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BEHAVIOUR OF BRICK MASONRY BUILDINGS DURING EARTHQUAKES

Ne jat BAYULKE

Chief of Structural Division
Earthquake Research Institute
Ministry of Reconstruction and Resettlement

Ankara-TURKEY

SUMMARY

The characteristics and behaviour of brick masonry
buildings in Turkey .with reference to earthquakes,
the measured dynamic properties of several masonry
structures, and "Earthquake Resistant Design Code"
provisions for brick masonry structures in Turkey
are presented and the behaviour of several brick
masonry buildings during Nov. 24, 1976 Galdiran and
March 25, 1977 Palu (eastern Turkey) earthquakes
are compared with Code provisions. The importance
of bearing wall length/floor area ratio and exter-
nal wall opening ratio is studied and thelr impor-
tance for efficient earthquake resistant is stated,
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l. INTRODUCTION

Brick masonry is very common and widely used construction system in
Turkey. Approximately 70 % of all the new housing construction is in
brick masonry. However the quality and strength of bricks available in

. Turkey prevents the construction of brick masonry houses higher than four
stories. With the rapid growth of cities and the rise of land prices, the
trend is to build high rise buildings, at least in large cities and they
are all in reinforced concrete, Reinforced masonry is not used to cons-
truct high rise buildings since the same amount of steel is required for
reinforced concrete construction and cement is readily available., In
spite of that considerable number of brick masonry structures are still
being built in smaller towns and even at the outskirts of large cities.
Coensidering the high seismic activity of Turkey, the earthquake resis~
tant design and construction cof brick masonry structures is still a main
topic of concern among Turkish civil engineering circles,

2. CHARACTERISTICS OF BRICK MASONRY STRUCTURES IN TURKEY
2.1 Bricks

In Turkey there are two obligatory standarts covering the production of
clay bricks [1], [2]. The dimensions of standart bricks are 19x9x5
centimeters, The handmade bricks are produced by very primitive methods,
dimensional, strength and other properties of hand made bricks are non-
uniform. The temperature of burning is generally lower than factory made
bricks which are stronger and dimensionally uniform. Hand made bricks are
burned in simple kilns where control of temperature and rate of burning
is impossible, Thus they show very inferijior qualities, Even the quality
and strength of factory made bricks are lower than corresponding bricks
produced 1n Europe, Since the factory made bricks require considerable
investment, they are relatively more expensive, In 1975, while factory
made bricks costs 0,40 ‘Turkish Liras (2.9 US cents), hand made brick
coste Q.25 Turkish Liras (1.8 US cents)e. The usage of hand made bricks
is very wide, perhaps 60 to 70 % of all the bricks used in Turkey are
molded by hand and burned in simple kilns.

2+1.1l Compresgsive Strength of Turkish Bricks

Based on the brick compressive strength tests carried out at the Directo-
rate of Building Materials of Ministry of Reconstruction_and Resettlement
the following brick compressive strengths are observed[}]:Table-l

TABLE~1
Compressive Strength of Bricks Tested

Brick type Hand Made Factory Made Factory Made Block Filler

Solid Solid Hollow Load Brick
Bearing
Aversgge
Compressive 55 kg/cm2 236 kg/cm2 188 kg/cm2 LYy kg/cm2
Strength
Variation

of Strength 33 % 19 % 20 % 25 %




II1. 65

These values are very low in comparison with the brick strengths avail-
able in European countries and United States, rhese low values prevents
the construction of high rise brick buildings even for purely vertical
loads, because of the generally high safety factors used in brick
masonry construction requires very thick walls in the lower floors of
a high rise building,

g,;.a Compressive Strength of Brick Masonry

Although there is a widespread usage of brick masonry in Turkey, the
number of tests made on brick masonry walls to determine their mechani-
cal properties are very few, In one of these tests carried out by
Tolunay [4] the following results were obtained: Table-2

TABLE~2
Mechanical Properties of Brick Masonry
In Turkey
Factory Made Brick Hand Made Brick
Brick Modulus of Elasticity E=74 fé E=112 fé
Brick Wall Mod. of Elasticity
Lime Mortar 1:3 E=35 r& E= 45 f&
Cement-lime-sand Mortar 1:2:8 E= 97 f& E= 97 f&

Brick Wall Compressive Strength
Lime Mortar 1:3
Cement-Lime-sand Mortar 1:2:8 f
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In this table f! is the brick wall ultimate compressive strength and

f! is the brick ultimate compressive strength. These ratios are derived
om a very limited number of test specimens and their usage is not very

dependable, they can only be used if the brick compressive strength is

known with sufficient accuracye.

