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Simplified density indexes of walls and tie-columns for
confined masonry buildingsin seismic zones

Gaochuang Cai, University of Luxembourg

Konstantinos Daniel Tsavdaridis, University of Leeds

, Hasselt University

Abstract

This paper discuss and quantifies the minimum requirements of walls and tie-columienfined masonry
(CM) buildings locatedn earthquake-prone regians research database including 238 damaged CM buildings
obtained from the 2008 Wenchuan earthquake sursegstablished and comprehensively examined. The
requirements of masonry walls in CM buildings are discussed aasichplified tie-column density indexsi
proposed for evaluating the potential damage of the structures. Bes&desniimum requirements of reinforced
concrete RC) tie-columns and their maximum allowable spacing in CM buildings agréift seismic intensity

zones are discussed

Keywords: Confined masonry; Simplified indexes; Seismic assessibesign requirementsVall density;

Spacing of tie-column®atabase of damaged buildings;
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1 Introduction

Confined masonry (CM) buildings commonly consist of masomajls as well as horizontal and vertical
reinforced concrete (RC) confining elements, which are widely appliechuhi-storey buildings such as
inhabitant apartments.h& RC confining elements CM structures are usually constructed after all masonry
walls locatedat the same floor are completed. The most important construction &sfeat the interface edges
between masonry wall artge-column are usually toothed the so-called “Horse-tooth” in China, as shown in
Fig.1. According to the construction experiesiteChina, and comparing with RC and steel structu@ds,is an
economical structural type for low-rise buildings and has been wajgblied and practiced in other seismic
active regions such as Mediterranean Europe, Latin American and Asi@efoffive decades. Since the RC
confining elements can improve the structural ductility and integiityulsaneously a well-designed and
constructed CM building can survive and resist effectively the total collapgde structure during an
earthquake. Figs. 2 and 3 show some representative CM buildinggydd without collapse during the 2008

Wenchuan earthquake

In China, the first field investigatioon the seismic-resistant performanceGM buildingshas beerreported for
the 1966 XingTai earthquake (Richter magnitude sddle=6.8). All inspectedCM buildings survived the
earthquake without collapse while all inspected unreinforced masonry (URMnbs had been partially or
entirely collapsed. Since dahearthquakeCM structures have been increasingly applied in China and their
effectiveness in subsequent several large earthquakes such as theafh§3ban earthquake (Ms =7.8) and,
more recently the 2008 Wenchuan earthquake (Ms =8.0) and theL@6t&n earthquake (Ms =7.0) has been
verified (Wei and Xie 1989; Zhang and Sun 1999; Li and Zhao 200&)prding to the field survey performed
by one of the authors, almost all low-rise CM buildings redigiffectively their collapse during th2008
Wenchuan earthquaktherefore offeed an effective protection for the users and their possessions eQ@hibr
hand, the demolition of buildings with severe damage or the altegradtistrengthening and rehabilitation after
an earthquake is strongly associated with the available time and cesefdie, the methotb effectively reduce
the heavy damage of masonry structures during an earthqeakenés an important challenge nowadays, in

particularasthe residential demands and construction costs of buildings (and lands@&crea

Up to date, the seismic behaviour of confined masonry walls/strudtaselseen widely studied (e.g., Franch et
al. 2008, Marques and Louren@013,2014; Ghorbani et al. 201Perez et al. 2015; Medeiros et 2013;



54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Janaraj and Dhanaseka@12). The wall density significantly affects the seismic performancenasonry
structuressuch as in terms of their seismic damage degree andtailfailure mode. According to previous
studies, the wall density of masonry structures positionethe dominant earthquake direction has been
consideredas one of the key parameters influencing the seismic performané@vombuildings during an
earthquake (e.g., Lourenco and Roque 2006 index is determined as the total area of masonry walls in the
direction divided by the whole floor area. It is accepted that the darhagesonry structures with a highwall
density could be well controlled. Consequently, the provisions riaggatide minimum requirements of masonry
walls in detail have been specified in various national seismic design cagle<CgEN 2005; NCH 2123 2003;
GB 50003-2011 2011; NIIT 1991; EEAC 2010; NERERC 2003; NE[I&70 2006). The confining elements in
CM buildings and in particulaRC tie-columns influence significantly the ductility and structural intggat
masonry structures as well as restrict cracking development and extensive ttamagenry wallsHowever

due to the fact that confining columns are not typically designed thrdatpiled structural calculations, the
detailsof the elements (i.e., tirespacing and arrangemgiatre dependent on engineeskills and experiences

As a conseque® a potential risk exists in tHéM structures although a good seismic performance is expected
Therefore, it is essential to spectdyreasonable spacing of such confining elements in CM stegctluring a

design practice.

