dwelling
house

Fig.3.2 - Magnessia,1980 Earthquake (Greece): Vertical cracks at
the joints of walls; rural stone-masonry dwelling house
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Fig.3.3 - Friuli,1976 Earth-
quake (Yugoslav te-
rritory):Separation
of walls,cracks in
spandrel beam; rural
stone-masonry dwell-
ing house

Fig.3.4 - Thessaloniki,1978 Earthquake (Greece): Overturning of a
head wall; rural stone-masonry dwelling house
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Fig.3.5 - Friuli,1979 Earthquake (Yugoslav territory):
Overturning of a head wall; rural stone-masonry
house

Fig.3.6 - Montenegro,1979 Earthquake (Yugoslavia):Typical
diagonal cracks in window piers; brick masonry
building
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.....
Fig.3.7 - Lice,l975 Earthquake (Turkey): Typical diagonal

cracks in window piers; brick masonry public building

Fig.3.B - Vrancea,l977 Earthquake (Romania):Typical diagonal
cracks in window piers; brick masonry residential
building
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Fig.3.9 - Caldiran,1976 Earthquake (Turkey):Partial collapse
of window piers and corner zone; brick masonry public
building

Fig.3.10 - Corinth,1981
Earthquakes (Gre-
ece):Partial col-
lapse of walls and
corner zone;stone-
-masonry rural dwe-
lling house
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Fig.3.n Friuli,1976 Earth-
quake (Yugoslav
territory):Disinte-
gration of a stone-
-masonry wall;stone-
-masonry dwelling
house

Fig.3.12 - Skopje,1963 Earthquake (Yugoslavia):Collapse of
the building,having transversal load-bearing walls;
brick masonry residential house
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Fig.3.l3 - Vibrations of masonry building during earthquake ground motion:
a. and b. : structural walls are not tied together;

c.: structural walls are tied together by means of tie-beams;
d. : structural walls are tied together by means of rigid floor

slab.

diagonal tension crack
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Fig.3.14 - Failure mechanisms
of a free standing
structural wallC.
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b - out of plane
bending cracks

, - diagonal tenaion
crack,

f - fLexu~al tension
crack,

Fig. 3.]5 - Failure mechanism of a masonry building
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b. Stresses caused
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Fig. 3.16 - Idealized force and stress state in a
masonry building when subjected to an
earthquake

}spandrel

Fig. 3.17 - Failure mechanism of a spandrel wall with
no tie-beams or rigid slab existing at
the floor level
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Fig.3.l8 - Banja Luka,l969 Earthquake (Yugoslavia): The building
constructed with hollow modular ceramic blocks in ce-
ment-lime-sand mortar of good quality suffered no damage

Fig.3.l9 - Banja Luka,l969 Earthquake (Yugoslavia): The adjacent
similar building, constructed with clay bricks and
poor lime-sand mortar, suffered severe damage
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Fig.3.20 - Montenegro,1979 Earthquake (Yugoslavia): Tilting
of the building due to slope sliding

, .

Fig.3.21 - Montenegro,1979 Earthquake (Yugoslavia): Sinking
of the building into the ground due to loose
water-saturated sandy soil liquefaction



19

4. PRINCIPLES OF ARCHITECTURAL AND STRUCTURAL CONCEPTS
FOR BUILDING CONFIGURATION

4.1 General

Masonry building represents a box-type structural system composed of verti-
cal structural elements - walls and horizontal structural elements - floors.
Vertical loads are transferred from the floors, acting as horizontal flexu-
ral members, to the bearing walls, and from the bearing walls, acting as ver-
tical compression members, to the foundation system.

When subjected do earthquake motion, horizontal inertia forces are induced
in the structural system. Again, horizontal inertia forces are transferred
from the floor structures, acting as rigid horizontal diaphragms, into the
bearing walls, causing shearing and bending effects, and from the bearing
walls into the foundation system. Additionaly, due to the distributed mass
of wall elements, distributed inertia forces are induced resulting in out of
plane bending of walls.

The analysis of the behaviour of masonry buildings subjected to earthquakes
has clearly shown the importance of building configuration. The buildings
with regular structural layout, with the walls tied together at floor leve-
ls, have often performed rather well, even when not designed to resist eart-
hquakes. They demonstrated that it is possible to achieve enough earthquake
resistance by taking into account simple principles of architectural and str-
uctural planning, meeting the requirements for quality of materials and con-
struction in the same time.

4.2 Building Configuration

The following general requirements should be taken into account when desig-
ning masonry buildings.

the building as a whole or its various parts should be kept symmetrical
about both principal axes. Lack of symmetry leads to torsional effects and
hence to the concetrated damage in the critical zones. Symmetry is also des-
irable in location of openings (Fig.4.l-a);

simple square or rectangular buildings in plan behave better when subjec-
ted to earthquake action as compared to those with many projections. Torsio-
nal effects due to the differences in ground motion are pronounced further
in the case of narrow rectangular parts (Fig.4.l-b). Therefore it,is desira-
ble to limit the length of a part to 3.5 times its width. If longer lengths
are required, the building should be divided into separate parts with the
sufficient separation (Fig.4.l-c);

separation of a large building into several parts may be required so as
to obtain symmetry and rectangularity of each part. For preventing hammering
effects between the adjacent parts, a sufficient separation between the parts
must be provided. It is recommended that the width of separation should not
be less than 30 mm, and 10 mm should be added for each story (or 3 mm) when
the building height exceeds 9 m;

the building should be as simple as possible. Ornamentations :involving la-
rge cornices, vertical or horizontal cantilever projections, facia stones and
the like are dangerous and undesirable from the seismic viewpoint. Where any
ornamentation is used, it must be properly reinforced and anchored;
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the distribution of stiffnesses both in plan and over the building height
should be as uniform as possible. Sudden changes in stiffness due to changes
in plan of different stories result in severe concentration of damage in
those zones (Fig.4.2)j

mixed structural siystems, combining masonry load bearing system with rein-
forced concrete load bearing system both in plan or over the height of the
building, should be avoided unless a special analysis. is carried out (Fig.
4.3). In the case when single reinforced concrete columns as load bearing el-
ements cannot be avoided, masonry walls must be able to carryall seismic lo-
ading.

4.3 Plan Dimensions, Building Height and Number of Stories

Based on post-earthquake damage observations, materials and structural sys-
tems used for construction of masonry buildings, and considering the current
technical knowledge and construction technology, the countries in this region
have set limitations on plan dimensions and height of masonry buildings in
their seismic Codes. These limitations have been defined in the seismic Cod-
es in relation with regional seismicity, recognizing low (L), moderate (M)
and high (H) seismicity.

Considerable research has been done recently or is under way in the Balkans,
concerning the behaviour of masonry buildings and wall elements under seis-
mic loading conditions. Special attention has been paid to the improvement
of the strength and ductility of masonry walls by means of vertical and ho-
rizontal reinforcement. The results of the research indicate the possibility
of relaxing the dimensional limitations noted above. However, pending the fi-
nal conclusions of the work it is recommended, that the limitations, noted in
the following sections, should be observed.

4.3.1 Plan Dimensions

In order to diminish the typical effects of temperature diJferences,shrinka-
ge of reinforced concrete floors, and soil settlements, common to long buil-
dings,but also to avoid unfavourable effects due to the differences of ground
motion along the length of the buildings, the length of masonry building or
its separated parts should be limited to 40 m in seismic zones of high inten-
sity (R) and to SO m in seismic zones of moderate (M) and low (L) intensity.

Furthermore the length to width ratio of masonry buildings should not be
more than 3.5 in order to limit the damage potential of torsional effects
when subjected to earthquake motion.

In the case of unfavourable soil conditions, further limitations should be
observed, depending on the specific soil characteristics.

4.3.2 Height and Number of Stories

The height of the building and its number of stories should be limited acco-
rding to the structural system and the seismic zone.

The height of the building is determined as the vertical distance from the
ground level (or from the ground floor, if any) to the top face of the upper-
most floor. If the ground floor is located at more than 1.5 m above the out-
side terrein, the basement should also be taken into account when determining
the building height and number of stories.
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Table 4.1 gives values for both the recommended maximum heights of such buil-
dings and the maximum number of stories for different construction system and
seismic zones.
Table 4.1 Recommended Maximum Building Height (H in m) and Number of Stories(n)

Construction Seismic zone
system Low Moderate High

Adobe H 3 3 3
n 1 1 1

Plain masonry H 9* 6 3
n 3* 2 1

Confined and rei- H 18 14 11
nforced masonry n 5 4 3

*Except stone masonry,where the height is
limited to maximum 6 m or two stories.

4.4 Distribution of Walls

In order to have a satisfactory performance when subjected to earthquake,the
walls of masonry building must be uniformly distributed in both orthogonal
directions, sufficient in number and strength to resist lateral earthquake
loads (Fig.4.4). Walls must be firmly connected to the floors, which must be
able to act as rigid horizontal diaphragms, distributing horizontal inertia
forces onto the walls according to their stiffnesses.

From the viewpoint of the structural system, the walls of the masonry buil-
ding can be defined as:

structural walls, carrying their own weight together with the vertical
and/or horizontal loads acting on the building;

non-structural walls, having exclusively the function of partitioning the
building space. Their own weight is transferred by means of floors to the st-
ructural walls.

The structural walls can be divided into two categories, namely:

load-bearing walls, which carry both vertical load from the floor structu-
res and their own weight and the horizontal load, and

bracing walls, carrying their own weight and the horizontal load.

Considering the significance of the structural walls, these walls should have
a minimum thickness of 0.40 m for adobe and stone-masonry buildings, and of
0.20 m for brick or block masonry buildings unless strength, stability and
insulation conditions require more.

In order to obtain a satisfactory performance for different masonry system,
the distances between the structural walls should be limited depending on zo-
nes. Indications are given in Table 4.2:



22

Table 4.2 Recommended Maximum Distances Between Structural Walls (in m)

Construction Seismic zone
system Low Moderate H~h

Adobe and 4.5 4.5 4.5stone

Plain 10 8 6masonry

Confined and
reinforced 15 12 8
masonry

Using the above recommended values, the resulting structural layout, however,
should be verified by calculation. Limiting factor may be the vertical load-
-bearing capacity and the out-of-plane bending capacity of these walls.

4.5 Openings

Experiences have indicated a strong effect of the size and the position of
openings on the resistance of masonry buildings to earthquake loading. In the
opening zones stress concentrations may occur under lateral earthquake loa-
ds, and may lead to cracking of wall element. Therefore, in order to improve
the behaviour of masonry buildings when subjected to earthquakes, the follo-
wing recommendations should be observed, as far as the location and size of
the openings is concerned:

openings should be located in those walls which are subjected to smaller
intensity of vertical loads;

openings should be located outside the zones of direct influence of conc-
entrated loads at beam supports;

openings should be located in the same position at each story level;

openings should be located symmetrically with respect to the building con-
figuration in plan, providing the uniform distribution of stiffnesses and st-
rength in both orthogonal directions of the building;

the top Qf the openings should be at the same horizontal level;

openings should not interrupt floor tie-beams;

the total length of openings in a structural wall should not exceed half
the length of the wall;

the total cross sectional area of walls in each story, oriented in the sa-
me direction, should not be less than 4% of the gross floor area.

The recommendations regarding the distribution and dimensions of openings in
structural walls are presented in Fig.4.5. In the case that the actual dime-
nsions of openings exceed the recommended value by 30%, reinforced concrete
tie-beams should be provided at the bottom and atop of the opening, and be
connected together with reinforced concrete tie-columns located on each side
of the opening. Details are given in Chapter 6.3 and 10.2.
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5. MATERIALS

5.1 General

In addition to the structural layout, the quality of materials used for con-
struction plays a significant role in the earthquake resistance of masonry bu-
ilding.

Masonry is a composite material which consists of several materials of diffe-
rent characteristics.

masonry units,

mortar and grout,

reinforcing steel, and

concrete,

which is required to act as a unique structural material. Of course not all
materials are always encountered in every type of masonry structure.

Knowing the characteristics of the constituent materials, it is, however, not
easy to predict the characteristics of the actual masonry. In this respect it
is necessary, apart from controlling the quality of the constituent materials
by means of standard tests, to investigate the behaviour of masonry struc-
tural elements by subjecting them to earthquake loading conditions. This is
the only way to obtain sufficient information about the strength and ductili-
ty characteristics of masonry, necessary for the earthquake resistant design
of masonry buildings.

A wide variety of masonry types are used for construction in the Balkan coun-
tries, from traditional types, like adobe and stone-masonry, to the modern
ones, using brick or block masonry units.

The shape and the quality of modern units, such as bricks and blocks, are usu-
ally defined by national Standards or Codes, which differ 'from country to co-
untry, and limit the use of the units, depending, on the seismic zone and units'
types. Considering the variations in different national Standards, only some
general requirements concerning the use of different units in earthquake prone
areas, will be presented here.

5.2 Adobe

Adobe blocks (Fig.5.l) are usually made of clayey earth, consisting of 30-40%
of clay and 70-60% of earth. Of the earthen part 40% should pass through 0.063
mm sieve, but the earth should not contain stones bigger than 30 mm in diame-
ter. In case that earth contains more clay than recommended, sand, crushed
brick or stone and slag should be added. Hay or straw, which is used as an ad-
ditive, should be dry and ~ot rotten, with fibre length of about 100-120 rom
(7-10 kg of hay per each m of earth is usually enough). Mixing water should
be clean.

Characteristic compressive strength of adobe blocks is usually low and does
not exceed the value of 1 MPa. However, by treating the adobe blocks with ce-
ment, gypsum or other stabilizers, the value of 5 MPa can be reached.

Adobe putty, used in manufacturing of adobe blocks, is used for bonding the
adobe blocks.
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5.3 Stone

Excavated stones and river bed stones having different petrographic characte-
ristics (usually limestone) are the primary construction materials in stone
masonry buildings. Irregular sized uncoursed or partly coursed stones are co-
mmonly used for construction of two layered walls, the bigger stones (up to
.50 m in size) serve as the load-bearing portion of the wall, and the smaller
stones are used as infill. Regular sized coursed stones are preferable, espe-
cially in the corner and wall intersection zones. A cement-lime-sand mortar of
grade M 2.5 (characteristic compressive strength 2.5 MPa) should be used for
construction of stone-masonry walls.

5.4 Bricks and Blocks

The units used for masonry construction can be made of either burned clay,
concrete or light-weight concrete materials in different sizes and shapes,
either solid or perforated, both partialy or complete. (Fig.5.2). As a rule,
they must meet national Standards requirements.

When selecting the most suitable type of units for construction of the masonry
building, one has to consider, apart from the load-bearing capacity, the fol-
lowing aspects also:

adequate thermal and sound insulation capacity, especially in the case of
external walls;

reduction of the weight of the building (hence, reduction of seismic hori-
zontal forces);

economy of construction.

Masonry units can be either solid or perforated with vertical holes. To be co-
nsidered as solid, units should have a net cross sectional area at least equal
to 75% of the gross cross sectional area of the unit, and the thickness of at
least 20 mm for both their face shells and cross webs.

If perforated or hollow units are used for construction of structural walls
in seismic areas, their net cross sectional area should be at least equal to
45% of the gross cross sectional are of the unit, and the thickness of at le-
ast 15 mm for both face shells and cross webs.

Horizontally perforated units can only be used for construction of non-struc-
tural elements, such as partition walls.

The characteristc compressive strength of units to be used for construction
of structural walls is recommended to be not less than B 5(for both solid and
perforated units).

