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Abstract

Masonry buildings constitute most of the buildings in our country. Although they
are used both in rural areas and city centres, supplying the material around the
building area is an important factor. Thus, especially in the countryside these
types of buildings are more preferable but there may be problems under dynamic
loads such as horizontal loads and earthquake when some rules in architecture
are not obeyed.

During this study, many different masonry buildings in many different
regions of Turkey were discussed, the materials using in those buildings were
examined, and their earthquake resistances were evaluated by using the finite
elements technique in terms of seismicity and building models. As a result of the
study, the earthquake resistance of buildings which were constructed with
different materials in different regions of Turkey were determined, and the
reinforcements of buildings having a lack of earthquake resistance and their
situations after reinforcement were determined.

Keywords: masonry building, earthquake analysis, repair and strengthening.

1 Introduction

Turkey is located over an earthquake region, and the buildings, especially in
rural areas, are constructed with materials which vary depending on the
conditions of the region. Most of those structures are not earthquake-resistant.
When evaluating the damage to masonry buildings in recent earthquakes in
Turkey, those kinds of buildings that are not earthquake-resistant can be seen

WIT Transactions on The Built Environment, Vol 132, © 2013 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)
doi:10.2495/ERES130111



134 Earthquake Resistant Engineering Structures IX

quite obviously. The movements of masonry buildings during an earthquake and
the analysis of those buildings are complicated situations. Almost in every
country, studies are conducted in order to determine the behaviour of masonry
buildings being used as a historical place or a house, and to determine the
specifications of their materials [1-8]. By determining the post-earthquake
damage of those structures, some analytical and experimental studies can be
conducted in order to determine the bearing of walls and the specifications of
materials for preventing the newly-constructed structures from the effects of an
earthquake [9-12]. Also when strengthening the weak structures in order to
make them earthquake-resistant, many researchers have conducted studies about
the reinforcement and strengthening of historical buildings in particular [13-16,
18]. The earthquake-resistant design of both ferro-concrete and masonry
structures can be defined as constructing buildings which are resistant to
earthquakes and forces on structures. In order to design the structures as
earthquake resistant, it is important to know the forces which arise during an
earthquake and to examine efficiently the behaviour of structures under those
effects [19-23].

During this study, architectural plans, material characteristics and carrier
systems of masonry structures constructed in different regions of Turkey were
examined. The behaviours of structures under earthquake loads were determined
by using the finite elements method. By reinforcing the structures with
earthquake-resistance  deficiency, their conditions before and after
reinforcements were compared.

2 The types of masonry structures in Turkey and the
materials used

The materials being used around Turkey are wooden in Blacksea and Marmara,
adobe in Central Anatolia, and stone in Eastern Turkey. Without changes
between regions in terms of plan, the houses where internal privacy rules are not
breached can be seen [24]. In the introduction part of Aksoy’s article “The
establishment principles of middle space” [25], he mentioned that although
Turkey consists of 7 geographical regions, it can be reduced to 3 climate regions
practically because of similar and same data. In the chapter on “Climate Regions
of Anatolia, and Effects of Those Regions on Culture and Art Activities”, he
classified those 3 climate regions as 1. The Mediterranean Region: South
Anatolia and Aegean regions, 2. Temperate Region: Marmara and North
Anatolia, 3. Continental Climate Region: Plateaus of Anatolia. According to
Aksoy [25], the information of the 3 main climate regions creates 3 different
patterns.

In that order, the structures are classified as of stone, wooden, and adobe.
Their distribution into regions is drawn as follows; stone-made structures are
seen in the southeast, wooden-made ones are seen in Marmara and Aegean
regions, adobe-made ones are seen in high central plateaus, and solid wood-made
ones are seen in North Anatolia and central plateaus’ parts with large forests
[26]. It was seen that some of those materials may be used together in some
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regions (Fig. 1). The materials of masonry structures include mostly inorganic
materials having no metal properties, from clay-based adobe to natural stone and
bricks. But the most frequently used materials are stone, bricks and adobe. Those
structures are stone, logging, adobe, briquette, timber-work, and hybrid masonry
structures [27].