To this endthis study discusssthe relationship between the actual damage and the density of masonry walls
and tie-columns ittM buildings located at Modified Mercalli Intensity Scale (hereafter, seismic ityensnes

VIII to X during the 2008 Wenchuan earthquake. Based on tiésminimum requirements of wall density and
design details of RC tie-columns@WM structures are quantified and modelled throaghmprehensive analysis

of 238 masonry buildings damaged during the earthquake. In additioenw simplified design parameter for
describing the relationship between the used amount of RC tie-colum®l ibuildings and their damage

degree, calletie-column densitys also presented herein.

The results of tis field investigation are beneficial to understand the seismic performamoafiied masonry
structures in earthquake prone zones, as they represent a seriesaafiéulésts subjected to a real earthquake.
This paper also helps to understand the potential damage ¢évedsy and existingM buildings and realise if
some effective remediation could be attainkd summary, this work contributes to the current design and

assessment of CM buildings by providing
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(1) simplified methods to quantify the tie-column density in i@t masonry buildings;
(2) calibration of the relationship between the damage degree and wiadlcolumn densityand
(3) some recommendations for the current seismic design codes whiokr foromotes the standardisation of

CM buildings in earthquake-prone zones.

2 Characteristics and seismic damage classification
2.1 Characteristicsof CM structures

Unreinforced masonry (URM) buildings are the oldest structural tjgmesuman habitation because of the
materials used which are easily available and their low construction cost. On thieasithethe URM structures
present congenital deficiencies when they are used in seismic pronesregiich propelled the development of
its improved versions, i.e. confined masonry (CM) and retefdmasonry (RM) buildings. CM structures have
been applied commonly in many earthquake-prone countries siglbwnia, India, Chile, and China. In CM
structures, horizontal and vertical configielements are built around masonry walls which are made of masonry
units (e.g., bricks and concrete blocks) and mortars. The main venicfthing membersthe so-called tie-
columns are usually made of reinforced concrete and connected with the masonry readjhtfconnection
reinforcements such as steel barkese connections are usually implemented using two 50@mgth steel
rebars (diameter=6mm) spaning between 500mm and 600mm (suciChsa). The confining elements are
assumed to be integrated into the structural wall. Thus, unlike RC frammes lzgml columns, these confining
members are not explicitly designed via structural design calculations usiificspmtes of practices. Based on
previous experiences and field investigations, the confining eleraenill effective in the following aspects:
1) improve the structural integrity and stability of masonry wallshizn matters of in-plane and ooftplane
behaviours; 2) confine the deformation of masonry walls and enhaac&rtltturalshear resistanceand 3)
prevent the brittle damage of masonry walls. Fig. 2 shows a CM stuehich has successfully regdta
seismic attack with IX seismic intensity during the 2008 Wenchuathoeeke and survived with some
moderated damages at its first storey. Fig. 2 (b) also verifies thévpasitect of confining elements on the
secondary damage of masonry walls, although shear cracks are shtrated on the base walls at the first
storey of the buildingThese results present the positive effects of confining elements oolldyese resistance
of masonry buildings duringn earthquakeThis can provide valuable rescue/escape time and space for the users

of the buildings.
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2.2 Characteristics of the survey database

There is a large numbef @M structures which were damaged with different performance loss lawitg dhe
2008 Wenchuan earthquake, even though they did not collapsemdim damagef the buildings, however,
usually bok place at the first storey level due to the large seismic shearings fageshown in Fig. 3.
Information gathering of damaged buildings can be extremely importafirtber studies, and helpful to guide
the future design and construction of masonry structures. One of Hhgthars of this papehnas investigated
238 masonry buildings located at the seismic intensity zones VIII~X dima®008Wenchuan earthquake (Su
et al. 2014; Xu et al. 2013), as shown in FigTHe earthquake affected more than half of Ciigaographic
area as well as other Asian countries and regions, including Liadlegghai, Hong Kong, Guangdong and
Macao The surveyed areas mainly incadlthe counties ofQingchuan, Beichuan, Mianzhu, Pengzhou,
Dujiangyan, Wenchuan and Emeishan, and the field investigation hasdomsnasonry structures. As shown
in Fig. 4, during the Wenchuan earthquake, the total area of the reitfioa seismic intensity of higher than VI