2¢le3 Shear Strength of Brick Masonry

During the earthquakes brick masonry structures are subjected to loads
that develope shear and diagonal tension stresses in the walls. Thus
these properties of brick masonry gain importance, sometimes it is more
important than the brick or masonry wall compressive strength., The dia-
gonal tensile strength of brick masonry is expressed in formulae of the

following form:
CT=7C + MT

In this formula € is the diagonal tensile strength (shear) of the wall,
Co is the shear strength without any vertical stress and can be accep-
ted as the adherence between brick and mortar, g is the vertical stress
in the wall and M is a coefficient of friction., According to tests made
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by Yorulmaz and Atan[B] in Turkey r( and Cpvalues are dependent on brick
and mortar type, They give the following values for j0 and T,s Table-3

TABLE-Q
Toand M Coefficients For Shear Strength of Brick
Masonry
. Load Bearing Gas Beton Filler Block
Brlmic ype Br (YTONG) Brick
Cement Cemént-lime Cement Cement-lime Cement Cement-Lime

— . Mortar Mortar Mortar Mortar Mortar Mortar

rx Q.43 Okl 0.68 0,69 Qe 34 0.21

Clke/em2)  5.14 4,02 1.52 1.53 3.64 5.28

One other important property of brickvmasonry is the adherence between
mortar and brick. ests carried out by Erdiilek [ 6] show that this is also
a property which depends on brick and mortar properties. Table-4

TABLE-4

Adherence. Between Brick

and Mortar

(kg/cm2)
Mortar Type 1:4 ; l:1l:4- : T lt2:4
Cement:Sand Cement:Lime:Sand Cement:Lime:Sand
Brick Type
Hand Made i 6—0.03 109"001}5-0009 ‘1, 6-0.02-0.03
Factory Made
Solid 1,5-1.06 1.8-0.64-0.31 3.32-0.,82-0,03

. Facboyy Made . _ _ } .
Hollow - 2, 57-1.8 3423-2.23-1.69 3,27-0667~1457

In these tests three different mortar types were used but their average
tensile strength were in the order of 4 kg/cm2 (compressive strength of
roughly 40 kg/cm2), These values correspond to values obtained from
sample bricks which were water saturated, as it is, and oven dried. It
seems that the values corresponding to bricks tested as they are should
be taken as the case which represents the actual conditions. Although
relatively scattered values for has been obtained in tests, it seems

that a value not greater than 1 kg/cm2 for could be accepted as the
probable value.

Considering the results of these two researches the shear strength of
brick masonry walls in Turkey can be expressed as follows:

T =10+0.45 M

Taking into account the average dimensions of and loads on brick masonry
the vertical stresses coming to ground floor walls of one to four storiles
high brick masonry structures are 1.40, 1.55, 2,50 and 3.60 kg/cm2; with
these vertical stresses, the shear strength of brick masonry walls in
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Turkey can vary between l.63 and 3,62 kg/cma.

2.2 Mortars

In Turkey the type of mortar which is commonly used is cement reinforced
lime mortar. Mortar strenpgths are generally very low, in view of the low
brick strengths, the use of relatively weak mortars is justifliable since
the usapge of high strength mortars do not bring a considerable rise in
brick masonry strengths. The most widely used mortars contain lime plus
some amount of cement, The usual lime sand ratio is 1 to 3 and if cement
is added then the cement lime ratio is aproximately again 1 to 3. Again
the number of tests on various mortar ratios are not very much in Turkey.
The strength properties of the mortars used in various tests[h],[5],[6]
are given in 'lable-5

TABLE-5
Mortar Strengths in Turkey

Mortar Ratio [4) [6] 5
Lime:;Cement:Sand 1:0:3% 2:1:8 O:l:4 1:1:h 1:2:4 O:l:fy 1.5:1:8

Comp. Strength

(kg/cmg) 70 10.0 - - = 11?_177 33_‘4?
Tensile Strength
(kg/cm2) 265 3.0 _he8 3.8 3,8  26-44  8-10

As seen from table above, the variation in mortar strengths is very high,
the mortar strengths given in reference 5 are for mortars using sand
with precisely determined gradation curves, while those taken from
Reference [ 4] could be considered as being closer to the one which can be
expected in actual construction conditions. In many cases low mortar
strengths have been the cause of extensive earthquake damage.