Materials used in stone building:
Appropriate-shaped stones around an
area, bonding timbers and laying, and
mud-halm mixture (as a bonding
element).

Materials used in brick building:
Bland brick, Portland cement-

aggregate mixture (bonding element).

Materials used in half-timbered
building:

Bonding timbers in skeletal system
and bland brick in filling parts.
Cement-aggregate mixture is used as
bonding element

Materials used in adobe building:
Adobe which is obtained by well
mixing the mud and halm. Wood is
used in windows and doors.

Figure 1:  Masonry structure samples from different regions.

Additional to uniform ones, mixed structures are also used in our
constructions according to conditions of regions. We see that wood, adobe, and
stone materials are used in traditional houses of Burdur at most. Because of its
easy workmanship and its efficient resistance to heat and cold, adobe is widely
used in the region [28]. Duplex or triplex masonry structures, which have plane
frontals and sometimes courts, do not offend the eye within the concept of the
Diyarbakir Suri¢i region. The most important problem of Surigi is the existence
of column-free and groundworkless houses with different wall thicknesses and
more than 3 floors [29]. The main construction element of houses in the Yozgat
region is stone. Stone is used in groundworks and the walls of the house as a
carrier. Also depending on usage field, it is used as a decoration element in
garden walls and chimneys. Soil is the element bonding the walls. It is used in
walls and layings. Wood is the second most frequently used material in the
construction of houses [30]. Also, when analysing the traditional architecture of
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village houses in Turkey, it is seen that the plan is very simple and there are 2 or
3 floors in the highest structures, and that wall thicknesses are between 20 and
55 cm. There are some plans and photos of village houses in Figure 2.
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Figure 2: a) Photo and ground floor plan of stone masonry house in the
Edirne region. b) Ground floor plan of masonry structure.
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Figure 3: a) A structure with briquette masonry walls in ground floor and
half-timbered walls in upper floor in the Sakarya region. b) Plan of
ground floor of structure.
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Figure 4:  a) A structure with stone masonry walls in ground floor and half-
timbered walls in upper floor in the Samsun region. b) Plan of
ground floor of structure.
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Figure 5: a) Stone masonry structure in the Antalya region. b) Plan of ground
floor of structure.

3 Calculation of masonry buildings according to Turkish
seismic code

The calculations of masonry buildings’ resistance to earthquake were performed
according to the 5™ chapter of the Turkish Seismic Code-TSC (2007) by
determining the shear stress of earthquake on horizontal joints of walls. Before
calculation of shear stress, the vertical stresses on walls were calculated, and they
were evaluated as to whether they conform within the desired limits or not. Wall
safety stress was calculated according to block brick with vertical pores, and the
wall safety stresses were determined according to values given by TSC (2007)
[31, 32]. Calculated wall pressure safety stresses were decreased according to
their fineless degrees. In order to calculate the shear stresses on walls, shear
force on walls was calculated through the ETABS 9.7.2 version by considering
the floor torsional moment. By dividing the earthquake force on the wall with a
horizontal cross-sectional area of the wall, the shear stress was calculated. That
value was compared with wall shear stress t,, which was found via
Equation (1). 7., indicates the wall shear security stress, 7, indicates the wall
cracking shear stress, p indicates the friction coefficient, and ¢ indicates the pre-
calculated horizontal wall tension. Three different models were used in the
calculations. A first-degree seismic zone was handled in the analyses, and
effective ground acceleration was accepted as 0.4g. The building importance
coefficient was taken as 1, class of soil class was chosen as Z1 according to TSC.

Tem = To T UO (1)

The material and geometrical specifications of the wall, bond beam and used
in model are given in Table 1. The thickness of the wall was calculated as 10 cm
in all of the models. Likewise, the intersection sizes of bond beams were
arranged as 50x50cm and 50x30cm, according to the thicknesses of the walls.
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Table 1: The mechanic specifications of the wall, bond beam and laying
used in the model.