is 440,442 square kilometreand is located witih the four main provincesf China: Sichuan, Shaanxi, Ningxia,
and GansuAll surveyed masonry buildings have been constructed sinc&dtf@s and the number of skys
varies from 1 to 7. The used masonry units are solid burnt clalgate blocks having standard dimension of
240mmx115mmmx53mm (lengthxwidthxheight) and an average weidt@Nfunit. The average compressive
strength of the used solid bricks is 10N/fwith a standard deviation value of 1.5N/fand a variation
coefficient of 0.15, which was attained by a series of tests per the Chinestantdsird GB/T 2542-2012 (2012).
The compressive strength of the mortar from the inspected buildirgebtained by the standard methods of
mortar rebound and point load (GB/T 50315-2000, 2000). Teeage compressive strength of the mortar used
in the bottom wallof the first floor of the 3 or more storey buildings in the dasalis 10N/mn? (standard
deviation value of 1.9N/mfnand a variation coefficient of 0.19). For the bottom waflshe first floor of the
other types of masonry buildings, the moitas two levels of compressive strength. One is about 5R/mm
(standard deviation value of 0.85 N/rhamd variation coefficient of 0.17), and the other isr&bout 7.5N/mrh

(a standard deviation value of 1.35 N/fmand a variation coefficient of 0.18). In the inspected CM buildings,
tie-columns usually have been arranged at the joint and corner dré@s walls as well as the margins of
openings in the walls. They were reinfordegd 10mm deformed steel rebars (approximately 235MPa yielding

strength) and confined by stirrups (diameter=6mm) with a spa¢ig§Oomm.
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As it was reported in previous research (GB/T 24335 2009, 2009), the eldevasls of masonry structures
depend significantly on the degree of damage of thase walls positioned in the earthquake direction. The
damage degree of masonry structures is divided into four levelgoilapse, heavy damage, moderate damage,
and slight/no damage, which is defined and listed in Table 1. The memwtssf these damages is mainly in
accordance with the cracks and damage condition of the base wall-pieeedine cracks, large cracks, and the

collapse of the walls. Fidh depicts several examples of the damage pattecracks and collapses.

3 Wall density and existing codes

Wall density is often considered as one of the most significant factengluate the seismic safaify masonry
buildings, which was usually used to characterize masonry structureKk(emwa 2002) It represents the area
percentage of masonry walls in the whole floor plan area, which can aistetpeeted as the effective support
area ratio of walls at each fladrhis is because masonry walls are still the main load-carrying merith&M
structures The previous earthquake investigations skdthat masonry buildings with adequate wall density
were able to resist an earthquake without collapse. Refdrritig previous studies (Lourenco and Roque 2006;
Franch et al. 2008; Lourengo et al. 2013; Meli et al. 2011; Brzev)20@7wall densityn a given direction is

calculated as the wall area in the direction divided by the floor areia arpresseas
w= o 1)

where Ay is the total cross-section areas of the walls in the cadclhitection, Ais the total floor area of the
calculated storey. Due to the masonry wallsGN structures aretil the main structural load carrying
members/system# theory, the damage of masonry structures should be reduesdwdil density increases
i.e., correlating the wall density per unit flooru{a) with the damage of the masonry buildings during an

earthquakeThe following equation presents the calculation of the index:

d,, = = A

A 2
"= T A 2

where n is the number of storeys of the masonry building.
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3.1 Existing code methods

The following sections introduce several national codes which prowdgecifed and quantified

recommendations for the wall density index.

3.1.1 Colombia code (EEAC 2010)

Colombian code (EEAC 2010) states that a confined wall to be consideredstasctural wall it must be

continuous from the foundation to its upper level and cannot have anynggenhe minimum strength of units
for confined masonry walls must meet specified levels depending andtegials of the units; for instance at
least 3MPa for clay hollow block. The minimum requirement of waildg per unit floor in the code is related

to the seismic acceleration response and is given by:
d,.>A/720 (3)

where A is a coefficient relative to the effective peak acceleration depending on the difartwuake zones
in Colombia which vary from 0.1 to 0.5. As a reference modeltHerCM buildings in high seismic hazard
zones, this study will takesAas 0.25 to 0.5 as the low and upper bound of the minimum reauitéevels of the

wall density per unit in the code.