2e 3 Brick Masonry Design Code

It is sad fact that there is not a specific design code with regard to
brick masonry in Turkey. Lately there has been an attempt to formulate a
standart for the design of brick masonry construction but it is not pub-
lished as yet, There are some guidelines as to the allowable compressive
stresses which can be used in masonry walls with respect to their being -
stone or clay brick and the kind of mortar used as lime, cement reinfor-
ced lime and cement mortar, Table-6, In case of stone masonry these va-

TABLE-6

Allowable Compressive Strengths for Masonry

¥all Type Brick Wall Brick Wall Brick wWall
Lime Mortar Lime and Cement Cement Mortar

Allowable

Compressive 5 keg/cm? 8 kg/cm2 10 kg/cm2

Stress kg/cm2

lues are decreased by 20 percent.
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2.5 Earthquake Resistant Desipgn Code Provisions for Brick Masonry Buildings

In the absence of any brick masonry design and construction regulations
in Turkey, it had been felt to incorporate many provisions concerning
brick masonry into the earthquake resistant design code of Turkey [7 .
In the following parts some of the important provisions of the code with
respect to earthquake behaviour will be given.

2¢5.1 Bullding Helght Limitations

According to the earthquake zoning map of Turkey, the country is divided
into 5 selsmic danger regions. In zones I and II brick masonry houses
can be only two stories high (ground floor and 1st floors), in zone III
brick masonry buildings can be three stories high (ground, lst and 2nd
floors) and in zone IV brick masonry houses can be four stories high
(ground, 1lst, 2nd and 3rd floors). In zone V which is taken as seismi-
cally inactive, there is no height limitation for brick masonry houses,
However as already explained above the gquality of bricks available in
Turkey prevente construction of brick masonry houses higher than four
stories. The code besides limiting the height of brick masonry construc-
tion, also specifies the minimum brick wall thickness of each story.

For two story brick masonry houses the ground floor wall thickness must
be 1.5 brick size (29 centimeters), while the upper floor must at least
be 1 brick thick (19 cm.). For three story high brick masonry construc-
tion, the ground floor wall thickness must be at least 1.5 brick size
(29 cm.), while the upper two stories must be at least of 1 brick thick-
ness (19 cm.). For four story high brick masonry houses, the ground and
first story walls must have a thickness of 1.5 bricks (29 cm,) and the
rest would have a thickness of 1 brick. For single story high brick
construction the minimum wall thickness is one brick (19 cm.). If these
construction have basements, the basement walls should be at least 50
centimeters thick stone masonry. '

2e5¢2 Openings in walls

This is the most detaililed part of the code [7] o It is based on the assum-
ption that solid walls between openings are the lateral load carrying

elements and their size effects the safety of brick masonry construction
during earthquakes,

In the code the total length of the openings in an external wall should
not be greater than 40 % of the length of that wall,

The maximum size of window or door openings should not be greater than
3.00 meters,

The s0lid wall between the corner of the building and the first window
or door opening on that wall should at least be 1.50 meters in I and II
degree earthquake zones and 1.00 meters in IITI and IV degree earthquake
zones. If the bullding is less than 7.50 mecters high, these solid wall
lengths could be reduced to 1.00 meters and 0,80 mcters in the respective
earthquake zones,

The solid wall 1length between two openings (door or window) while being
not less than 1/4 of the length of larger opening, should also be at least
0.80 meters in I and IT earthquake zones nand 0.60 meters in ITI and TV
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degree earthquake zones,

2693 Lintel Beams

While the parts of lintel Dbeams resting on the walls should extend at
least 0.20 meters beyond on each side of the opening, these parts should
also be greater than 15 % of the span of the lintel beam. 'his provision
of the code in practice enforces the placing of a continous lintel beam
at the top level of the door and window openings all around the building.

3s DYNAMICAL CHARACTERISTICS AND EARTHQUAKE BEHAVIOINR

3.1 Dynamic Characteristics

Brick masonry structures because of their large sized walls are stiff
structures and their periods of vibration are usually low. Period mea-
surements made at the Earthquake Research Institute show that their
period of vibration lie usually in between 0.05-0.1l5 seconds depending
on the height of the building. Table-7

TABLE~-7
Periods of Vibration of Brick Masonry Buildings

Building Height Length Width Period H/W Period H/L
Description H (m) L (m) W (m) (sec.) (sec.)