Weight Model Elasticity . Shear
. Mass Pressure Poisson
Type Material (kg . module Module
(kg) s Resistance (MPa) Rate (MPa)
(MPa)
Wall Cliff stone | 2.54 25 10 2000 0.15 870
Laying Ferro- ) 54 | s 16.7 28000 02 | 11666
concrete
Bond Ferro- 5 54 | 25 16.7 28000 0.2 11666
Beam concrete

Also the unsafe buildings which did not satisfy the TSC2007, were retrofitted
with steel profiles and FRP. Considering the wall thicknesses, the behaviour of
the weak walls were analysed by placing horizontal and vertical 50x50 and
30x50 bond beams with at least 4 m intervals (according to Turkish Seismic
Code). In another model, besides the 50x50 and 30x50 horizontal and vertical
bond beams, the weak walls were reinforced with UNP 400 cross-sectional steel
and FRP implementation. In another model, reinforcement was performed with
repair mortar. That implementation was investigated in 20 and 50 cm-thickness
walls according to Turkish Seismic Code. And finally, reinforcements were
performed with 50x50 and 30x50 horizontal and vertical bond beams by
assuming the thickness of all walls as 20 cm, then the earthquake bearing of
buildings were analysed.

4 Analysis results

At the end of the analyses of models, all the data were obtained, and shear force
on walls and shear stresses were calculated according to TSE. Obtained vertical
stress values, shear stresses and calculated security stresses are given in Tables 2
and 3 (for 2-storey structures) and Table 4 (for 3-storey structures). All of the
calculations were performed according to the Turkish Seismic code. “\” sign
denotes that the structure is safe according to the code, and “X” sign denotes that
the structure is not safe. The model images of the buildings are given in
Figures 6-8.
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Table 2: Analysis results of the 1% model (t: shear stress, tem: safety
coefficient y shear stress).

50x50 Bond Repair Mortar +FRP Repair Mortar +FRP

Building Types ~ Original 50x50 Bond Beam | 30x50 Bond Beam Beam + Cross _ Reiforcement Reinforcement 30x50 Bond Beam
Wall Thickness 0.5m 0.5 m 0.5 m 0.5m 0.5 m 0.2 m 0.2 m
Wall No T Tem T Tem T Ttem T Ttem T Tem T Tem T Ttem

P2X1-P2X9 020 0,13 X 0,16 0,11 X 0,19 0,11 X 011 0,11+ 020 0,17 X 023 018X 021 0,11 X
P2X10 0,16 014X 0,15 012X 016 012X 0,11 011V 016 019 0,18 020V 017 0,12 X
P2X11 0,19 0,4 X 0,16 0,12 X 018 0,12 X 0,11 011 0,19 0,19y 020 020V 018 0,12 X

P2X12-P2X20 0,18 0,2 X 0,15 0,11 X 017 011X 0,10 011 018 017 X 020 018X 019 0,11 X

P2YI-P2Y8 0,02 0,4 001 0,12 001 0,12y 0,00 012V 002 0,19 001 020 001 0,12V

P2XKAPI-8 0,13 0,10 X 0,09 0,10 0,10 0,10 006 0,10V 0,13 015 015 0,15v 0,11 011X
PX1-PX9 0,07 017+ 006 013+ 007 013 004 013+ 007 022V 011 024 008 0,13
PX10 0,16 0,194 0,12 015V 014 0,16V 0,13 015 016 024V 020 024 0,14 0,15
PX11 0,17 0,19+ 012 015y 014 016 013 014+ 0,17 024 021 024 0,15 0,15V

PX12-PX20 0,05 0,17V 005 0,13Y 006 013+ 0,03 0,13V 005 022V 007 023V 006 0,13+
PY1-PY8 0,02 017+ 002 013+ 002 014+ 001 013 0,02 022V 004 024V 002 0,13V
PIKY1-9 0,12 0,19 0,07 014 008 0,15Y 005 0,14 0,12 023V 0,14 025 0,08 0,15