5.5 Mortars

Mortars to be used for construction of structural masonry should be cement
or cement-lime mortars with a minimum grade of M 2.5 (characteristic compre-
sive strength 2.5 MPa). For construction of reinforced masonry, however, the
use of cement mortar with minimum grade M 10 is recommended.

In order to obtain the appropriate mortar grade, the following rules for mor-
tar mixes, expressed in volume parts, can be observed:
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Table 5.1 - Recommended Mortar Mixes

Characteristic Proportion of mixes by
Mortar compressive volume
grade strength

(MPa) cement lime sand

M 2.5 2.5 1 3 9

M 5 5 1 2 6

M 10 10 1 0.5 5

M 20 20 1 - 3

Proportions are depending on the quality of cement and the quantity of water
used for mixing. Other mixes may be used, when verified by laboratory testing
and experience.

5.6 Reinforcing Steel

For vertical and horizontal reinforcement of walls and tie-columns or tie-be-
ams, both plain bars with characteristic yield stress of approximately 240
MPa and deformed bars (with characteristic yield stress of approximately 400
MPa) can be used.

5.7 Concrete

For construction of reinforced concrete elements which are part of the mason-
ry structural system (such as tie-beams and tie-columns), the minimum concre-
te grade C 15 (characteristic compressive strength of 15 MPa) is recommended.

5.8 Mechanical Characteristics of Masonry Walls

When designing masonry buildings the values of the mechanical characteristics
of masonry, such as:

- characteristic compressive strength

- characteristic tensile strength,

Ew
Gw

- elastic modulus,

- shear modulus,

~w - ductility factor.

must be known.

As it has already been pointed out, it is not easily possible to determine the
characteristics of the masonry from the characteristic values of the constitu-
ent materials used. The required values which are strongly depending on the
size and shape of masonry units, as well as on the quality of mortar used, can
only be obtained by means of laboratory testing.
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The comparison of test results, obtained in different countries, has shown so-
metimes significant differences between the values obtained on specimens with
rather similar characteristics (grade of units and mortar), but different sha-
pes. In this respect the values, presented in Tables 5.2 and 5.3 which are ba-
sed on Romanian and Yugoslav test results, should be considered for guidance
only. In the case other units being used additional tests are needed to evalu-
ate the characteristic compressive and tensile strength of masonry walls.

5.8.1 Characteristic Compressive and Tensile Stren~th of Masonrv Walls

The values of the characteristic compressive strength of masonry walls, fwc k'
obtained experimentally by subjecting the test specimens to vertical compreL.
ssion loading, which are recommended to be used for design of masonry build-
ings are given in Table 5.2.
The values of the characteristic tensile strength of masonry walls, fwt k' ob-
tained experimentally by subjecting the test specimens to either diagon~I com-
pression or to horizontal shear with simultaneously acting compression loading,
which are recommended for the design of masonry buildings, are given in Table 5.3

Values in parentheses are obtained in Yugoslavia, other values in Romania.

Table 5.2 Characteristic Compressive Strength of Masonry Walls
f k (in MFa)wc,

Characteristic compressive strength

Type of unit Unit Mortar gradegrade
20 10 5 2.5

Ceramic brick or 20 (10.50) 4.40 3.60 2.80
hollow block, co- (2.70)
urse depth less
than 150 mm 15 - 3.60 2.80 2.40

10 - 2.80 2.40 2.00

Light weight ce-
ramic block, co- 7.5 4.50 - - -
urse depth more
than 150 mm

Light weight co- 10 - 3.60 3.20 2.80
ncrete block, co-
urse depth more 7.5 - 3.00 2.70 2.40
than 150 mm (3.70)
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Characteristic Tensile Strength of Masonry Walls fwt,k(in MPa)

Characteristic tensile strength
Unit Mortar gradeType of unit grade

20 10 5 2.5

Ceramic brick or 20 (0.46) 0.18 0.18 0.13
hollow block, co- (0.17)
urse depth less
than 150 mm 15 - 0.18 0.18 0.13

10 - 0.18 0.18 0.13

Light weight ce-
ramic block, co- 7.5 (0.29) - - -urse depth more
than 150 mm

Light weight co- 10 - 0.16 0.16 0.11
ncrete block, co-
urse depth more 7.5 0.16 0.16 0.11
than 150 mm - (0.32) (0.26) (0.19)

5.8.2 Elastic and Shear Moduli

The values of the elastic and shear moduli define the deformability characte-
ristics of masonry. Accurate values must be known when determining the peri-
ods of vibrations as well as when distributing the story shear onto the struc-
tural walls, especially when different masonry types are used in the same st-
ory.

The values of the elastic modulus E and the shear modulus G should be obta-
ined experimentally, elastic modulu~ is defined as the secanr modulus of a
vertical compression test of a masonry wall element.

The following relationship between the characteristic compressive strength
of masonry wall fwc f' and the elastic modulus Ew may be used if experimenta-
lly obtained values' or Ew are unavailable:

E = 1000 f kw we, ... (5.1)

As the experimental results have shown, the actual values of Ew may vary be-
tween:

500 fwc,k < Ew < 3000 fwc,k • (5.2)

Similarly, the values of the shear modulus Gw can be derived from the tensile
strength of masonry wall f k' The following relationship was obtained:wt,

Gw = 3000 fwt,k ' '" (5.3)
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where actual values for different types of masonry walls may vary
between:

1000 fwt,k < Gw< 5000 fwt,k
for different types of masonry walls.

... (5.4)

Experimental results indicate that the ratio between the characteristic ten-
sile strength and the characteristic compressive strength does not vary much:

f k'" 0.05wt, fwc,k to 0.07 fwc,k
for different types of masonry walls. Taking this into consideration, the ave-
rage ratio between elastic and shear moduli becomes a constant:

5.8.3 Ductility

Ew
Gw

c 6 .. , (5.5)

Masonry, and especially plain masonry is a brittle structural material. Howe-
ver, as the test results have indicated, a certain degree of ductility can be
observed when the masonry is subjected to a combination of vertical and cyclic
horizontal loading, and a rather high possibility of energy dissipation (Fig.
5.3).
The envelopes of the experimentally obtained hysteresis loops, which repre-
sent the relationship between the horizontal force and horizontal deformati-
ons of the test specimens can be idealized in order to obtain strength and
deformability characteristics (Fig.s.4).

Ductility factor is defined as the ratio between the deformation at failure
and the deformation at the idealized elastic limit:

Ömax~w c --ö--- .,. (5.6)
o

where:

~w - ductility factor,

Ömax - maximum deformation,

Ö - deformation at the idealized elastic limit.
o

Rather high values of ductility factors have been obtained experimentally for
plain masonry elements of different types, failing in shear (~c 2.0 - 5.0),
and even higher values for plain masonry elements, failing in flexure, or ho-
rizontally reinforced masonry elements, failing in shear.

However, when verifying the earthquake resistance of masontybuilding by using
limit states methods, it is recommended that the following ductility factors
for wall elements be taken into account:

~ c 1.5 for plain masonry, and

~ = 2.0 - 3.0 for confined and reinforced masonry.

The proposed values should be valid for both shear and flexural mode of fai-
lure of wall elements.
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6. CONSTRUCTION SYSTEMS

6.1 General

Different system of masonry construction are used for masonry buildings in
the Balkan countries. According to the constituent materials and technology
used in construction, the following three basic construction systems can di-
stinguished:

plain masonry,
confined masonry, and
reinforced masonry.

Because of the different structural configurations the behaviour of the three
basic systems is quite different; plain masonry represents basically a britt-
le structural material, whereas confined and especially reinforced masonry
represents a structural system of improved strength and ductility.

In the Balkan countries plain masonry was commonly used before adopting ase-
ismic regulatins. Confined masonry, which was introduced in the sixties, be-
came very popular because of the good behaviour observed during several sub-
sequent earthquakes. On the other hand, reinforced masonry, representing the
best masonry construction system in the earthquake loading, has practically
not been used. Several attempts to introduce reinforced masonry have been ma-
de, without necessarily following procedures which would have resulted in a
basically optimum design. Nevertheless, information on design and construc-
tion of reinforced masonry will also be presented here to illustrate its po-
tential benefits.

Considerable research on the behaviour of reinforced masonry, subjected to
simulated earthquake loadings has been performed throughout the world, and
many principles for the construction and design of systems are known. Howe-
ver, not many data are available regarding the construction systems used in
the Balkan region. In this respect, further research is needed to study the
behaviour of national materials and the possible construction technologies.
This very fact is also the reason why the height of buildings, even if con-
structed in reinforced masonry, has been limited. Unless new experimental da-
ta will be available, the use of masonry construction may well be limited to
relatively low-size buildings.

6.2 Plain Masonry

6.2.1 Adobe

Adobe blocks and adobe putty, as described in Chapter 5.2 should be used for
construction of adobe buildings (Fig.6.l). A minimum wall thickness of 0.40 m
is required.

The height of the adobe wall should be limited to 2.70 m, and the maximum
clear distance between the cross walls must no exceed 4.50 m. Four wooden
tie-beams, as described in Chapter 10.2.2 should be provided in the wall, si-
tuated above the foundation, above and below the window and below the roof.

The openings should be located at least 1.00 m from the building corners and
at least 0.50 m from the wall intersections. If the pier length between the
openings is less than 0.60 m, then two 100 x 100 mm timber posts should be
provided on both sides of the opening, well connected to the tie beams. The
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dimensions of openings should not exceed 1.00 x 2.10 m for doors and 0.90 x
x 1.40 m for windows.

6.2.2 Stone-Masonry

For construction of stone masonry walls either irregular sized uncoursed and
partly coursed stones or regular sized coursed stones are used.

In the case of irregular sized uncoursed or partly coursed stone, the minimum
wall thickness of 0.40 m is required (Fig.6.2). If the walls are constructed
as two layered walls, the outer layers of bigger stones serve as the load be-
aring part of the wall, with the inner infill of smaller pieces of stone. Co-
nnecting stones must be provided, at least one per each square meter of the
vertical area of the wall. M 2.5 grade cement-lime mortar should be used for
construction and care should be taken that all the voids between the stones
are filled with mortar, especially the inner infill part of the wall.

Horizontal running bond is required for construction of stone-masonry walls,
and vertical stacked bond is to be avoided. Regular sized coursed stones must
be used at the corners and wall intersections, providing better connections
in these, critical, zones (Fig.6.3).

When constructing the building in seismic zone H, the construction course mu-
st be leveled at each 1.0 m height (2.0 m in seismic zones Land M) and the
reinforced concrete tie beams, as described in Chapter 10.2, must be provid-
ed, connecting the structural walls all around the building (Fig.6.4).

If regular sized coursed stones are used for construction, the same rules us-
ed for construction of brick and block masonry should be observed.

6.2.3 Brick and Block Masonry

Brick and block masonry walls should be constructed according to the rules
of good mason workmanship as listed below:

before the construction, masonry units must be soaked in water in order to
prevent burning of the mortar, especially cement;

masonry units must be laid by overlapping the units of the previous cour-
se for at least one quarter of the unit's length (Fig.6.s);

vertical stacked bond is not allowed;

the thickness of horizontal joints should be not more than 15 mm, and that
of vertical joints not more than 15 mm, but not less than 10 mm.

As a rule, the same type of masonry units should be used for structural walls
in the same story. The thickness of structural walls should not be less than
200 mm, unless stability and insulation criteria require more. It is recomm-
ended, that the thickness of individual walls is kept constant over the entire
height of the building.

Bracing walls should be constructed simultaneously with load bearing walls.
If the course depth of the two crossing walls is not identical, their conne-
ctions should be carried out by means of built-in reinforced concrete tie-co-
lumns (Fig.6.6).
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In order to improve the behaviour of plain masonry when subjected to earthqu-
akes, reinforcing bars can be placed in horizontal mortar joints in the cor-
ners and wall intersection zones, using a cement mortar (Fig.6.7).

6.3 Confined Masonry

Confined masonry is a construction system, where reinforced concrete vertical
tie-columns, located at regular intervals and connected together with reinf-
orced concrete horizontal tie-beams, confine plain brick or block masonry st-
ructural walls, thus forming a framed masonry panel.

As the experimental investigations and the experiences obtained after the ea-
rthquakes have shown, providing reinforced concrete tie-columns results in:

improvement of connection between the masonry upper structure and the fo-
undation system;

improvement of stability of slender masonry walls;

improvement of strength and ductility of masonry panels;

reduction in the risk of disintegration of masonry panels, damaged by the
earthquake.

In order to be effective, reinforced concrete tie-columns - which are basi-
cally vertical non-load bearing structural elements-should be located at all
corners and recesses of the building and at all crossings and joints of struc-
tural walls. Additionally, depending on the seismic zone such r.c. tie-colu-
mns should be located at all free extremities of structural walls, and at all
opening sides, exceeding the recommended size.

The maximum distance between the two consecutive tie-columns should not exce-
ed 5.0 m and they should be cast after the construction of all structural wa-
lls in the same story.

A typical distribution of reinforced concrete tie-columns in plan is shown in
Fig. 6.8.
The following detailing provisious, as shown in Figs.6.9 and 6.10 should be
observed:

as a rule, the width of the tie"column should be equal to the thickness of
wall, forming a minimum cross-sectional area of 0.2Ux 0.20 m. In the case of
external tie-columns, their width can be reduced in order to allow the ther-
mal insulation layer be provided on the external face of the wall. Sometimes,
special hollow blocks can be used for construction of tie-beams.

minimum concrete grade C 15 (characteristic compressive strength 15 MPa)
should be used for construction;

minimum amount of longitudinal reinforcement should be equal to four 12 mm
diameter plain bars (yield stress of approximately 240 MPa) or four 10 mm di-
ameter deformed bars (yield stress of approximately 400 MPa).

stirrups of 6 mm diameter plain bars at 200 mm intervals should be used
for transversal reinforcement, more closely spaced at the splicing zones and
above and below tie-beams.
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6.4 Reinforced Masonry

6.4.1 Reinforced Masonry Forms

Reinforced masonry in principle offers the possibility to develop significant
ductility in masonry wall elements and in the structures as a whole. In gene-
ral, the following three forms of construction can be recognized:

Confined reinforced masonry,
Reinforced grouted masonry, and
Reinforced hollow-unit masonry.

While masonry with a confinement of tie-columns and beams is widely used in
the Balkan region, the use of reinforced masonry as a form of construction
has been limited in general. While in Greece reinforced masonry is widely us-
ed in certain areas of high seismicity, the use in Bulgaria, Hungary, Rumania
and Turkey is virtually nonexistent. On the other hand, in Yugoslavia reinfor-
ced masonry in one of the above forms is finding still limited although incre-
asing application in residential buildings; Considering the benefits to be de-
rived from using reinforced masonry a review of the three major forms of rein-
forced masonry is presented in the following sections.

Confined Reinforced Masonry

Confined reinforced masonry is a combination of confined masonry reinforced
horizontaly with the reinforcement placed in the intermittent bed joints and
anchored into the tie-columns. Different kinds of horizontal reinforcement can
be used (Fig.6.ll), such as plain or deformed bars in the form of stirrups,or
plain cold drawn prefabricated units of two parallel bars, connected by means
of trussed or transverse bars,spot-welded to the longitudinal bars.

For the construction of confined reinforced masonry either normal brick and/or
block masonry units or specially formed units, with channels for placing the
horizontal reinforcement, can be used.

The horizontal reinforcement must be well anchored to the tie-columns,which
are located at both ends of the wall panel, as shown in Fig.6.l2.