One story

Brick masonry 2.50 780 6e30 0.093 040 _ 0432
One story

Brick masonry 2+90  9¢76 455 0.054  0.55 = 0.26
One story

Brick masonry 2¢50 8.00 6,80  0.045 037 - 0.31
One Story

Stone masonry 2¢20 10497  9.90 - 0e25 0,042 0,23
Three story

Brick masonry - & 04073 - 0.049 -
Four story

Brick Masonryll‘oo 1?.25 15000 0. }.6 0.6? - 0.6l+
Two story

Brick masonry 9,00 21,00 14.25 < Oeb3 0.065 Ouht3

with basement

Two story
Brick masonry 6.50 21.00 14,25 0.036 045 0,045 0.31
w/0 basement

Four story
Brick masonryl2.00 26.00 24.00 0,164 0,50 0.1% 0.46
with basement

Three story
Brick masonry 7.80 19,70 9¢75 0.126 0.80 0,15 0,40
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Same as above
Heavily damagcd

in earthquake,

with fewer 7.80
wall opening

19,70 9475 0.096 0.80 0« 390 0e 40

Based on these relatively limited number of brick masonry buildings, the
following relation between the period of vibration (T) and the building
story number (N) may be suggested:

T = 0,05 N

However this relationship needs further investigation. In this form the T
value is slightly greater than the actual value of period of vibration.
Brick masonry structures due to their rigidity will exhibit very low
damping values, probably, never more than 2 %. But in case of earthquake
damage the damping may g£0 up as much as 10 %. Comparison of the last two
data on Table-7 indicates that very large changes in the period of vibra-
tion of damaged masonry structures should be expected.

Significance of low periods of vibration of brick masonry bulldings points
out that these buildings will be subjected to spectral accelerations al-
most equal to the maximum ground acceleration. Considering the shear
strength of brick masonry, the lateral force which will cause the crack-
ing of brick walls could be established. Once the brick wall cracks its
resistance to shear stresses is provided by the friction along the cracks
and thus its shear strength after c¢racking is highly dependent on the
vertical loads., Tests must be carried out to determine the shear strength
of brick masonry in the cracked state, o

32 Earthquake Behaviour

Brick masonry is a highly brittle material and under earthquake loads it
breaks very easily and even an earthquake of intensity V MSK would be
sufficient to have cracking in the walls. Higher intensities of earth-
quake motion will increase the level of damage. In this part of the paper
an attempt will be made to explain the behaviour of brick buildings
during earthquakes,.

Under the action of lateral forces (wind and earthquake) the longitudonal
Walls will transfer the lateral loads to the roof or floor slab (if there
is one) or to the roof truss and this element will in turn transfer the
loads to end walls, Figure-l. Thus the end walls will be subjected to
shear forces and when the shear stress exceeds the shear strength of

the wall, failure in the form of diagonal tension cracks occurs, These
cracks will make an angle of 45 degrees with the horizontal,

Since the earthquake forces will act in the two principal directions of

the building, the corners of the building will be very critical., Figure-2
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REACTIONS OF
END wWALLS
SLAR SLAB v
L ‘x\ ///
END WALL Forc £ et 114+ ¢
ON waL | »

FORCE ON END WALL

END waLl.

—_—

Figure-~l State of Loading on Brick
Walls Due to Lateral Forces

In fact such kinds of corner failures have been observed many times in
Turkey. Figure-3. In case when there are no slabs of reinforced concrete

or the roof truss is not rigid enough to hold the two cross walls
together this form of damage should be expected,

Figure-2 Corner Behaviour of Masonry Buildings,.
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Figure-3 Corner Damage due to Karthquake

Due to action of shearing forces on the walls of brick masonry, various
forms of diagonal tension failures occur. However the walls are also
subject to compressive stresses due to the weight of the wall and weight
of upper stories, Thus the diagonal tension cracks will deviate from 45
and the angle between the cracks and vertical direction will be smaller
than 45 degrees,Apart from the angle of cracks, the extension of the

XLXOXOX

(a) (B) (c)

D]X

. ) £S) (‘F)
Figure-4 Various Patterns of Earthquake
Cracking in Masonry Buildings
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of the cracks will be influenced by the height to width ratio of the
wall and location and size of the window and door openings. Figure-4,

This initial diagonal cracking of the wall, if the earthquake continues

at a high intensity, will result in the decrease of vertical load camrying
capacity of the wall and vertical cracks due to vertical loads will begin
to appear in addition to the existing cracks due to diagonal tensile
stresses in the wall. This process will eventually lead to the complete 4

collapse of the wall, iFigures-5,6,7 show this kind of heavily damaged
brick masonry walls