PIXKY2-8 0,10 0,19 006 0,14 007 015y 0,04 014 010 024+ 0,12 025V 007 0,14+
PX1-PX9 0,07 017+ 006 013+ 007 013y 004 0133 007 022 011 024 008 0,13
PX10 0,6 0,19V 0,12 015 0,14 0,16 Y 0,13 015 0,16 024V 020 024+ 0,14 0,15+
PX11 0,17 0,19+ 0,12 015V 014 016 013 014~ 0,17 024 021 024 015 0,15V

PX12-PX20 0,05 0,17V 005 0,13V 006 0,13V 0,03 013V 005 022 007 023 006 0,13
PYI1-25 004 0,17V 002 0137 002 0,14V 001 013V 004 022V 004 024+ 002 014+
PY2-26 0,02 0,177 001 0,13V 002 0,14~ 001 013V 002 0227 0,03 024 002 0,13
PY3-25 0,02 0204 001 016V 001 016V 001 016 002 025V 003 025V 001 0,16
PY4-26 0,02 0,19 000 016 000 016 000 0154 0,02 024 002 025V 000 0,16
PY5-25 0,01 020 0,00 0,16 001 0,16 001 016 001 0257 001 025y 001 0,16
PY6-26 0,010,191+ 0,00 016 000 016 000 0,15 0,01 024 001 025V 000 0,16
PY7-25 0,03 0,17 002 013V 002 0,14Y 001 013 003 0227 003 024 002 0,14V
PY8-26 002 0174 002 013V 002 014V 001 013+ 002 022V 004 024+ 002 0,13

PIXKAPI-8 0,0 0,11V 006 0,10 008 011N 004 010 0,10 0,15 0,13 0,16V 008 0,11V
PIKYI-9 0,12 0,194 007 014 008 0,15V 005 014+ 012 023V 014 025 008 0,15

PIXKY2-8 0,10 0,19+ 006 014~ 007 015 004 014+ 0,10 024 0,12 025V 007 0,14
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Figure 6: Image and plan of the 1* model.
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: d
Table 3: Analysis results of the 2™ model.
SUXSU Bond Repair Repair 30x50
Building Types Original 50x50 Bond Bean}0x50 Bond Bean Beam + Cross