3.1.2 Peruvian code-NTE E.070 (2006)

Peruvian current code states that the requirements of walls in masoldipnds depend significantly on tine
seismic acceleration response characteristic, the importdrtbe building and the construction soil condition

where the building is. Therefore, the code suggested the minimum wallydensiasonry buildingas

2ZU.Sn

d,,
56

(4)

Based on this, the minimum requirement for the wall density geflaor in masonry buildingss given by:
d, /n>ZUS/56 5)

According to NTE E.030 (2016in the Peruvian codehe factor‘Z’ represents the maximum horizontal
acceleration of ground with a probability of 10% in the past 50 yearsaies at different seismic zones. The

factor is expressed as a function of acceleration of gravity and répnge®.1-0.45. Therefore, as a reference
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model for CM buildings in a high seismic hazard zone, this studyst@’ factor as 0.22 and 0.45 to calculate
the low and upper bounds of the minimum levels of wall densityupirin the code: U’ is the importace
factor of masonry buildingsvhichis taken as 1.0 for most of common residential and office buildingga.3

for more significant buildings (i.eClass 2+ and 3 such as cinemas, gyms, and school buildingsjletied
information of other buildings is obtained in the NTE E.030 cddhe. factor'S’ is related to the construction
soil condition of masonry buildingdn the location of the surveyed masonry buildings, the soil layer is
dominated by pebbles, whose shear wave velocity is greater than 2%0evistore, the factotS’ is taken as
1.0.

3.1.3 Eurocode 8: Allowable number of storeys above ground and minimum ar ea of shear walls

Eurocode 8 (CEN 2004) and section 9.7 defined simple masonryngsildind recommended the allowable
number of storeys over ground and required wall areas in tvogonal directions with a minimum total cross-
sectional area #» in each direction for the buildings. The type of masonry buildimyshis code has
unreinforced masonry, confined masonry and reinforced masoiidings. Based on Eurocode 8, Table 2 lists
the allowable number of storeys (n) and the minimum total cross4saicticea of the horizontal shear walls (as
pamin, @ percentage of the total floor area per storey) of CM buildReterring to the current study, this table
also lists minimum cross-sectional area per storgyifim) for to enable a further comparative study. During the
2008 Wenchuan earthquake, the acceleration respasfsasmsonry buildings located at the seismic intensity
zones VIII andIX are similar with the acceleration cases of 0.1k.g and 0.2k.g ioc&de 8, respectively.
Therefore, the allowable numbers of storey<CW buildings in the seismic intensity zones VIII antl dre 3
and 2, respectively. Their average minimum cross-sectional areas pesfftberCM buildings in the two zones

are 1.0~1.25% and 1.75%&spectively, depending on thallowable number of storeys.

It should be noted that the summary reported does not consider othataimipcriteria such as geometric
requirements, reinforcement and detailing requirements, which musteaksidn into account in the practical
design of masonry building&s shown in Table 2, accordirig the different allowable number of storeys, the
minimum requirement of wall area is obtaindithe comparative studies of the present paper consiger

differenceand discuss the code in terms of the lower-upper bound of théatettvequirement of wall area.
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3.2 Relationship between wall density and damage

Using the surveyed buildings in the seismic intensity zones VIlI~Xhef2008 Wenchuan earthquake, the
relationships between all kinds of damagehe confined masonry buildings and their wall density values are
studied and compared respectively, as presented in FigsAmB-@bvious distinguishment is presented between
these buildings with different damage degree which indicates it ityHiegisible to use the wall density index to

predict the potential damage of CM structures.