Reinforced Grouted Masonry

Reinforced grouted masonry consists of two wythes of masonry units (bricks or
blocks), separated by a grouted cavity in which the vertical and horizontal
reinforcement is placed (Fig.6.l3).

The wythes are usually one unit thick (about 100 mm), and the cavity is 60-100
mm wide. The two wythes must be connected by means of stirrups or equivalent
ties; there should be at least one 6 mm diameter bar stirrup provided for each
0.25 m2 of the wall area. The masonry units should be laid in running or stre-
tched bond, and vertical stack bond should be avoided.

The grout can be poured as the work progresses or after the masonry units have
been laid. In this respect, two different construction procedures are defined
below.

In the low-lift grouting procedure the vertical. reinforcing bars are first pla-
ced into position. Then, the horizontal bars and stirrups are placed and grou-
ted in as the laying of the masonry units progresses.
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In the high-lift grouting procedure the mesh of vertical and horizontal bars
is placed into position. Then, the masonry units are laid on each side of the
reinforcement, and after the masonry is built a full story height, the cavity
is filled with grout. At the time of construction both wythes should be kept
at the same level, connected by means of stirrups (ties) placed at intervals
that do not exceed 0.60 m horizontally and 0.40'm vertically. The stirrups sh-
ould be laid in the bed joints and in the same vertical line to facilitate
the vibrating of the grout pours. Cleanout openings of sufficient size and lo-
cation should be provided to allow flushing away of mortar droppings and deb-
ris at the bottom of each pour.

All mortar droppings and overhangs should be removed from the foundations or
other bearing surfaces and reinforcing. Grout should be transported from the
mixer to the point of deposit in the grout gap as rapidly as possible by pump-
ing and placing methods which will prevent segregation of the mix and will mi-
nimize grout splattter on reinforcing and masonry unit surfaces, which are im-
mediately encased in the grout lift.

Contact surface of all foundations and floors that have to support masonry
should be cleaned and roughened in order to provide a good bond between the
grout fill and the concrete surfaces.

Reinforced Hollow Unit Masonry

Reinforced hollow unit masonry is usually made of a single wythe of hollow ma-
sonry units (bricks or blocks), reinforced vertically and horizontally with
steel bars. At least the cores and voids containing reinforcement must be fi-
lled with grout as the work progresses (low-lift grouting procedure) (Fig.6.l4).

When constructing the hollow unit reinforced masonry walls the vertical rein-
forcing bars are usually placed into position before laying the masonry units.
Then, the horizontal bars can be placed in specially formed units or in stan-
dard units. Finally, vertical and horizontal bars are grouted as the work pro-
gresses.

6.4.2 Minimum Reinforcement

The reinforcement should be uniformly distributed in order to improve strength
and ductility of masonry walls. The minimum reinforcement ratio depends on the
quality of the masonry. However the experience shows that a minimum percentage
of reinforcement, at least equal to 0.10% of the gross cross-sectional area
of the wall should be placed both vertically and horizontally. The spacing bet-
ween the adjacent bars should exceed neither 800 mm horizontailly nor 600 mm
vertically. In order to ensure good bonding conditions between the reinforcing
bars and the grout, the maximum bar diameter for reinforced grouted masonry
should be limited to [7J:

t
d ; -B.
b 4

and for reinforced hollow unit masonry to:
tw
10

where:
db - bar diameter,

t - thickness of the grout core, andg

... (6.1)

... (6.2)
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t - overall wall thickness.w

No more than one bar should be placed in any cell of hollow unit masonry.

6.4.3 Splicing and Anchorage

For vertical bars it is proposed [7J to provide .an overlapping length, given
by

ld = 0.145 fy db (in mm),

but not less than 500 mm, where:

ld - lap length (in mm)

f - yield limit of reinforcing steel (in MPa);y

db - bar diameter (in mm).

.• , (6.3)

Horizontal bars should be hooked around the extreme vertical bars, or a 900
vertical bend and extension parallel to the vertical reinforcement should be
used. In no case should horizontal shear reinforcement be lapped in potential
plastic hingening zones.

15 '6 1513001l~001i

Wall 400 mm thick

Wall 600 mm thick

All dimensions are In mm

15 15
I ,400 II 300. II

Wall corner 400 mm thick
Wall corner 600mm thick

Fig.6.l - Typical adobe construction
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.Fig.6.2 - Typical construction of stone-masonry walls

Fig.6.3 - Construction of corners and wall intersections

I
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Fig.6.4 - Location of tie-beams
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Fi8.6.S - Typical construction of brick masonry walls

a.Horlzontal section b.Verllcal section

Fig.6.6 - Connection of structural walls with different course
depth by means of tie-column
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Reinforcement In JoInt
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Fig.6.7 - Masonry reinforcement in horizontal joints

Fig.6.8 - Typical plan distribution of reinforced concrete tie-columns
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Fig.6.9 - Typical details of reinforcement
of tie-columns
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Fig.6.l0 - Typical detail of reinforced
concrete tie-column with shear
key
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Fig.6.1l

Fig.6.l2
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Fig.6. 13 - R ienforced grouted masonry

Fig.6.l4 - Re inforced hollow unit masonry
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7. DESIGN ASSUMPTIONS AND PROCEDURES

During the past earthquakes in the Balkan region, most of the loss of human
lives occurred due to the collapse of traditionally constructed masonry bu-
ildings. In order to avo!d future loss of life, the Balkan countries intro-
duced different earthquake resistance provisions in their Codes, concerning
the construction and design of masonry buildings in earthquake prone areas.

It is not easy to unify the requirements of different Codes as far as the va-
lues of different coefficients and the different methods for design and anal-
ysis of structural elements and buildings are concerned. However, some gene-
ral assumptions and procedures concerning analysis and designlof masonry build-
ings, subjected to earthquakes are given in this section.

7.1 Fundamental Principles for Earthquake Resistant Desi~n and
Analysis of Masonry Buildings

The construction of earthquake resistant buildings is governed by economical
Considerations rather than technical issues. It is possible to construct bu-
ildings which will resist even the strongest expected earthquake with no da-
mage, but the construction of such a building will be very expensive, and ac-
ceptable in only exceptional cases (hospitals, fire stations, etc).

The aim of the earthquake resistant design of buildings is to ensure the ad-
equate, acceptable degree of earthquake protection, which means that:

in the case of moderate intensity earthquakes, which may occur rather fre-
quently during the building's life period, the building should not suffer str-
uctural damage;

in the case of the maximum expected intensity earthquake in the region, the
building should not suffer total or partial collapse, hence saving the human
lives. The expected damage should be limited so that the building can be quic-
kly repaired and restored to its normal functioning.

7.2 Seismic Actions

7.2.1 General

The dynamic effect of ground motion, acting on the building can be affected
in different ways, according to desired level of accuracy and complexity of
the analysis, as given below:

by means of equivalent statical horizontal loads, independent of the dyna-
mic characteristics of the building;

by means of equivalent statical horizontal loads, depending on the dynamic
and ductility characteristics of the building;

by means of dynamic analysis using recorded or artificially created accele-
rograms.

When designing the building to resist earthquakes, both horizontal and verti-
cal seismic action should be taken into account. The effect of vertical acti-
on, however, is not significant in case of structural walls, and needs usually
be checked for large span beams and cantilever elements only.
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7.2.2 Horizontal Seismic Actions

Base Shear

In the case of masonry buildings of limited height and plan dimensions, the
horizontal seismic action is usually given in terms of !"base shear", which
represents the resultant of the inertia forces distributed over the height
of the building, acting horizontally in both principal directions of the bu-
ilding.

The magnitude of the base shear is determined in accordance with the follow-
ing formula:

v

where:

V - base shear,

C - base shear coefficient,

C W, .•• (7.1)

W - weight of the building above the ground level, taking into account the
total weight of the structure and secondary elements, as well as the prescri-
bed portion of the floor live load and the effective snow load.

Base Shear Coefficient

The base shear coefficient is usually given in terms of several factors, which
take into account regional seismicity, local soil counditions, importance of
the building, and dynamic and structural characteristics of the building.

In order to develop a numerical value for the base shear coefficient different
quantitative values for the factors mentioned above hav~ been assigned by the
various Balkan countries. This Manual does not give all of these values, but
provides ranges for some of them to show representative values.

~~8!~~~!_~~!~~!~!~r~The regional seismicity is generally defined in terms of
effective peak acceleration, and each country has selected values for use in
design. Table 7.1 defines three general seismic zones and does give a range
of effective peak accelerations for each zone. Moreover, Table 7.1 offers a
correspondance with the MSK-64 intensity scale.

Table 7.1 - Values of Ground Accelerations According
to the MSK-64 Intensity Scale

Seismic zone Low Moderate High

Degree of seismic inten-
sity according to MSK-64 9 8 7
intensity scale

Ground accelerations
(a/g) according to 0.20-0.40 0.10-0.20 0.05-0.10
MSK-64 intensity scale
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~l~~~!£_£~~ff!£!~~!represents the dynamic amplification factor and is rela-
ted to the natural period of the building and soil characteristics. Again,
each country has adopted different idealized response spectra in its seismic
Code.

The fundamental periods of normal height masonry buildings usually do not
exceed 0.5 s, therefore the value of dynamic coefficient might be taken as a
constant which is the maximum value given by the response spectrum.

Behaviour factor takes into account the ductility and energy dissipation ca-
päclty-öi-the-structural system. In the case of masonry buildings, distincti-
on is made between the behaviour of plain masonry and confined or reinforced
masonry systems.

Accordingly, the experimental investigations and post earthquake observations
have shown, that the following values of the behaviour factors of masonry st-
ructural systems can be proposed:

plain masonry: K = 1.0
confined and reinforced masonry: K = 1.5 - 2.5.

7.2.3 Distribution of Seismic Forces Over the Buildin~ Hei~ht

In the case of masonry buildings the assumption of linear distribution of se-
ismic inertia forces over the building height, corresponding to the fundamen-
tal mode shape, is usually taken into account.

The story seismic forces Si are then determined as follows:

'" (7.2)

where:

Si - seismic force, acting at i-th story level;

Hi - distance of the i-th story from the base of the structure;

Wi - weight of the i-th story;

n - number of stories.

7.2.4 Torsion

The structural analysis for seismic action is carried out, as a rule, by con-
sidering the seismic forces acting at the story mass centres, separately in
each of the two principal directions of the structural system.

In the case where the position of the story mass centre does not coincide with
the position of the story stiffness centre, torsion takes place.

Wh~n analyzing the earthquake resistance of masonry buildings, torsional ef-
fects are taken into account by considering the eccentricity between the sto-
ry mass and stiffness centres, as given in the following formula:

... (7.3)
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where

e - eccentricity of the story mass centre with respect to the story stif-
f!ess centre;

e2 - conventional additional eccentricity, expressing the effect of the dif-
ferences of the ground motion along the building length. Usually, this value
is taken equal to 5% of the maximum building dimension in plan.

7.2.5 Vertical Seismic Actions

The vertical seismic forces are determined by multiplying the gravitional lo-
ads of the respective structural elements by the coefficient

Cv = ~ 0.7 C,

or similar, as defined in national Codes.

7.2.6 Seismic Loads for Non-Structural Elements

... (7.4)

The total seismic load acting on a non-structural element may be determined
by multiplying its own weight by the coefficient C, as given Table 7.2, de-
pending on the seismic zone.

Table 7.2 - Values of Coefficinet C

Type of non-structural Direction of seismic L M Helement action

Partition walls Perpendicular to the 0.08 0.15 0.30plane of the element

Gable end walls or Perpendicular to the
other cantilever plane of the element 0.20 0.40 0.80
walls

Ornamentations, Any direction 0.30 0.60 1.20chimneys

7.3 Earthquake Resistance Analysis of Masonry Buildings

Either elastic or non-linear methods can be used for earthquake resistance
analysis of masonry buildings. Mathematical models for calculation of the
effect of lateral loading on masonry buildings are more or less the same in
both cases. Non-linear methods, however, give the possibility to estimate
the realistic behaviour of masonry buildings when subjected to earthquakes.

7.3.1 Mathematical Model

Masonry building represents a shear-wall structural system, so basic princip-
les, hypotheses and mathematical models used in aseismic design of such kind
of structural systems can be applied to masonry buildings, too.

However, due to specific mechanical characteristics of masonry, the mathema-
tical models used for analysis of reinforced concrete structures can be sim-
plified, especially having in mind the limited height of masonry buildings,
and hence the prevalence of shearing effect of lateral earthquake loading on
walls.
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Masonry shear walls are usually considered to act as vertical cantilevers,
fixed at their base and interconnected by means of floors, which are suppo-
sed to act as rigid horizontal diaphragms, distributing lateral load onto in-
dividual walls according to their stiffnesses.

This assumption, however, is valid only where simple cantilever shear walls
located in the same plane are linked between them by flexible floor slabs,
which ensure that the moment transfer between the walls is minimised (Fig.
7.1). In this case, openings within the wall must be kept small enough to en-
sure that the vertical cantilever action is not affected.

Masonry shear walls are most often pierced by window and door openings, as
shown in Figs. 7.2 and 7.3. In this case, however, the assumption of shear
walls acting as vertical cantilevers, in no more valid. Under lateral loading
the weak point may be either the piers (Fig.7.2) or the spandrel beams (Fig.
7.3) •

If the piers represent the weak point, which is the more common case, they
are required to exhibit substantial ductility. Damage and hence plastic de-
formation are concentrated in the piers of generailly the lowest story. Con-
sequently, the failure load (earthquake resistance of the building) will be
attained when the flexural or shear strength of the lowest level piers is re-
ached. Other structural elements will not have yielded at this stage.

If, on the other hand, the openings in masonry walls will be of such propor-
tions that spandrels will be relatively weaker than piers, the behaviour will
approximate coupled shear walls (Fig.7.3).

However, to satisfy the high ductility demand generated in the spandrel beams
diagonal reinforcement is generailly required. Such a system is unsuitable
for structural masonry, so rapid strength and stiffness degradation is likely
to occur. This degradation results in an increase in wall moments: the walls
finally behave as simple linked cantilevers and they must be designed accor-
dingly.

7.3.2 Wall Stiffnesses

The horizontal earthquake forces are distributed onto the individual walls
proportionally to their stiffnesses, assuming rigid horizontal diaphragm flo-
or action.

The stiffness of wall element depends on its dimensions, its material charac-
teristics (elastic and shear modulus) and the conditions of support at top and
bottom.

For a pier or wall element, fixed at top and bottom, the initial, elastic sti-
ffness is given by:

K
G

1.2h
1 +

A

G
0.83 E

2
(!!.)
1

... (7.5)

For a cantilever pier or wall element, the initial, elastic stiffness is gi-
ven by:

K = G A (7.6)1.2 h 2 ...
G (!!.)1 + 3.33 E 1
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where:

K - initial, elastic stiffness of wall,
A - horizontal cross-sectional area of wall,
h - height of wall,
1 - length of wall,
E - elastic modulus of wall,
e - shear modulus of wall.

7.3.3 Calculation Procedure

The following general sequences of calculation are usually carried out in ca-
se of the elastic analysis:

masses of the building, concentrated at floor levels are determined and
vertical loads in walls are calculated;

horizontal seismic forces or base shear acting on the building in each of
the principal directions are calculated according to Code requirements;

using appropriate mathemacital models, the stiffnessesof individual wall
elements are evaluated;

story shear is distributed onto the individual walls according to their
stiffnesses, and sectional forces (bending moments, shear forces, and axial
forces) are calculated;

finally, sectional capacities are calculated and compared to the correspo-
nding sectional forces.