Mortar +FRP Mortar +FRP

Bond Beam

UNP
‘Wall Thickness 0.5 m 0.5m 0.5 m 0.5 m 0.5m 0.2 m 0.2 m
‘Wall No T T Tem T Tem T Tem T Tem T Tem T Tem
Tem
P20N1-P20N9 0,16 0,12 X 0,12 0,11 X 0,14 0,11 X 0,09 0,11 0,16 0,17~ 021 017X 0,116 0,10 X
P2EI-P2E3 0,02 0,13 0,02 011N 0,00 0,11~ 002 0,11+ 002 0,18~ 002 019 003 0,11~
PSA1-PSA3 0,02 0,13~ 001 0,11+ 001 011~ 001 011~ 002 018~ 003 0,19V 001 011~
P2ARI 0,10 0,13V 0,08 0,12+ 0,09 0,12+ 0,06 0,12~ 0,10 0,18~ 0,13 0,19 0,10 0,11V
P2YD 0,00 0,14 0,00 0,12+ 0,00 0,12+ 0,00 0,12 000 0,19 0,00 0,19 001 0,12+
P2YCl 0,00 0,14 0,00 0,12+ 0,00 0,12 0,00 0,12 000 0,19 0,00 0,19 0,00 0,12+
P2YBI 0,00 0,14 0,00 0,12 0,00 0,12 0,00 0,12 000 0,19 0,00 0,19 0,00 0,12+
P2ICI 0,06 0,14 0,08 0,12+ 0,08 0,12V 0,08 0,11V 006 0,18 0,07 0,19 0,10 0,12+
P21C2 0,09 0,13V 0,08 0,12+ 0,09 0,12+ 0,08 0,11V 009 0,18~ 0,11 0,19 0,10 0,12
P2A1-P2A3 0,02 0,13+ 001 011+ 001 011~ 001 011~ 002 018~ 003 0,19V 001 011+
P2ARI 0,10 0,13V 0,08 0,12+ 0,09 0,12 006 0,12 0,10 0,18 0,13 0,19 0,10 0,11+
P2YD 0,00 0,14 0,00 0,12+ 0,00 0,12+ 000 0,12 000 0,19vY 0,00 0,19+ 001 0,12+
P2YCI 0,00 0,14v 0,00 0,12V 000 0,12+ 000 0,12V 0,00 0,19 0,00 0,19V 0,00 0,12+
P2YBI 0,00 0,14~ 000 0,12+ 0,00 0,12+ 0,00 0,12~ 0,00 0,19 0,00 0,19+ 0,00 0,12+
P2IC1 0,06 0,14~ 008 0,12+ 0,08 0,12+ 0,08 0,11 0,06 0,18 007 0,19+ 0,10 0,12+
P21C2 0,09 0,13V 0,08 0,12V 0,09 0,12+ 008 0,11~V 0,09 018~ 0,111 0,19V 0,10 0,12
PIONI-PION7 0,18 0,14 X 0,112 0,13 0115 0,13 X 009 0,13V 0,18 0,19V 023 020X 0,17 0,13 X
P1E3 0,05 0,16V 0,03 0,13+ 0,03 0,13+ 002 0,13 005 021~V 002 022+ 001 0,13~
PIAI-PIA3 0,04 0,16 002 0,13~ 003 0,13~ 001 013~ 004 021N 002 022V 000 0,13~
P1ARI-PIARS 0,12 0,17V 0,08 0,14~ 0,10 0,14V 006 0,14 0,12 021V 0,16 023~ 0,11 0,14
P1YD 0,02 0,18V 0,02 0,15 0,02 0,15V 001 0,15 002 023v 001 025 001 0,15~
P1YCI1 0,01 0,18V 0,01 0,14 001 0,15+ 001 0,14~ 001 023~v 0,00 024~ 0,00 0,15~
P1YBI 0,02 0,18 0,02 0,15 0,02 0,15 001 0,15 002 023v 001 025 001 0,15~
PICI 0,11 0,18V 0,09 0,14 0,10 0,15 0,11 0,14~ 0,11 023~ 0,14 024~ 0,12 0,15
P1C2 0,12 0,18V 0,09 0,14 0,10 0,15 0,11 0,14~ 0,12 023~V 0,16 024~ 0,12 0,15
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Table 4: Analysis results of the 3™ model.
50x50 Bond i i
Building Types Original 50x50 30x50 Repair Repair 30x50
Bond Beam _ Bond Beam Beam+ Mortar +FRP Mortar +FRP _Bond Beam
‘Wall Thickness 0.5 m 0.5 m 0.5m 0.5m 0.5m 0.2 m 0.2 m
Wall No T T Tem T Tem T Tem T Tem T Tem T Tem