When masonry buildirgare located at an earthquake intensity VIII zone, the critical levelslbfiensity per

unit floor of a CM building with heavy damage are less than 1.2%, while the onasCM building with
moderate damage are less than 1.7%, as shown in Fig. 6. However, tteinestated that the structural
damage levelo buildings increases with ground motion levels during an earthdgoalal CM buildings. This
verifies that masonry walls are yet the main seismic-resistant membergl inuilings. For example, for
buildings experiencing heavy damage in the seismic intensity IX anohes, their corresponding criticalwd
values increased and reached 2.0% and 2.5% (yellow zones in Fig. 7, ardp&ctively. In summary, the
critical dw, values of the CM buildings having moderate damage level are 2.5% and 4l s@&ismic intensity

IX and X zones, respectively (green zones in Fig. 7 and 8). These adicat can be applied for assessing the
level of damage that CM buildings can escape during an earthquak&éskorce, when a CM building is
located ata seismic intensity zone IX but also is arranged more than 2.0% of wall deesitynit floor, the
potential damage level of the building cbha considered as less than the heavy damage listed in Table 1.
Meanwhile, as some comparative objects, the results of several URM straceupdstted in the figures as well
Results show that the critical values @f df the URM buildings are generally greater than the ones in the CM
buildings with same damage degree in the three seismic intensity zoneseaiis that URM structures need to

have a higher number of masonry walls than the ones of CM lsltlinresist the same seismic actions.

On the other hand, the results plotted irsdthree figures also show that a higher wall density per unit floor
should be provided for CM buildings which are intended to su#feawer damage when the buildings are
located at same seismic intensity zones. This is normal because a CM bisildiranger to resist the shear
caused bywn earthquake when it is built with more masonry walls. For exampeCM building was expected

to avoid collapsing in the seismic intensity IX zone, it should haleaat 1.25% of ¢, however, if the users of

the CM building prefer to avoid moderate damage, the building sihameimore than twice @. Besides, there



246 are some buildings which are not able to be classified using the prompabekbnsity which is attributed to the
247 fact that more R@e-columns set in tremasonry walls largely enhanced the resistance dEiduildings. In
248 a sense, sucRC tie-columns play a very important role in controlling the damage demwsop of masonry
249 walls of CM structures. This indicates a detailed and improved assessment that lsbouted if more
250 information can be available for the CM buildings, such as the araodrarrangement of tie-columns

251

252 Figs. 6-8 show the minimum requirement zones of each existingicatiferent seismic zones. According to
253 the plotted results, CM buildings can effectively escape collapse in the seismisitynteones VIII andX when
254 the buildings use the minimum wall density values recommended byEE8e CM buildings still need to be
255 checked by local provisions and relevant codes. The differencesddayishe different allowable storey number
256 above ground are not large in the three seismic zones examinedvetpomly five CM buildings have been
257 inspected in seismic intensity X zone, thus more filed data and strdiesquired in the future. According to
258 the Colombian code of practice, the CM buildings can survive imgeistensity zones VIII and IX when their
259 wall area meet the minimum requirement obtained per the design proakia small-high seismic hazard
260 (As=0.25) as it is given in the code (i.e., the lower limit in Figs. 6 @ndHowever, for the confined masonry
261 structures located at the seismic intensity zone X shown in FRige 8igher values are suggested by the codes in
262 an effortto avoid the buildings’ collapse. Comparing with other codes, the critical wall area suggested by the
263 Peruvian code is not fit to the design of the CM in China, in particular, imiseistensity zone I1X and X. It is
264 worth to mention that due to the fact that most of the inspected CMirysldeported in this study are
265 geometrically regular and mainly subjected to shear effects without tastmms, the above calibrations and
266 discussions are mostly applicable to geometrically reghMr buildings such as the ones commonly found
267 countries in China and Chile.

268 4 Requirementsof tie-columnsin confined masonry structures

269 Tie-columns are the main confining elements of masonry wallshad¢an confine the deformation of the wall
270 and prevent effectively the collapse of CM buildings during an earthqgtiakesver, the minimum requirement
271 of the area of tie-column in CM buildingmss not beerspecified yet in many current national codbforeover,
272 there are no clear and concrete provisions, except for providingssisggeabout the minimum cross-sectional

273 size and the spacing of transversal steel of tie-columns such asetheswd in ChilignChinese and Mexican
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regulations and specifications. Therefore, the proceugeantify reasonably the minimum requirement of tie-
columns is emergent and significantGM buildings in earthquake-prone zones. On the other hand, aenaihb
studies have clearly illustrated the enhancing influence of tie-cobmmtime seismic performance of masonry
buildings, e.g.energy dissipation, structural integrity and resistance capacity of collsypde as the research
conducted by Zhong et al. (198@)pmazevi¢ and Klemenc (1997) , Jin et al. (200%stroza et al. (2012), and
Su et al. (2014).