Non-linear method

In this section a non-linear method for earthquake resistance analysis is bri-
efly presented. Although this method has simplified and approximate character,
both the elastic and non-linear part of the behaviour of masonry building, sub-
jected to lateral earthquake loads, can be estimated.

Again, masses of the building, concentrated at floor levels and vertical loads
in walls are calculated first. Then:

strength and deformability characteristics of individual walls in the shape
of idealized H-ö diagrams are calculated assuming shear wall with pier action
(see Fig.7.2), i.e. individual walls in the story being fixed at both ends;

position of story stiffness- and story mass-centres is determined and ini-
tial torsional rotation angle is calculated;

story force-displacement diagram is calculated by means of step-wise inc-
reasing the displacement of story mass-centre, following the idealized H-ö di-
agrams of individual walls and correcting the torsional rotation angle, if ne-
cessary (Fig.7.4);

earthquake resistance of building is calculated in terms of base shear coe-
fficient, dividing the maximum calculated resistant force by the vertical loa-
ds of the building. The calculated value of base shear coefficient is compared
to the required value as given in the Code.
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Interpretation of results obtained by means of the above described method gi-
ves possibility to observe the behaviour of all the walls in the story when
subjected to lateral load. The weak points in the structural system can be
clearly seen and the necessary measures can be provided in order to improve
strength and ductility characteristics of critical elements.

-

Fig.7.1 - Simple cantilever shear walls
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8. ANALYSIS AND DESIGN OF STRUCTURAL WALLS

Post earthquake observations and the experimental investigations, carried out
in many countries have shown, that two modes of failure of structural walls
can occur, depending on their geometry (height to length ratio) and mechani-
cal characteristics of materials:

flexural failure occurs when crushing of the compressed zones occurs after
the-hö;izöntäl:-tensile cracks on the tensioned sides have diminished the eff-
ective cross-sectional area of the wall. Characteristic compressive strength
of the wall is the governing parameter, which defines the flexural resistance
of wall.

~~~~E_f~!!~E~Lor diagonal tension failure occurs when diagonal cracks eit-
her following the mortar joints or passing through the units develop in the
wall. Horizontal, tensile cracks may also occur before the shear failure ta-
kes place. Characteristic tensile strength of the wall is the governing para-
meter, which defines the shear resistance of wall.

In the following sections some formulae for the evaluation of the flexural and
shear capacity of wall elements, constructed in different construction systems,
will be briefly discussed.

8.1 Plain Masonry

8.1.1 Flexural Capacity

When calculating the flexural capacity of structural wall subjected to simul-
taneous vertical and lateral loading, it is usually assumed that the masonry
cannot carry tensile stresses. In this case tension cracks will start at the
tensioned sides, and will propagate until the wall fails in compression. At
that instance (Fig.8.l) the actual &ape of stress diagram can be idealized as
rectangular stress block, the resultant of which equals the vertical load in
wall.

Mu

Accordingly, the flexural capacity is given by:
o t 12 0
o 02 (1- -f----)'

wc,k

where:

... (8.1)

M
u

oo

- flexural capacity of wall,

- the average vertical compressive stress in the wall due to
vertical load,

f - characteristic compressive strength of the wall,wc,k
t - thickness of the wall,

1 - length of the wall,

h - height of the wall.
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B.l.2 Shear Capacity

The relationship between the average ultimate shear stress in the wall at fai-
lure, which defines the shear capacity of the wall, and the average vertical
stress in the wall due to vertical loading, can be expressed by means of the
characteristic tensile strength of the wall in the following way (Fig.B.2):

a
_0__ + 1
fwt,k

... (B.2)

The ultimate shear capacity of the wall can be obtained by multiplying the
value of the average ultimate shear stress by the horizontal cross-sectional
area of the wall:

where:

v
u

f
A~

b

a
_0__ + 1

fwt,k
... (B.3)

v
u

T
U

ao

- ultimate shear capacity of the wall,

- the average ultimate shear stress in the wall,

- the average vertical compressive stress in the wall due to vertical
load,

f - characteristic tensile strength of the wall,wt,k
A - horizontal cross sectional area of the wall,

~ - shear stresses distribution coefficient.

The value of the shear stresses distribution coefficient g~" represents the
ratio between the maximum and the average shear stress in the critical sec-
tion. It is depending on the geometry of the wall (height to length ratio) as
well as on the loading conditions(vertical load eccetricity to length ratio).
The value of "~" varies from LS in the case of slender walls (height to wi-
dth ratio greater than 1.5) to 1.0 in the case of wide walls (height to ratio
less than LO).

B.l.3 Interaction Diagrams

Since most walls are under a combined state of stress, failure theories are
employed to determine the failure mode. Interaction diagrams can be prepared
that express the relationship between the vertical load and the lateral resis-
tance of walls in a nondimensional form. An example of such an interaction di-
agram, presenting both flexural and shear capacity of plain masonry walls is
presented in Fig.B.3, for a given quality of masonry, which expresses the ra-
tio between the characteristic tensile and the characteristic compressive str-
ength.

B.2 Confined Masonry

Depending on the structural layout, tie-columns can be located either on one
or both ends of the masonry wall or in its middle part, so generally speaking,
all these cases should be taken into account when determining the resistance
of the confined masonry wall to lateral loading. A possible approach will be
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explained for the case of tie-columns, located on both ends of the masonry
wall, which represents the confined masonry panel.

8.2.1 Flexural Capacity

The flexural capacity of a confined masonry panel is defined when the ulti-
mate compressive strain at the compressed side is reached with simultaneous
yielding of the tensile reinforcement at the tensioned side (Fig.8.4).

The flexural capacity, expressed as the ultimate bending moment, can be obta-
ined as:

M
u

... (8.4)

where:

Mu - ultimate flexural capacity of the confined masonry panel,

N - vertical force acting on the panel,

t a (Is - ~) + A (n-l) (1 - !!2) - x, ... (8.5)2 c ,c se
u

In the case of rectangular
0.85 .If f kwe,

N

eu - ultimate eccentricity of the vertical force.

cross sections, the value of eu is determined as:

where

a = N + A
s.t

0.85'" t
f s,y
f cc,k

A
e,e

(n-l)

t
... (8.6)

and

n =
fwc,k

0.85 f kcc,
... (8.7)

a - width of the equivalent compressive stress block,

n - equivalence coefficient for concrete compressive strength relative
to the compressive strength of the masonry,

f wc,k

fcc,k

- characteristic compressive strength of the masonry,

- characteristic compressive strength of concrete,

f s,y - yield stress of the reinforcing steel,

AC,c - cross-sectional area of the compressed tie-column,

A
s,t

- cross-sectional area of the tensile reinforcement,

t - thickness of the confined wall,

d - depth of the tie-column,

1
P

- length of the panel,
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Is - lever arm of the resultant tension force,

~ - buckling coefficient

8.2.2 Shear Capacity

The shear capacity of a confined masonry panel is defined when diagonal crac-
king occurs in the masonry panel due to the diagonal tension (Fig.8.5).

The shear capacity can be evaluated by using the following equation:

, 1'""k [:1 h 2
N

+~
V = + (IT) + ... (8.8)u A fe wt,k

where:

Vu - ultimate shear capacity of the confined masonry panel,

N - vertical force acting on the panel,

f - characteristic tensile strength of the masonry,wt,k
t - thickness of the confined wall,

1 - length of the confined wall,

h - height of the confined wall,

Ae - equivalent cross-sectional area of the panel.

8.3 Reinforced Masonry

8.3.1 Flexural Capacity

The flexural capacity of a vertically reinforced masonry wall can be evalua-
ted by following the same approach as that used for reinforced concrete (li-
near strain distribution across the section), as shown in Fig.8.6.

In the case of concentrated vertical reinforcement at both ends of the wall
element, and subjected to simultaneously acting vertical and lateral loading,
the flexural capacity, expressed as the ultimate bending moment, can be obta-
ined as:

where:

M
u N . e

u
... (8.9)

MU - ultimate flexural capacity of the reinforced wall,

N - vertical force, acting on the wall,

eu - ultimate eccentricity of the vertical force.

In the case of equal amounts of reinforcement being placed at both ends of the
wall, and assuming that yielding of reinforcement in both tension and compre-
ssion takes place simultaneously, the following expression is obtained:
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where:

M =
u

ao
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t 12 a
(1 - _0_) + 2 A f (1 - ])

fwc,k s s,y 2 ... (8.10)

M
u

a
o

fwc,k
f s,y
A
s

t

1

h

8.3.2

- ultimate flexural resistance of reinforced wall,
- the average vertical compressive stress in the wall,
- characteristic compressive strength of the wall,
- yield limit of the reinforcement,
- cross sectional area of reinforcement,
- thickness of the wall,
- length of the wall,
- height of the wall.

Shear Capacity

It might be suppoged that uniformly distributed vertical reinforcement cros-
sing potential 45 failure planes would be equally as efficient in shear tra-
nsfer as horizontal reinforcement, and thus flexural steel near the centre of
the wall could not be utilized to carry the shear load. However, once cracking
has initiated the shear force tends to displace the upper portion of the wall
horizontally, past the lower portion, rather than open the crack perpendicular
to the cra ck plane (Fig.8.7) •

Under these conditions the horizontal steel resists the shear force by direct
tension, but vertical steel resists the force by dowel action, which can only
be mobilised if substantial horizontal displacement occur across the crack.
Taking this into consideration, it can be shown, that in optimum conditions,
the vertical steel can carry the shear, equal to:

2V = 0.20 db f ,v s,y

whereas the horizontal steel carries
IT d2

V = __ b f
h 4 s,y

db - diameter of reinforcing bar.

... (8.11)

... (8.12)

In other words, the same amount of steel, placed vertically, can carry 25% of
shear, carried by horizontally placed steel.

Generally speaking, the shear capacity of a vertically and horizontally rein-
forced wall can be given as:

... (8.13)

where:

Vu - ultimate shear resistance of reinforced wall,
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- horizontal cross-sectional area of the wall,

- cross-sectional area of vertical reinforcement,

- cross-sectional area of horozontal reinforcement,

- average ultimate shear stress in the wall,

- yield limit of reinforcing steel,f s,y
~l' ~2' ~3 - capacity reduction factors, determining the contribution of

respective components to the shear resistance of walls.

As the test results have shown, the contribution of the wall to the shear ca-
pacity, after the cracking takes place, can be neglectect, and the effect of
reinforcement only should be taken into account. For the case of height to
length ratio of walls is greater than 1.0:

V=~A f+~A fu 2 s,v s,y 3 s,h s,y

The following values for capacity reduction factors should be used:

~2 0.20, and

~3 0.90.

t4N

I,
I
I

~~ ..crack

t -0:301.a u

a
x = 0.&5

l l
2 2

(8.14)

Fig.8.l - Ultimate stress state at flexural
failure of plain masonry wall
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for -a- < 0.9

Experimenlal results:
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Fig. 8.2 - Ultimate shear strength of plain masonry walls in
dependance of vertical load in nondimensional form
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Fig. 8.3 - Typical lateral resistance versus vertical load
interaction diagrams for plain masonry ,walls
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Fig. 8.5 - Mathematical model for calculation of
shear capacity of confined masonry wall
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Fig. 8.6 - Ultimate stress state at flexural
failure of reinforced masonry wall

N

Fig. 8.7 - Mechanism of shear transfer in vertically
or horizontally reinforced masonry wall
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9. FOUNDATIONS

The foundation system transmits both vertical and horizontal forces from the
structure to the ground.

In order to ensure the earthquake resistance of masonry building, its subst-
ructure (including foundations and or basement walls) should be able to dis-
tribute the forces uniformly to the ground, according to soil bearing capa-
city. Of course, care should be taken when selecting the construction site
in order to avoid the phenomena of land-sliding and soil liquefaction.

The foundation system of masonry buildings should consist of continuous foot-
ings, designed according to the current practice. The depth of the footings
should go below the level of deep freezing as well as below the level of
shrinkage cracks in clayey soils. However, the depth of all footings of the
building foundation system should preferably be at the same level. The foot-
ings are made of plain or reinforced concrete, using minimum concrete grade
C 5. Specific provisions should be considered in the case of unfavourable so-
il conditions, high water-table level, or similar.

Basement walls can be constructed of various materials, depending on the nu-
mber of stories, structural characteristics, and soil conditions:

uncoursed rubble stone masonry or rubble concrete, can be used for buil-
dings of maximum two stories high in seismic cone,of low intensity (L) and
one story high in seismic zones; of moderate and high intensity (M and H);

plain or reinforced concrete of minimum grade C 10;

masonry, in the case of internal basement walls.

The thickness of basement walls should be at least equal to the thickness of
walls in the ground floor. The walls must be designed to resist the out-of-
plane earth pressure.

Openings in the basement walls should be located in the same position in plan
as the openings in the upper structure, and should not reduce the horizontal
cross-sectional area of the wall by more than 20%. The lintels should be made
of cast-in-place reinforced concrete, and monolithically connected to the ba-
sement floor tie-beams.

It is recommended that tie beams be incorporated into the basement walls, on
the top and bottom of the wall, if the height of the basement wall is greater
than 1.50 m. The reinforcement of the tie-beams shall meet the requirements
of Chapter 10.2.1 (Figs.9.!, 9.2 and 9.3).
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r. . t' • column

Fig.9.! - Foundation system with single
reinforced concrete tie-beam
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Fig.9.2 - Foundation 'system with double reinforced concrete
tie-beams - building with basement
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Fig.9.B - Foundation system with double
reinforced concrete tie-beams-
building with basement
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10. FLOORS, TIE BEAMS AND ROOFS

10.1 Floors

In order to ensure spatial interaction of structural walls and the more app-
ropriate distribution of seismic forces onto the walls, floors should prefe-
rably be designed to act as rigid horizontal diaphragms, firmly connected to
the walls at each floor level. In this respect, the following requirements
should be taken into consideration.

each floor should be situated in a single plane, avoiding sharp dislevel-
ments;

the rigid behaviour of horizontal diaphragm should not >be altered by the
presence of discontinuity, such as stairways. Large opening zones should be
strengthened with special reinforcement or tie-beams;

two-way slabs are preferable to one-way slabs, because they distribute
vertical loads more uniformly onto the structural walls.

10.1.1 Concrete Floors

The following types of floors are recommended to be used in seismic regions:

a.) cast-in-place reinforced concrete floors cast simultaneously with rein-
forced concrete tie-beams;

b.) floors made of precast elements must be well connected to the tie-beam
reinforcement. Reinforced concrete topping having minimum thickness of 40 mm
should be provided, and should be cast simultaneously with reinforced concre-
te tie beams. A reinforcing mesh of 5 mm diameter bars at 200 mm intervals in
both orthogonal directions has to be placed at the middepth of the topping;

c.) floors made of precast large panels with anchoring bars or loops, mono-
lithically connected to tie beams.

10.1.2 Wooden Floors

In the case of stone-masonry and adobe buildings, constructed in rural areas,
wooden floors are still widely used. Wooden floors constitute a flexible flo-
or diaphragm and their use should be limited to one story buildings.

When wooden floor is used, timber joists have to be anchored into the tie-be-
ams by means of well distributed steel anchors, as shown in Fig.lO.l.lt is re-
commended that the wooden floor be stiffened by means of planks nailed ortho-
gonally to the first layer of planks, as shown in Fig.lO.2.

10.1.3 Balconies and Overhangs

It is recommended that the span of cantilever structural elements, such as ba-
lconies and overhangs should be limited to:

1.20 m for cantilever slabs cast continuous with the floor slab (Fig.lO.3);

0.50 m for cantilever slabs fixed into the tie beam, without continuity
with the floor slab (Fig.lO.4).
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The stability of balconies and overhangs, as well as other horizontal canti-
lever elements, should be verified by taking into account the effect of ver-
tical seismic loads.

10.1.4 Lintels

For vertical loads lintels function as beams, supporting the weight of the
wall and floor above the openings.

Lintels can be made either of cast-in-place reinforced concrete, precast re-
inforced concrete, or reinforced masonry elements (Fig.lO.S).

Depending on the distance from the top of the opening to the top of the abo-
ve floor,cast-in-place lintels can be cast either independently or monolithi-
cally with the floor tie-beam. The latter solution offers better behaviour
when subjected to earthquake.

The minimum bearing length of lintels should not be less than 2S0 rom on each
end.

Where reinforced concrete tie-columns framing the openings are used, the rein-
forcement of lintels should be monolithically connected to them.

As a rule, the lintel width should be equal to the thickness of the wall.ln
the case of external walls, the lintel width can be reduced in order to acco-
modate the thermal insulation layer provided on the external face of the wall.

10.2 Tie-Beams

Tie-beams should be constructed on the top of all structural walls (i.e. lo-
ad-bearing and bracing walls) at each story level, firmly connected to floors
and roof.

Tie-beams represent a horizontal framing system which:

transfers the horizontal shear induced by the earthquake from the floors
to the structural walls;

connects the structural walls;

ensures the proper interaction between precast floor units, and increase
the rigidty of horizontal diaphragms;

when used with vertical tie-columns they frame the masonry walls, thereby
improving their strength and ductility.

10.2.1 Reinforced Concrete Tie-Beams

The recommended structural details for reinforced concrete tie-beams are pre-
sented in Figs.lO.6, 10.7, 10.8 and 10.9.

The following detailing provisions for tie-beams should be observed:

as a rule, the width of the tie-beam should be equal to the thickness of
wall. In the case of external walls, the width of the tie-beam can be reduced
in order to accomodate the thermal insulation layer provided on the external
face of the wall;