Tem
P3A1-P3A3 0,03 0,13V 002 011V 0,02 0,12V 002 011 003 018+ 0,03 019V 0,02 0,11+
P3AR 0,11 0,13~ 0,08 0,12V 0,10 0,12V 007 0,12 0,11 0,18~ 0,15 0,19 0,10 0,12V
P3IC1 0,04 0,13V 008 012V 0,08 0,12V 005 0,11V 004 018 005 019V 0,09 0,12+
P3IC2 0,09 0,13Y 008 0,12V 009 0,12+ 006 011V 009 0,18V 011 0,19 009 012+
P30ONI-P30N7 0,18 0,12 X 0,11 0,11 X 0,14 0,11 X 0,10 0,11 Y 0,18 0,17 X 0,23 0,18 X 0,14 0,11 X
P3EI-P3E3 0,02 0,13V 002 011V 001 0,12V 002 011V 002 018 0,02 019V 003 0,11+
P3YD 0,00 0,137 0,00 0,11V 0,00 0,12V 000 0,11V 0,00 0,18V 0,00 0,19 000 0,11+
P3YCl 0,00 0,13V 000 011V 0,00 0,12 000 0,11 000 018 0,00 0,19V 000 0,11+
P3YBI 0,01 0,13V 001 011V 0,00 012v 001 0,11V 001 018 001 019V 000 0,11+
P2ONI1-P20N9 029 0,13 X 0,18 0,12 X 021 012X 0,11 0,11V 029 0,18 X 036 0,19 X 020 0,12 X
P2EI-P2E3 0,03 0,16V 0,02 013V 0,01 0,13V 001 013+ 003 021V 003 023V 003 0,12+
P2A1-P2A3 0,04 0,16V 001 013V 001 0,14V 002 013 004 021V 004 023V 001 0,13+
P2ARI 0,17 0,17 X_ 0,13 0,3 0,15 014X 0,09 0,13V 0,17 022V 021 023Y 0,15 0,13 X
P2YD 0,00 0,17V 001 013 001 014~ 001 0,13V 000 022 000 024 001 0,13+
P2YCl 0,00 0,17 0,00 0,13v 000 014 001 013V 001 022V 000 024+ 000 0,13+
P2YBI 0,00 0,17 0,01 0,13V 001 0,14V 001 0,13 000 022+ 0,01 024 001 0,13+
P2IC1 0,11 0,17V 013 013V 0,14 014X 0,110 0,13V 011 022 0,12 023V 0,14 0,14 X
P2IC2 0,14 017 0,13 0,13v 015 014X 0,10 013V 0,15 022V 017 023V 014 014X
PIONI-PION5 0,18 021V 0,10 0,15Y 0,13 0,16\ 003 013 0,18 026V 022 029V 011 015
P1ON6-PION9 0,26 0,16 X 0,18 0,14 X 022 0,14 X 006 0,12V 026 021 X 033 023X 020 0,14 X
PIEI-PIE3 0,08 0,19V 004 0,15V 005 0,15 003 0,15V 0,08 024V 003 026V 002 0,15
P1AI-PIA3 0,06 0,19 0,03 015V 0,04 0,15V 002 015 006 024 0,03 026V 001 0,15
PIARI-PIARS 018 0,17 X 0,12 0,13V 0,15 0,14 X 008 014+ 0,17 022V 021 023V 014 014+
P1YD 0,03 022+ 003 0,16 003 017V 001 0,16V 0,03 027V 002 029V 001 0,17V
P1YCI 0,01 022V 001 016V 001 017 001 0,16V 001 027V 000 029V 001 0,16
P1YBI 0,03 022V 003 016V 0,03 017V 001 0,16V 003 027V 002 029V 001 0,17V
P1ICI 0,16 021N 0,13 0,16 Y 0,15 0,17V 0,12 0,16\ 0,16 026 021 028 0,15 0,16 V
P1I1C2 0,17 021V 013 016V 0,15 017V 012 0,16V 017 026V 023 028V 0,15 0,16
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Figure 8: Image and plan of 3 model.

5 Conclusion and result

In order to determine the behaviour of masonry structures, 3 different types of
masonry building were analysed in this study. The wall thicknesses of buildings
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were 50 cm. Three of the buildings which were heavily and irregularly
constructed were found inadequate in terms of resistance to earthquake and
horizontal loads. After adding 30x50 (cm x cm) and 50x50 (cm x cm) vertical
bond beams and horizontal bond beams which were bonding other ones to the
buildings, then the structures were re-analysed. Although they were less than
before, inadequate walls were detected in three of the models. On the other hand,
all of the buildings were reinforced with cross steel bars and FRP. In that case,
the numbers of inadequate walls were significantly less than that in the original
state and that in bond beam-reinforced state. It is thought that when these
analyses performed within elasticity limits would be performed according to
calculations including plastic deformations, performance levels could be
obtained.

As a result; when they are irregular and heavy, those masonry structures
cannot satisfy the requirements of code. They need to have horizontal and
vertical bond beams and to be regular in architectural aspect. On the other hand,
the reinforcement of those kinds of buildings is not accepted as economic. So,
for reinforcement of those kinds of houses, historical ones should be considered.
Other structures should be demolished and then re-constructed.
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