Referring to the wall density defined in Sectiont® clearly specify the required amount of tie-columns in
masonry walls, a tie-column density per unit floor index is proposéue study. The index is suggeststhe
survey report suggested that the CM buildings with large tie-columsitdgrer unit floor presented lower
damage. It is worth trying to explore whether tleecolumn density per unit floor can be used to assess the
seismic behaviour of confined masonry buildings and to quantéyntmimum design requirements of tie-
columns for structural designers. In case that is feasible, it candreledops a beneficial supplement of the wall
density index, and provide a complete assessment method for CM stsudiberefore, thée-column density

index is defined in the form of:

q-5n (6)

where A is the total effective cross-section areas of tie-coluimiise seismic direction, as shown in Fig. 9 and

A: is the total plane area of each floor.

The effective calculation area of tie-columns is the total cross-section fattea @olumns which can provide
effective confinement to the masonry walls in the calculation direction. kergletthe tie-columns are located at
the junctions of two or more walls. Besides, it should be noted that $&-columns are not included in the
calculation of the density index when they cannot confine the wall isdlsenic direction. For example, the
column A and As cannot be calculated to the effective area of the tie-columns in the directiersixown in
Fig.9.

Analogously, referring to the above wall density, tleecolumn density per unit floorfeconfined masonry

structures gh is proposed, which is expressasiper Eq. 7. This index indirectly presents the confinement level
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or enhancement ratio of masonry walls regarding supporting CM staand assisting masonry walls to resist

load action.
d - ™
nA

Using the same surveyed confined buildings, the relationships betlzegyge levels and tie-column density per
unit floor are calibrated at the seismic intensity zones VIlbfxhe same earthquake, respectively. On the other
hand, as th number of storeys is one of the most important factors of mastnrctures which significantly
affects the axial compressive actiofi a masonry wall, in particular, for base walls. Therefore, the axial
compressive load of masonry walls has a significant influence omridgrais performance of masonry structures
A simplified index of axial compression’da, of these masonry walls is introduced herein and defised

. DW, GY A  GnA

A A) (AA) (ATA) ®

wherg G is the self-weight unit arez all masonry walls per floor and is taken as constb2kN/m?) according
to the Chinese code (GB 50011, 2010). Therefore, the simplifikxk iof axial compression can be modifies

Reomand is calculatedsfollows:

_2A
Reom = m 9)

Figs. 10-12 depict the relationship of the simplified axial compression indexti@acblumn density per unit
floor of the masonry buildings located at different seismic intensiteoResults show that an increasigg d
value has resulted in a decrease of the damage degree of confinedyntashklings. For example, having
higher d, values such as more tha%., the confined masonry structuresn effectively prevent heavy damages
in the seismic intensity zones VIII to X. This does not mean that the usentinfdie-columns does not need to
increase when the confined building is builta stronger earthquake region, as in that case, the building also
needs to be designed with more masonryswvaterefore, it should be emphasidhat the requirement of both
walls and tie-column densities are important for assessing the seismic oesetaindamage of CM structures
locatedin earthquake-prone regions. The results plotted in Eig42 indicate the positive effect of tie-column
on the damage development of masonry wall. On the other handshits also verify that while increasing the
axial compressive action of a masonry wall, the seismic performancasoihny buildings is reducete., ther

damage degreés increased For example, in the same seismic intensity zone, when using tsaec@umn
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density per unit floor, the potential damage levels of the confineditgsldchange from moderate damage to
collapse. According to Fig. 10, even though no tie-colurasuged in the masonry Wdi.e., single storey URM
reference sampletonfined buildings witta small axial compressive loaxf the wall still can effectively resist

the earthquake effect without a collapse in the seismic intensity zohe VII

Meanwhile, on the basis of the relationship between tie-column densitynitefloor and the proposed
simplified index Rom plotted in the Figsl10-12, the critical levels of tie-column density per unit floor of the
confined masonry buildings in different seismic prone zones fotraing their potential damage degree are
calibrated Due to the distribution zone of each level of damage is obyiadifferent, through the simply
partition, the proposed critical segmentation interfacial curves are presented ihOFigsand listed in Table.3