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the depth of the tie beam-should be at least equal to the thickness of
the floor, and not less than 150 mm;

minimum concrete grade C 15 (characteristic compressive strength 15 MPa)
should be used for construction;

the minimum amount of longitudinal reinforcement for tie-beams depends on
the building dimensions and on the seismic zone. The minimum amount is shown
in Table 10.1:

Table 10.1 - Recommended Longitudinal Reinforcement
of Tie-Beams

Number Seismic zone
of

stories Low Moderate High

1 4 ~ 10 4 ~ 10 4 ~ 12

2 4 ~ 10 4 ~ 10 4 ~ 14

3 4 ~ 10 4 ~ 12 4 ~ 16

4 4 ~ 12 4 ~ 14 -
5 4 ~ 14 - -

stirrups of 6 mm diameter bars spaced at 250 mm invervals should be provi-
ded as a minimum.

Intermediate tie-beams should be constructed when the story height exceeds
4 m . The vertical distance between the two successive tie-beams should not
be more than 4 m in seismic zone L and not more than 3 m in seismic zones M
and H.

10.2.2 Wooden Tie-Beams

In adobe buildings, wooden tie-beams are commonly used to connect the walls.
Wooden tie-beams should consist of 100 x 100 mm asphalt treated longitudinal
members, placed along both faces of the wall, and connected together at 0.50
m intervals by means of transverse 50 x 100 mm members which are nailed to
the longitudinal ones, as shown in Fig.lO.lO. The space between the longitu-
dinal members should be filled with crushed stone.

Wooden tie-beams should be provided at four levels: above the foundation, abo-
ve and below the windows, and under the roof, as shown in Fig.lO.ll.

10.3 Roofs

In order to transfer the inertia forces to the supporting walls, the roof sy-
stem must be adequately braced in both orthogonal directions, and must be pro-
perly anchored to the reinforced concrete tie-beams which are constructed on
top of the bearing walls (Fig.10.l2).



70

Structural systems which exert lateral forces on the attic masonry elements
should be avoided. If such situations cannot be avoided the attics should be
anchored to the uppermost floor by means of reinforced concrete tie-columns.

Light roof structural systems are preferable to reduce the induced inertia
forces. Where possible asbestos sheeting or tiles should be used instead of
heavy roofing tiles.

Where the precast elements are used, reinforced concrete cast-in-place top-
ping, with a minimum thickness of 40 rommust be provided which is reinforced by
5 rom diameter bars placed at 200 rom intervals in both directions. In such a
case the ends of the precast elements must be embedded into the reinforced
concrete tie-beam, along the complete perimeter of the roof.

In the case of adobe buildings, roofs should be as light as possible and sho-
uld have at least 0.50 m eaves to the outer side of the building. Earth cove-
red roofs, as shown in Fig.lO.13 are only permitted in seismic zone L, pro-
vided that the earth cover is not thicker than 150 rom.

anchor
bolt

tie beam

Fig.lO.l - Anchoring of timber joists into
the reinforced concrete tie-beam

/'~-
,-

/'
/'

/'
/'

/'
/'

/'

Fig.lO.2 - Stiffening of wooden floor
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l <'.20

Fig.lO.3 - Cantilever slab, having a continuity
with the floor slab

lintel tle'beam

Fig.lO.4 - Cantilever overhang, fixed
into the tie-beam
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floor tie - beam

b.

floor lie-beam

c.

160
a. preca st lintel

b. Lintel cast -In- place
together. with the floor
tie -beam

c.Lintel cast-In-place

Independent of the

floor tie-beam

Fig.lO.S - Types of lintels

Fig.lO.6 - Tie-beams in the case of cast-in-place
reinforced concrete slabs
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Fig.IO.7 - Tie-beams in the case of prefabricated
slabs with reinforced concrete topping
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Fig.IO.8 - Tie-beams in the case of precast
large panel slabs
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Fig.10.9 - Reinforced concrete tie-beams:
typical reinforcing detail

Tie beam 50 x lOa Cross 50 x 100
- - -=-;;:' / -<. -;.-.....I+H- ':;;;~::-::~ __ - .,.-

Tie Jor reinforcement 50 x lOa x 800

~ "1. ~~~ I. =-----~__:__:::::.~:.- -._-
,

Fig.IO.IO - Wooden tie-beam - details
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Timber tie beam 50)( 100 .080

_PJl __ m__ m_./__ Pl!I ~1 t
Cro s-tie 50)(100 080 Timber. beam 50)(100.('110

:rimber tie beam 50)(100.0 0

"" I'JI

Fig. 10.I] - Location of wooden tie-
beams in adobe buildings

Fig. ]0.12 - Typical timber roof structure
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Fig. 10.13 - Typical roof for adobe buildings
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NON-STRUCTURAL ELEMENTS

General
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Failures or fall-downs of non-structural elements, such as ornamentations,chi-
mneys, partition walls and the like, although being classified as "nonstruc-
tural damage", were the reason of many casualties and structural damage.

In this respect it is obvious that attention should be paid to adequate stru-
ctural detailing and design of non-structural elements, too, in order to pre-
vent:

failure or fall-down of elements which could result in personal injury and
damage to structural or non-structural elements;

obstruction of passages used for emergency exit.

11.2 Partition Walls

Partition walls are usually made of bricks, hollow ceramic or light-weight
concrete elements, and their thickness is less than 200 mm (usually about
100 mm).

Depending on their dimensions and the seismic zone, partition walls may be
either unreinforced, or reinforced to prevent their out of plane instability.
In the latter case, the reinforcing bars of 4-6 mm diameter are usually pla-
ced in the horizontal masonry joints at 400-600 mm intervals (Fig.ll.l). Re-
inforced partition walls are recommended in seismic zone M and H.
Their out of plane stability, however, should be verified by calculation.

Partition walls are fixed between two consecutive floor slabs by means of
cement mortar joints, whereas their vertical connections to the structural
masonry walls or reinforced concrete tie-columns can be achieved either by
bond or by anchors.

11.3 Gable Walls and Attics

Masonry gable end walls and attics higher than 0.50 m should be anchored to
the uppermost floor tie-beams by means of reinforced concrete tie-columns.
The columns should be located at maximum 3 m intervals for zones of high (H)
and moderate (M) seismicity. For zones of low (L) seismicity, the distance can
be increased, but should not exceed 6 m. Reinforced concrete tie-beams, which
connect the tie-columns should be provided on the top of the wall.ln case the
height of gable end walls and attics exceeds 2.0 m (Fig.ll.2), intermediate
tie-beams should be added at intervals not exceeding 1.0 m.

11.4 Chimneys and Ventilation Stacks

Chimney or ventilation flues should be located so that the wall thickness is
not reduced. In the case of masonry walls made of blocks, separate chimney
flues should be constructed by using either brick units or precast concre-
te elements (Fig.ll.3 and 11.4).

In seismic zones M and H, free standing chimneys and ventilation stacks sho-
uld be constructed using cement mortar. Adequate anchoring into the top flo-
or and reinforcement above the top floor level should be provided. For this
purpose, a reinforced mortar jacket, as shown in Fig.ll.s, is recommended.
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The stability of the free standing chimneys and ventilation stacks should
be verified by calculation. Additionally, special care should be paid to
the fire protection.

11.5 Ornamentations

Ornamentations such as cornices, vertical or horizontal cantilever projec-
tions, facia stones, and the like must be reinforced with steel and proper-
ly anchored into the main structure of the building.

The adequacy of the anchoring must be verified by calculation.

I

4---

Fig. 1].1 - Reinforcing and anchoring
of partition walls

Fig. ]].2 - Anchoring of
gable end walls and
attics
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correct

incorrect

Fig.H.3

brick
masonry

Fig.H.4

- Location of chimney flues in the
case of brick masonry walls

- Location of chimney flues in the
case of block units masonry walls
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cross-tin

'mortar inrk".

a. Brick masonry chimneys or ventilating stacks

mortar flues
M5

b.Chimneys or ventilating stacks made ot
precast elements

Fig.ll.5 - Reinforcing details for free standing
chimneys and ventilation stacks
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13. DESIGN EXAMPLES

13.1 PLAIN MASONRY BUILDING
13.2 CONFINED MASONRY BUILDING
13.3 REINFORCED MASONRY BUILDING
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13.1 REPRESENTATIVE DESIGN EXAMPLE - YUGOSLAVIA

Plain Masonry Building

by

Miha Tomazevic
Senior Research Engineer
Institute for Structures and Earthquake Engineering
ZRMK, Ljubljana
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PLAIN MASONRY BUILD.ING

The example represents a three-storeyed plain masonry residential building,
designed and constructed according to Yugoslav practice in low intensity se-
ismic zone.

Dimensions of building in plan: 15.97 m x 20.79 m;
building height measured from ground level to the top of the second floor

slab: 9.40 m;
Story height: 2.80 m;

Walls: 290 rom or 190 rom thick, made of light-weight concrete blocks (block
grade B 7.5, mortar grade M 2.5);

Characteristic compressive strength of walls: f k = 2.40 Mpa;wc,
Characteristic tensile strength of walls: f k = 0.16 MPa;wt,
Design compressive strength of walls: f d C 1.50 MPa;wc,
Design tensile strength of walls: f d C 0.10 MPa;wt,
Foundations and basement walls: plain concrete CIS;

Floor slabs: prefabricated ceramic elements with reinforced concrete top-
ping, 40 rom thick. Reinforcing mesh of 5 rom diameter bars at 200 rom intervals
in both orthogonal directions (yield stress 400 MPa) and concrete C 20 are
used.

Lintels and tie-beams: reinforcing steel with yield stress 240 MPa and co-
ncrete C 20 are used.

Roof: wooden structure with asbestos tiles covering.

Loads

Vertical loads:

Floor slabs:
Roof:
Live load: roof (snow):

floors:
staircase:
balconies:

Walls own weight:

5.60 kN/m2

0.80 kN/m2
21.25 kN/m 2

1.25/2 C 0.63 kN/m23.00/2 = 1.50 kN/m23.00/2 1.50 kN/m

16.0 kN/m2

Seismic loads:
Base shear coefficient:
The base shear coefficient K is determined according to Yugoslav Seismic

Code from 1981:



K

where:

Ko
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1.0 x 0.025 x 1.0 x 2.0 = 0.05,

Ko

Ks

building category coefficient (importance factor),

0.025 - seismic intensity coefficient (degree of seismic intensity
VII. according to MCS seismic intensity scale)

1.0 - dynamic coefficient;

2.0 - ductility and damping coefficient plain masonry).

Ultimate base shear coefficient:
Limit states are considered, so a global safety factor V = 1.5 (masonry
structures) is taken into account, which results into an ultimate base
shear coefficient:

K = VK = 1.5 x 0.05
u

0.08.

Non-linear method has been used for earthquake resistance analysis, assu-
ming rigid horizontal diaphragm action and pier action of structural walls
(fixed-ended walls).

Vertical stresses in walls are calculated, assuming trapezoidal or trian-
gular distribution of floor loads onto individual walls.

Using the computer program SREMB (Seismic Resistance of Masonry Building),
the earthquake resistance of the building in both orthogonal directions is
calculated, following the three basic formulae:

Flexural resistance of wall:

0 t 12 0

H =
0 (1 __ 0_)

u,f h fwc,d

Shear resistance of wall:

... (1)

Hu,s

Wall stiffness:

... (2)

where:

... (3)

00 - average vertical compressive stress in wall due to vertical load,

fwc,d - design compressive strength of wall,

f - design tensile strength of wall,wt,d
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G - shear modulus,

E - elastic modulus,

~ - shear stresses distribution coefficient,

A - horizontal cross-sectional area of wall,

t - thickness of wall,

I - length of wall,

h - height of wall.

Calculation procedure is a step-by-step procedure. First, the strength and
deformability characteristics (idealized H-6 diagrams) of individual walls in
the story under consideration are calculated. On the basis of these characte-
ristics, the position of the story stiffness-centre is determined, and the po-
ssible rotation of the story due to torsional effects is calculated. Knowing
the rotation, the displacements of the individual walls and the story mass-ce-
ntre, as well as the corresponding story shear at the defined elastic limit
can be evaluated.

In the following, the translational part of the relative story displacement
is increased for a small step. On the basis of the increased value of the tra-
nslational part of the relative story displacement, as well as on the basis of
the rotation angle, calculated in the previous step of the calculation, new
displacement of individual walls are obtained, following their idealized H-6
diagrams. The new position of the story stiffness-centre is calculated, and
the rotation angle is corrected, if necessary.

The calculation is repeated and is terminated after the maximum value of the
story shear has been obtained.

Results of calculation are given in the Appendix. The following values of
the calculated values of the ultimate base shear coefficients were obtained.

in x - direction

VKu,col,x

in y - direction

0.254,

VKU,col,y = 0.229.

which satisfy the Code requirements.
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TI

DESIGN EXAMPLE 1 - PLAIN MASONRY BUILDING

STREET FACE VIEW
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DESIGN EXAMPLE 1 - PLAIN MASONRY BUILDING

SIDE FACE VIEW
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REINFORCING DETAILS
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APPENDIX

SEISMIC RESISTANCE ANALYSIS
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l. T !; T o F
===============================

TNPUT VAl.UES

PARA"'EHR~ OF STRUCTIIRAL lAYOUT

nx , OY ("')

1( , Y (NI)

V (NI)

OI"'ENSTONS OF WALL IN X AND Y
DIRECTTON,RESPFCTIVELV
r.OORDINATES OF CROSS-SECTIONAL
CENTFR OF WALL
HUGHT OF WALL
AVFRAGF VERTICAL COMPRESSIVE
~TllESS OllE TO VERICAL LOAD

MATERIAL CHARACTF.RTSTICS OF WALLS

FC (MPA)

F (MPA)

r. (MPA)

DU

CAI CIILAHO VALlIES

CHARACTERISTTC COMPRFSSIVE STRF.N6HT
CHARACTERISTIC TENSILE STMFN6HT
ELASTIC ,",ODULUS
SHFAR "'ODULU~
ULTIMATE DUCTILITY FACTOR

PARAMETERS OF STnRY RE~ISrANCE

HE'HC,~U (MN) STORY SHFAR AT THE ELASTIC,CRACK AND
ULTIMATE LTMTT STATE,RF.SPECTIVFLY

~E,Kr.,ru (MNIM) !;10RY ~TTFNESS AT THf F.LASTIC,CRAtK
AND ULTIMATE LIMIT STATE,RF.SPECTTVfLY

DE,Dr,DU (M~) DISPLACEMENT OF THF STORY MASS CENTER
AT THE E1.ASTTC,CRACK AND ULTIMATF
LINIIT STATF.,RE!;PF.CTIVELY

CE,CC,CU (MN) RA!;E SHEAR COEFFICIENT AT THE ELASTIC,
CRACk ANn ULTIMATE LIMIT STATE,
RESt>FCT IVEL v
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PARA~~TtPS OF STORY R~Sl~TANeE

II (T) O1N) STORY SHEAR AT THE I-TH STEI'
OF eALeUI.ATION

K(T) (MNIM) STORY STJ FNESS AT THF I-TH STEP
OF CALCUlATION

n (T) <MM) DlSPlACE~ENT OF THE S fORY MASS CENTER
AT fHE I-TH STEP OF CALClILATTO'4

SfRENbHf AND DEFORMARILITY CHARACTE~TSTIrs OF WALLS

HUF (MN) FLF.XlJRAL CAPAC !TY

Hue; ('"N) SHFAR CAPAC ITY

1(0 (MNIM) EUSTIr. STIFFNESS

DO (MM) DEFORMATION AT THE IIIEALTZFD
ELASTIC lIMIT

H ("1N) WAll SHEAR
I( ("'N/M) STIFFNFSS

D (MI1) DEFORMATION
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pARAMFTFRC: nF STR"CTUPAI LAYOUT-------------------------------
W~L1 Oll OY V X Y SlGMAO
NO. (M) (M) (,..) (M) PO (MPA)

1 n.?y 6.09 7.•60 0.15 3.~4 0.291
C! 0.7'1 1.49 7.60 0.15 11.13 0.j95
.s 0.79 6.09 7.60 0.15 12.92 0.291
4 0.19 4.69 7."0 4.0U 7.35 0.28U
5 0.19 7.A5 2.60 4.00 A.ll 0.287
0 n.1Y 4.69 7.60 4.no 13.91 0.280
7 0.19 4.69 7.60 7.20 2.35 0.125
8 n.l." 4.69 7.6U 7.20 13.91 0.125
9 0.79 5.05 7.1'>0 fl.A5 11.13 0.244

10 n.79 5.05 2."0 17.<'5 8.13 0.179
11 0.19 4.69 2.60 13.60 2.H 0.125
12 0.19 4.69 2.60 13.60 n.91 0.125
1,S 0.19 4."9 2.60 16.80 <'.35 0.C!51
14 0.19 2.85 2.6U 16. AO 8.13 0.287
15 0.19 4.69 2.60 16.80 13.91 0.251
10 0.<'9 '1.31 2.60 20.65 0.95 0.349
17 0.29 2.1U 2.60 20.65 5.3's u.4SY
ld 0.79 1.49 2."0 20.65 8.13 0•.s9.5
19 n.2Y 2.10 2.60 20.65 10.QC! 0.459
20 0.79 1.31 2.60 20.65 15.31 0.349
21 1.44 0.29 2.60 4."2 0.15 0.3H
72 1.99 0.29 2.60 7.33 0.15 0.319
7,S 1.67 0.29 2.60 10.17 0.15 0.381
24 1.99 0.79 2.flO B.76 0.15 0.3B
25 1.14 0.29 7.60 16.32 0.15 0.312
26 4.n9 0.29 2.60 18.74 0.44 0.166
27 1.69 0.29 2.60 4.75 4.55 0.455
78 ~.78 0.29 7.60 A.14 4.55 0.394
29 3.60 0.79 2.60 17.49 4.55 0•.s94
30 1.69 0.29 7.60 16.05 4.55 0.455
31 1•• 09 0.19 2.60 2.05 5.70 0.157
32 4.09 0.19 2.60 lA.75 5.70 0.157
33 2.50 0.19 2.60 1.75 11.13 0.124
'14 'i.09 0.19 7.60 6.50 R.13 0.343
35 4.79 0.19 2.60 14.44 8.1j 0.344
36 7.'i0 0.19 2.60 19.54 8.13 0.124
31 4.09 0.19 2.60 7.05 10.55 0.157
38 4.09 0.19 2.60 18.75 10.55 0.157
3Y 1."9 0.29 7.60 4.75 11.70 0.455
40 3.78 0.7.9 2.60 8.14 11.70 0.j94
41 '1.60 0.29 2.60 1Z .49 11.70 0.~94
42 1.6'1 0.29 2.60 16.05 11.70 0.455
43 4.0Y 0.29 2.60 18074 15.82 00166
44 1.44 0029 2060 4.62 lf1.10 00.s35
45 1.99 0029 7060 7033 1f1010 UojlY
46 1.H 0029 7.60 10002 1601u 0.j81
4"1 7.7.9 0029 2060 13061 16010 U.3n
I.ll 1.14 0.29 2060 16032 H.l0 0.312
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MATFRTAl r.HARaCTEP.ISTICS OF wALLS---------------------------------
WALl. Fe FT E G DU
NO. (MPa) (MPA) ("'PA) (MPA)

1 1.'iU U.100 4000. ~oo. 1.~.
2 1.'iO 0.100 4000. :'100. 1.5
j 1.50 0.100 4000. 300. 1.5
4 1.50 0.100 4000. 300. 1.5
5 1.50 li.l00 4000. 300. 1.5
6 1.'i0 O.lno 4000. 300. 1.5
I 1.5U 0.100 4000. 300. 1.5
8 1.'iU 0.100 4000. 300. 1.5
9 1.50 U.l00 4000. 300. 1.5

1u 1.50 0.100 4000. 300. 1.5
11 1.5U 0.100 4000. 300. 1.~
12 1.'iO 0.100 4000. 300. 1.5
13 1.50 0.100 4000. 3UO. 1.5
14 1.50 0.100 4000. 300. 1.5
15 1.50 0.100 4000. 300. 1.5
16 1.50 0.100 4000. 300. 1.5
17 1.")0 0.1nu 4000. 300. 1.5
18 1.50 0.100 4000. 300. 1.5
1'f 1.50 0.100 4000. 300. 1.5
?O 1.50 0.100 4000. 300. 1.5
?1 1.")0 0.100 4000. ~OO. 1.5
?2 1.50 0.100 4000. 300. 1.5
?3 1.")0 0.100 4000. 300. 1.~
?4 1.50 0.1no 4000. 3UO. 1.5
?S 1.'iO 0.100 4000. 300. 1.5
:>6 1.50 0.100 4000. 300. 1.5
7.7 1.50 0.100 4000. 3UO. 1.5
?8 1.")0 0.100 4000. 3UO. 1.5
79 1.'iO 0.100 4000. 300. 1.5