Figure-5 Tynical Failure of Brick Masonry

Figure-7 Typical Failure of Brick Masonry
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4, COMPARISON OF CODE PROVISIONS AND EARTHQUAKE BEHAVIOUR

The earthquake resistant design code provisions for bdbrick masonry buil=-
dings generally is ctémpoged of certain rules for wall openings with res-
pect to the total externgl walls, placemént of lintel beams, the founda-
tions and certdin peltridtions on the height of dbrick masonry buildings,
Although earliér ¢ditioné of the asrthquake resistant design code of

Turkey had also: stiyépsed! or,sinh- Anpbrfance of wall opening ratios, there
had been ng syz: pytic: anprical !ﬁ Bafch oh the effectiveness of wall

opeiiing ratio 6s'af earthquake feglatgnt feature for drick masonry buile
aings, uaing data m-umdigsdfw in actual sarthquakes,

, - dA A g B el gy . ;
After November 2i,° ;wéyqumm_;tgm’cf;moa 25, 1977 Palu earthquakes [8)
[$) & nuader of masonry bulldingd #eye investigated and the effective~
ness qf wall opeming ratid a4 an:#artliquake resistant design fedture far
brick masonry byildings sere tesiad; The results of the analysies of five
duildings are given in n’fonne”'
result will be prdssnted, ‘

‘Here, only a brief suamary of the

The window and door opening Patics: of teo principal axes of these buil-
dings, along with the wall length (em)}/tloor ares (m2) ratio is as given
in Table-8, On this table Reuxis of the building corresponds to the lon-

‘Setanal ¥ell  WALL/TN00r Ares Damage Renapks

‘Opening Ratic” Ra3id ca/m2
Building . S ORI RIS m———"
Galdiran : o B
Staff Housing = N
x~a8Xx18 - hl=3¥ Lo, 26 No deasage I=1IX
y-axis o 0 > 3 o damage (Figure-8)
Muradiye [ T
Staff Housing . =~ - "4 XA : R y
x-axis C Bh.8l: =1, :“}( ilesavy damage 1= VII
y-axis o . R? . NOo damage (Figure-9)
Muradiye 1 '
Junior High g gl L
School ‘ -
x-axis 15 Y ¢ Slight damage 1= VII
y~axis 5)-%7 gy ¥ Heavy damage (Figure~10)
Palu :
Monopoly Office ‘ BT
x-axis h2-35 : R 3 Damage
y-axis ‘ 0-X6 . e NO damage Is VI
Palu Local
Administration i
Building . :
x-axise . 5% s 5 2% Heavy Damage I=VI

y-axis S T . * S No damage (Figure-11)
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ger plan dimension of the building, while y-axis coincides with the
shorter dimension of the building. Wall length/floor area ratio is cur=-
rently advocated as an earthquakée resistant design feature in Japan (11],

From these observed damage and properties of buildings, it can be seen
that an external wall opening ratio more than 4O % causes damage in the
walls.

On the other hand, buildings with wall/floor ratio less than 25 cm/m2
are also damaged heavily, This points out the fact that large sized
rooms in masonry houses could lead to damage in case of earthquakes,

The number of observed cases is few thus the impressions should be taken
with caution, However, they could still be taken as useful parameters in
the design of earthquake resistant brick masonry houses.

5« SUGGESTIONS AND CONCLUSION

As it 1s known brick masonry 1s not a construction system desired and
used for earthquake resistant comstruction however certain economical
conditions enforce its usage, specially for one to two stories high
houses which are being bullt in considerable numbers in Turkey. The
brittle nature of the drick masonry walls and rapid cracking of walls
during earthquakep necessitates certain counter measures. Since the ra-
pld shear cracking weakens the vertical load carrying capacity ef walle
thus increasing the possibility of collapse, measures are required to
provent extensive cracking and crack propagation. This is usually achie-
ved by providing lintel beams of more ductile nature and of higher
strength such as reinforced concrete at certain levels of the walls,

Another critical comditlion occurs at the corners of external walls,.
under the action of earthquake forces, the cross walls tend to displace
each other outwards at the corners. This could be prevented by provi-
ding vertical reinforced concrete columns at the corners. This detail
is widely followed and commonly executed in Turkey even in one story
high houses. Presence of reinforced concrete slabs at floor and roof
levels will prevent outward displacement of corners by exerting a
vertical restraint. '

External wall opening and wall length/floor area ratios seem to be two
important amprical parameters which could be used to improve earthquake
behaviour of brick masonry structures. Research work, both analytical
and experimental, could be carried out to provide more rational basis
to these parameters,
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