3u 1.")0 0.100 4noo. 300. 1.5
31 1.'i0 0.100 4000. 300. 1.5
32 1.'iU 0.100 4000. 300. 1.5
33 1.50 0.100 4000. 300. 1.5
34 1.'i0 0.100 4000. 300. 1.5
35 1.")0 0.100 4000. 300. 1.5
36 1.'50 0.100 4000. 300. 1.5
3/ 1.'iO U.l00 400n. 300. 1.5
30 1.50 0.1no 4000. 30.0. 1.5
39 1.'iO 0.100 4000. 300. 1.5
40 1.'iO 0.100 4000. 300. 1.5
41 1.5U 0.100 4noo. 300. 1.5
42 1.50 0.100 400n. 300. 1.54j 1.50 0.100 4flOO. 300. 1.5
44 1.'iO 0.100 4000. 300. 1.5
45 1.'i0 0.100 4000. 300. 1.5
46 1.50 0.100 40UO. 300. 1.54( 1.'iO 0.100 4000. 3UO. 1.5
48 1.'iu 0.1no 4000. 300. 1.5
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STORY CHARACTERTSTICS---------------------
COORDTNAfF.S
vI' THE STORY
I~ASS-CENTfR xM = 10.45 M yM = 11.12 M

COORDINII TES
OF THE STORY
f,TIFt-4ESS-CENHR XI( I: Q.65 M Yle = R.H M

ECCI:NTt<TCTTI
OF THF 5TORY
ST! FNES5-CE~ITFR EX = -0.80 M EY = 0.00 /II

wF.lr,HT OF THE BlIlLDINr,
A~OV~ THt CRITICAL lEVEL WTOT = 9.80 MN
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*********************************STORY RESTSTANCE IN X-DIRECTION
*********************************

~TORY CHARACT~RI~TICS AT THE ELASTIC LIMIT STATE-------------------------------------------------X-DIRECTlON

STORY ~HF.AR
~T1f'IESS
!)ISPLACEMENT
BA~E S~tAR COEFfICTENT

HE =
KE =
DE =
VKE =

1.912 "'N
1Y1~.12ö "'NI""

O.Y97 filM
0.195

STORY C~APACTERISTICS AT THE CRACK LIMIT STATE
X-DIRECTION

SIORY ~HEAR
qI fNESS
DISPLACEMENT
RASE S~EAR COEFfICIENT

HC =
KC =
DC =
VKC =

2.209
1822.728

1.212
0.225

MN
M~/M
/11M

STORY CHAR_CTERISTICS AT THE ULTIMATE LIMIT STATE
X-DIRECTION

STORY SHEAR
STIFFNESS
DISPLACfMENT
H~SE SHEAR COEFFICIENT

HU =
KU .-
DU =
VKU =

2.490 MN
1689.99~ MN/'"

1.473 MM
0.254
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***-*********-***-*-*************STORY RF.STSTANCF TN Y-OIRFCTION
*-*********-***-*****************

STORY CHARACTERISTJCS AT THF. ELASTIC LIMIT STATE-------------------------------------------------y-nlRECTTON

!;TOllY SHEA"
STTfNt;SS
nlSPLACEMENT
AASE SHEAR COt;FFICIENJ

HF. ..
Kr: =
OF. ..
Vir!: ..

1.715 MN
187$.670 MN/M

O.92~ "'M
0.175

STOPY CHAPACTFRTSTICS AT THE CPACK LTMTT STATE
Y-OTRFCTlON

!;TORY SHEAR
STI FNHS
IlIC:PLACEMENT
BASE SHEAR COEFFICTENT

HC ..
KC ..
Dr. =
VI(C ..

2.007 MN
1804.905 "'N/M

1.12S 14M
0.20,

STORy CHARACTFRISTICS AT THE ULTIMATE LIMIT STATE-------------------------------------------------V-DIRECTION

sroRY SHF.AP
STTFNHS
1I1SPLACEMENT
aASE SHEAR COEFFICIENT

HU ..
KU ..
DU ..
VIrU ..

2.248 MN
166~.56Y 14N/M

1.,H2 "''''0.229
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H
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2'0
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DESIGN EXAMPLE 1 - PLAIN MASONRY BUILDING

CALCULATED STORY H - cI DIAGRAM
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13.2. REPRESENTATIVE DESIGN EXAMPLE - RUMANIA

Confined Masonry Building

by

Florin-Ermil Dabija
Associate Professor
Institute of Constructions,
Faculty of Civil Engineering, Bucharest

and

Cristian Balan
Structural Engineer
Design Institute for Typified Constructions,

Bucharest
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1. INTRODUCTION

This design example refers to a 4-story building whose structu-
ral system is made of confined masonry walls. As it has been
shown, the confined masonry is defined as a construction system,
where reinforced concrete tie-columns properly located and
connected with reinforced concrete tie-beams confine plain
brick or block masonry structural walls, thus forming framed
masonry panels.

Confined masonry is currently used nowadays in Romania. The
latest strong earthquake (March 4, 1977) showed that this con-
struction system - properly designed and built - possessed a
higher stiffness, strength and ductility than the plain masonry
structures and, consequently, behaved far better than the latter
ones.

The design example has been prepared according to the present
Romanian technical regulations concerning aseismic design of
buildings [lJ , [2J.

The building layout and details, as well as the structural ana-
lysis and computation procedures, are representative for the
present design practice of masonry buildings in Romania.

The computations presented have been limited to a single mason-
ry wall and only some typical drawings (architectural and
structural) have been chosen to illustrate this design example.

2.

a

A
c

Aeqv
A sc

A
st

NOTATION

length of the equivalent compression stress zone

area of the tie-column cross-section

equivalent area of the confined masonry cross-section

area of the tie-column reinforcement, located within
the compression zone of the cross-section

area of the tie-column reinforcement located within the
tensile zone of the cross-section

area of the tie-beam reinforcementA s,tb
Aw area of the masonry wall cross-section

B' ; B" distance (bay) between successive parallel walls

d distance from the tensile reinforcement up to the com-
pressed edge of the cross-section

db diameter of the reinforcement bars



e
u

f c,d
f s,d
f wc,d
f wt,d
G

hs

hw

H

Ieqv

k s

M
u

n

N
Q
s.
1

t

v

v c,u
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eccentricity of the axial force in relation to the cen-
troid of the cross-section equivalent area, correspon-
ding to the limit state of strength

design compression strength of the concrete

design strength of the reinforcement

design compression strength of the masonry

design strength of the masonry in diagonal tension

permanent (dead) load

story height

height of the masonry panel between two succesive floor
tie-beams

total height of the structure

equivalent moment of inertia of the confined masonry
cross-section

coefficient of seismic intensity

length of the wall cross-section

length of the masonry panel between two successive
tie-columns

design (required) bending moment due to gravity and
seismic loads, determined by structural elastic analysis

capable bending moment of the wall subject to eccentric
compression in its plane, corresponding to the limit
state of strength

total number of stories

design axial force

temporary (live) load

horizontal seismic load applied at the i-th story

thickness of the cross-section web

thickness of the cross-section flange

resultant of the horizontal seismic loads acting on the
building

design (required) shear force due to the seismic loads,
determined by structural elastic analysis

capable shear force of the tie-column



Vw,cr

vw,s

vwu

w

z

B

£

A c

ao

T o
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capable shear force corresponding to the limit state of
cracking due to diagonal tension

capable shear force corresponding to the failure due to
diagonal tension

capable shear force related to the capable bending
moment

capable shear force corresponding to the failure due to
shearing of horizontal joint

capable shear force of the wall, corresponding to the
limit state of strength

effective width of the cross-section flange

width of that part of the cross-section flange situated
on either side of the web

resultant of the gravity loads

gravity load at the i-th story

distance from the tensile reinforcement up to the cen-
troid of the equivalent cross-section area

lever arm of the horizontal seismic loads acting on
that part of the building which is above the story for
which computation is made

dynamic coefficient, depending on the natural period of
vibration of the building and on the nature of the foun-
dation soil

equivalence coefficient between the actual structural
system and a s.d.f. dynamic model

reduction coefficient for the seismic loads, which takes
into account damping, ductility and the strength
reserves

coefficient considering lateral stability of the wall

equivalence coefficient, expressing the ratio between the
rigidity of concrete and that of masonry

equivalence coefficient, expressing the ratio between the
compression strength of concrete and that of masonry

average compression stress

diagonal tensile stress

average shearing stress
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DESCRIPTION OF THE BUILDING

Architecture

Destination: youth hostel.
Number of stories: 4 + partial basement (for heating and sani-
tary installations).
Plan dimensions: 32.00 x 13.40 m.
Story height: 2.72 m.
Total height: 11.45 m.
Partition walls (non-structural): cellular concrete masonry.
Roof: terrace.

Representative drawings: Fig.E2.1 through E2.5

3.2. Structure

Structural system: load-bearing confined masonry.
Degree of aseismic protection: 8.
Soil conditions: good, moderate water content.

Structural walls:
- exterior: vertically perforated ceramic blocks (365 x 180 x
x 138 mm), grade BIO;
- interior: vertically perforated ceramic blocks (240 x 290 x
x 138 mm), grade BIO;
- mortar grade M 5.

Reinforced concrete tie-columns:
- location: at all corners, all wall crossings and sides of
certain openings, allover the entire building height;
- size: 250 x 250 mm;
- concrete grade C 20;
- reinforcement: 4~14 or 4~12 at the first story, 4~12 or 4~10
at the upper stories (hot rolled deformed steel bars PC 52),
stirrups ~8/100 (or 200) and projecting bars into adjacent ma-
sonry joints ~6/600 (hot rolled plain steel bars OB 37).

Floors:
- precast large panels: 130 mm thickness, concrete grade C 25
(reinforced with cold drawn wire mesh and hot rolled deformed
steel bars PC 52);
- cast-in-place slab, reinforced concrete grade C 20, above the
partial basement;
- tie-beams: reinforced concrete grade C 25, on all exterior and
interior structural walls.

Foundations:
- continuous footings: plain concrete grade C 5;
- pedestal~ and basement walls: plain concrete grade C 10;
- tie-beams: reinforced concrete grade C 10 at the bottom of
pedestals and basement walls and grade C 20 at their top.

Representative drawings: Fig. E2.6 through E2.10.
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COMPUTATION MODEL AND SEQUENCES OF ANALYSIS

Computation Model

The spatial structural system, as well as its vertical compo-
nents (i.e. masonry walls), are considered vertical cantilevers
fixed at the basis and subjected to the action of vertical
(gravity) and horizontal (seismic) loads.

The masonry piers between openings are connected by lintels
fixed elastically in the masonry.

The floors are considered as rigid horizontal diaphragms, able
to carry and distribute the horizontal loads to the masonry
walls in relation to their relative stiffness.

When computing the stiffness of masonry walls, all deformations
produced by bending moments, shear force and axial forces are
taken into account.

The distribution of horizontal seismic loads to the masonry
walls, as well as the computation of their design sectional
forces (i.e. bending moments, shear forces and axial forces),
are performed by applying the basic principles and methods of
structural elastic analysis, using either simplified but reliable
procedures or more sophisticated electronic computer programs.

4.2. Sequences of Analysis

A typical elastic analysis of masonry structures subjected to
seismic loads includes the following main sequences [2],[3]:
- establishing of the configuration and dimensions of the compo-
nent masonry walls, both in plan and elevation, taking into ac-
count their spatial connection with perpendicular walls, the
presence of openings, horizontal connections (lintels and
spandrel beams), confining elements such as tie-columns etc;
- computation of geometrical and stiffness characteristics of
the walls, for each of the principal directions of the structure;
- computation of the gravity loads for each wall and of the re-
sulting axial force;
- computation of the horizontal seismic loads for the entire
building and their distribution to the masonry walls, for each
of the principal directions;
- computation of the design sectional forces resulting from the
action of seismic loads;
- preliminary checking of the wall cross-sections to comply with
ductility requirements;
- computation of the sectional strength capacity of the walls;
- verification of the wall cross-sections, by comparing their
strength capacity with the corresponding design (required) sec-
tional force and, subsequently, the proportioning of the rein-
forcement for tie-columns and tie-beams.

5.

5.1.

COMPUTATION EXAMPLE

Design Strength Values for Materials.
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5.1.1.Masonry

f wc,d 1.50 MPa

0.13 MPaf wt, d

5.1. 2.Concrete

f c,d 7.00 MPa

7.5
5.1.3.Reinforcement

f 290 MPa for hot rolled deformed bars PC 52s,d
f 210 MPa for hot rolled plain bars OB 37s,d
5.2. Computation schemes

On the basis of the architectural plans of the building, the
component masonry structural walls are established separately
on transversal and longitudinal directions, taking into account
the interaction existing between the walls oriented perpendicu-
larly one against the other.

in the following
wall WT3 only.

For computation a schematic layout of building
shown in Fig. E2.11 and E2.12.
The design computations presented in detail
sub-chapters are limited to the transverse

masonry walls is

5.3. Geometrical Characteristics of Walls' Cross-Sections.

The interaction existing between the structural walls is taken
into account when considering I, T and L - shaped cross-sections,
whose effective flange width is given by:

wf=t+wf+wf (E2.1)

provided that the following conditions are observed:

w' B' - t w" B" - t
f ~ 2 f ~ 2

w' and w" "
1, (E2.2)f f 2

w' and w" " distance up to the first openingf f

w' and w" H
f f " 10

Accordingly, in the case of wall WT3 the effective width of the
flanges as well as other characteristic dimensions of its cross-
section are shown in Fig.E2.13.

The following values are computed:
A

w
A c

2.5750
O. 1250

2
m

2m
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2m2.5750 + 7.5 x 0.1250 c 3.51A + LAw c

13.41 m4
A eqv
I eqv

Gravity Loads and Axial Forces5.4.

The floors' gravity loads acting on the masonry walls are deter-
mined on the basis of tributary floor areas, in relation to
their layout and their supporting conditions.

The values of gravity loads are computed by applying the loading
coefficients corresponding to the special group of actions
(which includes the seismic action), namely:

We l.OG + 0.4Q (E2.3)

5.4.1. Design Values of Gravity Loads

Gravity loads uniformly distributed on the floors:
- top floor (terrace)
- intermediate floors, rooms
- intermediate floors, corridor

8.0
6.0
5.6

2KN/m2KN/m2KN/m

Weight of structural masonry walls
- exterior walls
- interior walls

(plaster included):2
6.5 KN/m2wall area
4.9 KN/m wall area

Total gravity loads acting on the wall wT3:- top story
- intermediate story

325 KN
265 KN

5.4.2. Design Axial Forces.

The values of the design axial forces N of the wall WT3 are re-
presented in Fig.E2.14.

5.5. Seismic Loads and Design Sectional Forces

5.5.1.Horizontal Seismic Loads

In the case of common-type buildings, the resultant of horizon-
tal seismic loads is determined for the fundamental mode of vi-
bration only, by using the following formula [1]:

(E2.4)

According to the code provisions, the following values have been
used for the present design example:

k 0.20 (degree of aseismic protection 8)
ßS 2
1jJ 0.30
EO. 75

The resultant of the gravity loads of the entire building is:

W c 25000 KN
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Consequently:

v 0.20 x 2 x 0.30 x 0.75 x 25000
2250 KN

0.09 x 25000

5.5.2.Distribution of Horizontal Seismic Loads

The distribution of horizontal seismic loads over the structu-
ral masonry walls, as well as over their height, has been made
by using an electronic computer program (CASE) largely applied
in Romanian design practice. The influence of overall torsion
of the building has been also included in this analysis.

The seismic loads acting on the wall WT3 are shown in Fig.E2.14.

5.5.3.Design (Required) Sectional Forces

The values of the design sectional forces, namely bending mo-
ments, shear forces and axial forces (the latter, in the case
of walls with openings), resulting from the action of horizontal
seismic loads, have been determined by using the same electronic
computer program.

According to common practice in current design, two simultaneous
analyses were made, using two different values of the concrete
modulus of elasticity, for modelling the degrading stiffness of
r.c. lintels during strong earthquakes.
Maximum values of bending moments and shear forces in the walls
have resulted when considering lintels with reduced stiffness.

The values of design (required) sect~onal forces computed for
the wall WT3 are also represented in Fig.E2.14.

5.6. Preliminary Checking of Ductility Requirements

To get satisfactory behavior of confined masonry walls, as far
as ductility is concerned, the following requirements are neces-
sary to comply with [2J, [3J:
The average compression stress should be limited - as indicated
by Eq.E2.5 - so that, under eccentric compression in the wall
plane, failure in compression of masonry and concrete should not
occur prior to the yielding of the tensile reinforcement.

a o
N

A eqv
,.0.5f dwe, (E2.5)

The reinforcement of the tie-beams shall have the minimum area
given by Eq.E2.6, in order to avoid diagonal tensile failure of
the masonry occuring prior to the yielding of the tensile column
reinforcement, due to the eccentric compression in the wall
plane.

As,tb ~ 0.3 N
f s,d

hs
,-Z- (E2.6)
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When considering wall WT3, by applying Eq.E2.5, for the 1-st
story the result is:

1120 -3
00 = 3.51 x 10 = 0.32 MPa < 0.5 x 1.50

The results obtained by applying Eq.E2.6 at each story are given
in Table E2.1.

Table E2.1: Necessary Reinforcement for Tie-Beams

N h
N f h Z 0.3 s

s,d s fs,d ZStory
(KN) MPa (m) (m) (mm2)

1 1120 10.55 299

2 855 6.83 352
290 2. 72

3 590 4.66 356

4 325 2.72 336

The reinforcement actually provided
- at the 1-st and 2-nd floor
4012 + 2010 (PC 52)
- at the 3-rd and 4-th floor
6010 (PC 52)

for tie-beams is:

A
s, tb

609

471

2mm
2mm

5.7. Sectional Strength Capacity

5.7.1.Flexural Capacity for Eccentric Compression in the Wall
Plane

For I-shaped masonry walls with tie-columns at both extremities
of the cross-section, the capable bending moment corresponding
to the limit state of strength is computed according to the
following formula (Fig.E2.15):

M
u

N.e
u

(E2.7)

The length of the equivalent
ned by the formula:

N + A .f dst s,
a = 0.85p .t.f d-wc,

compression stress zone is determi-

(E2.8)

and, subsequently, the eccentricity of the axial force used in
Eq.E2.7 is computed by the following formula:

0.85p.f d [ tfeu N wc, . t.a.(d -~) + Ac.Oc - l).(d - 2) +



where:
A
c

118

tf ]+ tf"(wf - t).(d - 2)

f_ c,d
0.85 f dwc,

(E2.9)

(E2.10)

If the lateral stability of a wall is ensured by the presence
of a flange, the coefficient ~ should be taken equal to 1.

Due to the fact that the cross-section of wall WT3 is asymme-
trical, the computations have to be performed for both senses
of the seismic loads.

In the case of seismic loads acting from left to right (see Fig.
E2.15), for the 1-st story the result is:

5.5

A
st

A
c

a =

452 mm2 (4012 PC 52)
7.0

0.85 x 1.50
1120 x 103 + 452 x 290
0.85 x 1 x 250 x 1.50

- 250 x (2200 - 1) = 850250

250 x 250 x (5.5 - 1)
250

mm

e
u

0.85 x x 1.50
1120 x 103

x [250 x 850 x (5825 _ 8;0) +

250+ 250 x 250 x (5.5 - 1) x (5825 - --2-) + 250 x

x (2200 - 250) x (5825 - 2;0) ] - 2650 = 3645 mm

M 1120 x 3.645 = 4080 KNm
u

and for the upper stories:

2-nd story
3-rd story
4-th story

3370 KNm
2560 KNm
1640 KNm

In the case of seismic loads acting from right to left, the
results are:

1-st story
2-nd story
3-rd story
4-th story

M = 3880 KNm
MU 3230 KNm
MU 2330 KNm
MU 1540 KNmu

5.7.2.Shear Capacity Related to Flexural Capacity

The shear force related to the capable bending moment correspon-
ding to the limit state of strength is computed after the fol-
lowing formula:



M
u

z
M

u
M'V
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(E2.11)

Using the values of the capable bending moment previously com-
puted and the design (required) values of the sectional forces
shown in Fig.E2. 15, the results obtained for wall WT3 by apply-
ing Eq.E2.11 are those shown below.

- seismic loads acting from left to right:

I-st story V 386.7 KN
2-nd story Vw,M 493.3 KN
3-rd story Vw,M 548.6 KN
4-th story Vw,M 601.7 KNw,M

- seismic loads acting from right to left:

I-st story V 367.7 KN
2-nd story Vw,M 472.8 KN
3-rd story Vw,M 499.3 KN
4-th story Vw,M 565.0 KNw,M

5.7.3.Shear Capacity Corresponding to Failure Due to Diagonal
Tension

In the case of masonry walls with tie-columns at both extremi-
ties of the cross-section, the capable shear force correspon-
ding to failure due to diagonal tension is computed after the
following formula:

(E2.12)

Introducing the reinforcement area actually provided for the
tie-beams (see 5.6), the result obtained for wall WT3, applying
Eq.2.12 for the I-st story, is:

1120 x 103(0.8 x 609 x 290 + 0.2.x 6 x 250 x 2720)x
3.51 x 10

6075x 2720 = 412400 N

and for the upper stories:

2-nd story
3-rd story
4-th story

VVw,dt
Vw,dt
w,dt

= 412.4 KN

388.8 KN
295.3 KN
272.2 KN

5.7.4.Shear Capacity Corresponding to Failure Due to Shearing of
Horizontal Joint

In the case of masonry walls with tie-columns at both extremities
of the cross-section, the capable shear force corresponding to
failure due to shearing along a horizontal joint is computed
after the following formula:
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V = 0.4(N + A t.f d) + 0.8A .f dw,s s s, sc s,
(E2.13)

Because, in the case O'f wall WT3' the tie-cO'lumns dO' nO't have
identical reinfO'rcement areas, cO'mputatiO'ns are necessary fO'r
bO'th senses O'f the seismic IO'ads.

In case O'f seismic IO'ads acting frGm left to' right, fO'r the
first stO'ry the result is:

vw, S

2452 mm2 (4012 PC 52)
616 mm (4014 PC 52)

0.4(1120 x 103 + 452 x 290) + 0.8 x 616 x 290
643300 N = 643.3 KN

and fO'r the upper stO'ries:

2-nd stO'ry
3-rd stO'ry
4-th stO'ry

537.3 KN
393.3 KN
271. 3 KN

In case O'f seismic IO'ads acting frO'm right to' left, the fO'IIO'w-
ing results are O'btained:

1-st stO'ry
2-nd stO'ry
3-rd stO'ry
4-th stO'ry

624.3 KN
518.3 KN
393.3 KN
253.3 KN

5.7.5.Shear Capacity CO'rresPO'nding to' the Limit State O'f
Cracking Due to' DiagO'nal TensiO'n

The capable shear fO'rce O'f a cO'nfined masO'nry wall panel, cO'r-
resPO'nding to' the limit state O'f cracking, due to' diagO'nal ten-
siO'n, is cO'mputed using the fO'IIO'wing fO'rmula:

V = t. ~ . f d .[2> +V ~2: w) 2 + ~ + 1 ]w,cr w wt, w w Aeqv' wt,d

(E2.14)

prO'vided the fO'IIO'wing cO'nditiO'ns are O'bserved:
- checking O'f diagO'nal tensile stress:

crwt

(E2.15)

- checking O'f shear capacity O'f the reinfO'rced cO'ncrete tie-
cO'lumns:

V ~O.25Vc,u w,cr (E2.16)

If the latter cO'ndition is not O'bserved, the capable shear force
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of the confined masonry panel should be re-evaluated in rela-
tion to the tie-column capable shear force, by applying the
formula:

v = 4 Vw,cr c,u
(E2.17)

is:

+ \ I ( 2380 )2 +V 2 x 5450

Vw,cr

Applying Eq. E2.14 for the 1-st story, the result

[
2380250 x 5450 x 0.13 x 2 x 5450 +

1120 x 103

3.51 x 106 x 0.13

= 370100 N = 370.1 KN

and for the upper stories:

2-nd story
3-rd story
4-th story

V
Vw, er
Vw,cr
w,cr

341. 4 KN
309.7 KN
273.6 KN

T
o

Checking of diagonal tensile stress, shows for the 1-st story:
1.5 x 172.0 x 103

250 x 5450 = 0.19 MPa

0.27 MPa

0.36 MPa23800.27 + 0.19'5450

(1120 - 160) x
3.51 x 106
hw+ T •o l!.w

a o

a
o

awt 0.082 MPa < 0.13 MPa

and for the upper stories:

2-nd story
3-rd story
4-th story

awtawtawt

0.106 MPa
0.103 MPa
0.085 MPa

For tie-columns reinforced with 4012 (PC 52) and with stirrups
08/100 (DB 37) - which is the case for the 1-st, 2-nd and 3-rd
stories - the result is:

V = 75.0 KNc,u

As the condition expressed by Eq.E2.16 is not fulfilled, the
capable shear force of the wall shall be limited to (Eq.E2.17):

Vw,cr 4 x 75.0 = 300.0 KN

Similarly, for tie-columns reinforced with 4010 (PC 52) and
with stirrups 08/100 (DB 37) - which is the case for the 4-th
story - the result is:

V = 67.5 KNc,u



122

hence:

5.8.

v = 4 x 67.5W,cr

Verification

270.0 KN

The verification of the cross-sections of the confined masonry
walls is performed by applying the following formulae:

(E2.18)

(E2.19)

The capable shear force should be considered in Eq.E2. 19 as the
minimum value among those computed by Eq.E2.11, E2.12 and E2.13.

Tables E2.2 and E2.3 summarize the values of the capable bending
moments and, respectively, the shear forces previously computed,
as well as the values of the design bending moments and shear
forces.

The minimum value for each story, considered as the capable
shear force Vw,u' is underlined in Table E2.3.

Tables E2.2 and E2.3 show that Eq. E2.18 and E2.19 are verified
for wall WT3 at each story.

The shear capacity at the limit state of cracking due to diago-
nal tension, - in this case resulting from the shear capacity
of the r.c. tie-column (see 5.7.5) - exceeds the corresponding
values of the design (required) shear force at each story. Hence,
when subjected to the conventional (code) seismic loads corres-
ponding to degree 8 of aseismic protection, wall WT3 remains
within the elastic range of behavior.

Table E2.2: Capable and Design Bending Moments.

Capable Bending Moment M Design
(KNm) u Bending

Story Moment
Sense of Seismic Loads Md- - (KNm)

1 4080 3880 1815

2 3370 3230 1347

3 2560 2330 811

4 1640 1540 337
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Table E2.3: Capable and Design Shear Forces

Capable Shear Force
(KN)

Related Failure Shearing of Factored
to Capable in Horizontal Design

Story Bending Diagonal Joint, Shear
Moment, V Tension, V ForcewM V w s 1.5 VdSense of w,dt Sense of
Seismic Loads Seismic Loads

- - - - (KN)

1 386.7 367.7 412.4 643.3 624. 3 258---
2 493.3 472.8 388.8 537.3 518.3 296---
3 548.6 499. 3 295.3 393.3 393.3 261---
4 601.7 565.0 272.2 271.3 253.3 186---

REFERENCES

*** Romanian "Code for Aseismic Design of Residential,
Public, Agro-Zootechnical and Industrial Buildings"
(P100-81).

[2] *** Romanian "Code for Analysis and Layout of Masonry
Structures" (P2-75) - Revised Edition 1982 (under print).

*** "Masonry Building Construction in Romania" - Input
Report Prepared for WG-C of UNDP-UNIDO Project RER/79/015,
1982.
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T4 Wrs WT2 WT2 WT\
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FIG. E2.11: SCHEME OF STRlx:TURAL MASONRY WALLS FOR
COWUTATION ON TRANSVERSAL DIRECTION
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FIG. E2.12 : SCHEME OF STRl£TURAL MASONRY WALLS FOR

COMPUTATION ON LONGnuDINAL DIRECTION
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FIG. E 2.13: CROSS-SECTION OF CONFINED MASO~Y WALL WT3
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FIG. E2.14 : GRAVITY AND SEISMIC LOADS, DESIGN AXIAL FORCES,

SHEAR FORCES AND BENDING MOMENTS

FOR CONFINED MASONRY WALL WT3
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FIG. E2.15: LIMIT STATE OF STREt\GTH U'JDER ECCENTRIC COMPRESSION
FOR CONFINED MASONRY WALL WT 3



137

13.3 REPRESENTATIVE DESIGN EXAMPLE - GREECE

Reinforced Masonry Building

by

Elizabeth Vintzeleou
Assistant
National Technical University, Athens



Cd = I g

where I is
a is
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FOUR-STORY RESIDENTIAL BUILDING MADE OF REINFORCED MASONRY WALLS

• Floor area: 273.88 m2
• Floor height: 2.8 m
• Wall thickness: 200 mm (made of vertically perforated bricks

200 x 300 x 150 mm)
300 mm (made of vertically perforated bricks

300 x 400.x 200 mm)
• Characteristic compressive strength of structural units: fbc,k = 10.0 MPa
• Characteristic compressive strength of lime-cement mortar: fmc k=10.0 MFa
• Assumed characteristic compressive strength of walls (see CIB:' "Inter-

national Recommendations for Design and Erection of Masonry Buildings"):
f k=5.3MPawe,

• Assumed partial safety factor y (quality control): y = 2.5
• Resulting design compressive st~ength of masonry: f m = 2.12 MPa
• Characteristic shear strength of walls determined a~gö~ding to the formu-

la proposed by CIB: fwv,k = 0.3 + 0.4 00
where 00 : compressive stress due to vertical loads

• Reinforcing steel: Deformed bars are used. Yield stress = 420 MPa
• For R.C. slabs, tie-beams and Xintels C20 is used
• For footings concrete with f ~ = 10.0 MPa is used
• Limit state design method ha~-Deen applied
• Vertical loads

i) Horizontal diaphragms: cast-in-place reinforced concrete slabs 120 mm
thick (self weight: 2.4 KN/m2)

ii) Covering: Roof: 2.0 KN/m2, other floors: 0.5 KN/m2
iii) Live loads: Roof and floors: 2.0 KN/m2

Staircase : 3.5 KN/m~
Cantilevers : 5.0 KN/m

iv) Wind: 1.0 KN/m2 of vertical surface
v) Walls self weight: 3.6 KN/m2 (walls 200 mm thick)

5.1 KN/m2 (walls 300 mm thick)
• For calculation of vertical loads acting on individual walls the floor

areas are subdivided into triangles and trapeziums and the loads from
these areas are allocated to the appropriate walls •

• The foundamental load combination for vertical loads is
Sd = 1.35 G + 1.50 P

• Bending moments (due to vertical loads) at the fixed floor-wall conne-
ctions and due to wind loads at the external walls have been considered

• The maximum stress due to vertical loads has been found equal to 0.77 MPa
(design compressive strength = 2.12 MPa)

• Base shear coefficient
The building is supposed to be built in a zone of high seismicity i.n
good soil conditions.
The base shear coefficient, Cd' is determined according to the CEB - Seis-
mic Annex formula:

axa max lß
K

the importance factor (taken equal to 1.0)
the spectral amplification factor (taken equal to 2.5)
is the peak ground acceleration to be adopted for the seismic
zone of interest (taken equal to 0.30 g)

K is the behaviour factor (equal to 2.5 for reinforced masonry)
ß is a dynamic coefficient depending on the soil category and on

the dynamic characteristics of the structure (taken equal to 1.0
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due to the very low natural period of the structure. Estimated
T = 0.18 sec - in the short direction and 0.11 sec - in the long
d~rection)

1 1.0 = 0.302.50
seismic force is calculated according to the follow-

n
E W.h.

n=l ~ ~

= VP x

Hence,
Cd = 1.0 2.SOgXO.30g

• The total horizontal
ing formula:
V = CdW
where,
W is the total vertical load acting on the structure: W = G t 0.5 P

• The total horizontal seismic force is distributed to the floor according
to the formula:

W h
x x

horizontal force at x-level
total vertical load at x-level
distance of x-level from foundation level

where,
P is the
WX is the
hX is the

x
• The total horizontal seismic
• Horizontal seismic force at

force, V,
4th floor
3rd floor
2nd floor
1st floor

is equal to
1247 KN
954 KN
636 KN
339 KN

3176 KN

• Lateral load analysis:
Horizontal diaphragms (cast-in-place R.C. slabs) are considered rigid in
their plane. Consequently, horizontal seismic force is distributed to the
walls proportionally to their stiffnesses.
For estimation of the stiffnesses of walls the wide column frame analogy
has been used.
After the estimation of the wall stiffnesses, the seismic force has been
distributed to them. Torsional effects, due to the fact that for earth-
quake acting along the long axis of the building the centre of masses
does not coincide with the centre of stiffnesses, have been taken into
account.
This analysis has shown that for walls with a height to width ratio ap-
proximately equal to 1.0 the bending moment - values at the wall end are
close to those which would result if the walls would be considered fixed
at their ends into the horizontal diaphragms at each storey level (see
Fig. la). On the contrary in case of squat walls with height to width ra-
tio approx. equal to 0.50 (see Fig. lb, c) the assumption of walls - can-
tilevers of a height equal to the building height seems to be more reali-
stic •

• The horizontal reinforcement (placed in bed joints) has been determined
assuming that the total shear force has to be resisted by reinforcement.
The required reinforcement was in no case greater than the minimum per-
centage (0.15% of the horizontal gross cross sectional area) required for
structural walls in zones of high seismicity. Hence, in all walls the mi-
nimum percentage has been placed (208 at each bed joint) .

• The vertical reinforcement (placed in the vertical perforations of the
bricks) has been calculated assuming that the total tensile force (due
to bending moments) is resisted by reinforcement. In no case the required
vertical reinforcement was greater than the minimum required 0.15%. Hence,
the typical vertical reinforcement is 010/150 rom.

• Reinforced concrete tie-beams are provided at all floor levels. Their
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see tion is 300 x 300 mm. They have been considered as horizon tal beams
loaded by the seismic force corresponding to the wall on which they rest.
Their longitudinal reinforcement is 4~10 or 4~14 or 4~16, their transver-
se reinforcement being stirrups ~6/200 or ~8/200 .

• Above the openings the tie-beams are 0.60 m high, being tie-beams and
lintels at the same time.

~ Foundation: continuous footings 0.80 m wide .
• As an example the design of the structural wall W5 (ground floor) is gi-

ven in the following, so as to illustrate the method for design of rein-
forced masonry walls.
i) Vertical loads

Frö~-vertizal-load analysis, the vertical load acting on the wall
has been determined: dead load ~ 86.88 KN/m

live load ~ 22.09 KN/m
The foundamental load combination for vertical load is

Sd ~ 1.35 G + 1.50 P

lienee, design vertical load Hd~ 1.35x86.88+1.50x22.09~ 150.42KN/m

Design vertical load resistance of the wall (per unit length)

i3 t f dwe,
where,
ß ~ (capacity reduction factor due
t ~ effective wall thickness ~0.30
fwc,d~design compressive strength of
Hence,

to buckling) ~ 1.0
m
the wall ~ 2.12 HPa

0.30x2120 636 KN/M > 150.42 KIl/m

ii) Lateral loads
Shear-Iörce-and bending moment due to earthquake have been deter-
mined,
Vd 307.35 KN

Md 999.39 KNm

The load combination in case ~f earthquake is

Sd ~ G + 0.5 P

lienee,
design vertical load Nd ~ 86.88+0.S0x22.09 ~ 97.93 KN/m or

Nd ~ 4.30x97.93 ~ 421.10 KN (wall length ~ 4.30 m)

Ci) Shear
The characteristic shear strength of the unrein forced wall is
given by the following formula:
f 0.30+0.40 awv,k 0

Ivhere a is the normal stress due to vertical loadso

Hence,
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0.30+0.40 421.10
4.30xO.30x103

0.43 MFa

A Y factor equal to 2.50 has been assumed
ConWequently the design shear strength of the wall will be

f = fwv,d wv,k Ym = 0.43: 2.50 = 0.17 HPa

Design shear resistance of the wall
-3R d = f dxtx1=0.17x300x4300x10 = 220.0KN<307.85KN = Vdwv, wv,

Since the design shear resistance of the unrein forced wall is smaller
than the desien shear force, then reinforcement must be provided. This
horizontal reinforcement has to resist the total shear force.

Hence: A = 307850 x 200 x 1.15 = 49.01
sh 0.80 x 4300 x 420

where,
As,h
s
Ys
1
f sy

area of the horizontal reinforcement
bar spacing
partial safety factor for steel (= 1.15)
wall length
yield stress of steel

2rom

Minimum rei~forcement: 0.15% of the gross cross sectional area of the
wall (90 rom /200 m or 208/200)

~--4.30

la30 Design bending moment Md = 999.39 KNm
Design vertical load Nd = 421.10 K~
Maximum compressive stress,

a 421.10
4.3xO.3x103

999.39 x 6
0.3 x4.302 x 103

= - 0.33 - 1.08 = -1.41 MPa < 2.12 MFa

Maximum tensile stress

a+ = -0.33 + 1.08 = 0.75 MFa

Tensile force (to be resisted by reinforcement)
1=2xO.75x1490x300 = 167.63 KNO.75~

~Ul+-x+ Vertical reinforcement: A
sy

= 459 mm2/1.49 m or 308 mm2/m

167630
420/1.15

Minimum vertical reinforcement:

min Asv
-2=0.15x10 x1000x300 (010/150)
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Flexural resistance of
0.326 x 300 x 43002
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the wall:

(l - 02 ~i~)+ 2 x 450 xl. 49 x t.2105(2150 _ 14;0)

2100

1574.86 KNm > 999.39 KNm = Md

300 77

2100

369

y2.30m

o
Lw=4.SOm

FIGURE

Lw=6.lJm

In the following a typical floor plan of the building (Figure 2), as well
as longitudinal and transverse elevations (Figures 3 and 5, and Figure 4,
respectively) are shown. Sections are presented in Figures 6, 7 and 8.
Figures 9 and 10 show a typical floor and a typical floor tie-beam lay-
out, respectively. Finally, details giving tie-beam reinforcement, wall
reinforcement and a typical floor-wall connection, and a typical footing
detail are presented in Figures 11, 12, and 13, respectively.
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