In this table, the critical values correspondinghe level of slight/no damage or collapse are presented. These
critical values represent the minimum requirementscpf/alues of the CM buildings to control their potential
damage under the damag#sslight/no damage or collapsi should be noted that due to the total area of tie-
columns which is a lot smaller than the area of the walls, the valube &om in this table can be attained as
approximativelyl/dw,. The buildings with the firstype of damages can be easily repaired adieearthquake,
and are called as easily-repaired CM buildings. Thus, when a CM guilslidesiged with the minimum
requirement of g value, the buildings assessed as safe and can be repaired.€@silthe other hand, another
kind of requirement is used for checking the whole structural safletpasonry structures the collapse
resistance capacity. F@M structures located at seismic intensity VIII zone CM building with collapse was
reported during the 2008 Wenchuan earthquake.ilinimum requirement ofd value for confined masonry

structures corresponding to heavy damage is listed.

5 Discussion of wall and tie-column density

Generally, the relevant provisions for waknsity of confined masonrwalls have been specified in current
codes. This section discusses and analyzes them in depth using théeethspasonry structures. Meanwhile,
considering that tie-columns pay a very important ioleonfined masonry system, this section also includes

discussias of tie-column density.
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354 5.1 Proposed wall density for confined masonry building in seismic intensity zones VII1 to X

355 As described previously, the minimum requirement of wall densitybeaabtained through analysing and
356 calibrating the relationship between the wall density per unit flgeradd the actual damage degree of the
357 inspected CM buildings during tt#008 Wenchuan earthquake. The detailed minimum requirementg.abd
358 prevent moderate and larger damage of CM structures located at seismicyitdhsit X zones are presented
359 in Table 4. It can be seen that the proposed minimum requiteroémh, of confined masonry buildings to
360 avoid large scale post-earthquake repairing work at the seismic intéhsitt zones are 1.7% to 4.0%, whil

361 the levels are 1.25% to 2.0% to resist the collapse of CM structures, respectively.

362 5.2 Requirement of tie columnsin CM buildings
363 5.2.1 A simplified approach

364 The results plotted in Figd0-12 show that all proposed minimum requirementsi@tolumn per unit floor g,
365 for CM buildings are near to an approximate levell 8%o., to control the potential damages of the buildings
366 under slight damage at the earthquake intensity zones VIl to I\itidwlaly, the figures show that most of the
367 inspected CMouildings can avoid effectively collapse and heavy damage when theialdes are greater than
368  1%o. Therefore, the relationship between the tie-column density gland the storey number of CM buildings can be
369 simplified for controlling the post-earthquake damdgeassuming a linear relation. For typical residential CM
370 buildings being up to sistoreys the relationship between the density of tie-columns and the proposed storey
371 number in seismic prone zonispresented in Figl4. In this figure, a relative design safety zone for the CM
372 buildings in earthquake-prone zones was suggested, in whicmednfiasonry buildings shouldvea higher
373 tie-column density and lower allowable storey number when the structures have sufficient slasanry walls
374 (e.g., Tablet).

375 5.2.2 Detailed approach

376 Aspreviously described, the tie-column density per unit floor is oneeoiitportant indexes which can be used
377 to predict the potential damage levels of confined masonry buildinggadDpiractice design and construction
378 works, however, the spacing of tie-columns is usuagonsidered andk determined mainly by designers’ or
379 engineers experiences and intuition. Therefore, the detailed requirement of the spatiegaumns in CM

380 structures needs to be investigated and discussed further. In orésigo d reasonable and reliable spacing of
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tie-columns in the masonry walls of CM buildings, a simplified dogfifit yis defined which represents the ratio

of cross-sectional area té-columns to the confined masonry walls, and is given by:

dC/n dC
——¢ _—_c (10)
d,/n d

Asiillustratedin Fig. 13, ina confined masonry wall,cband h are the cross-sectional width and height of tie-

w

column, respectively. dis the central spacing between two tie-columns. Therefoecamfined masonry wall

shown in Fig.13, the coefficienty of the calculation masonry wall can be established according to Eq. 1§ and

shownas
beh,
= c£c 11
Y Lt (11)
The spacing of tie-columns ®M buildings herein is showas
b.h
L. = = (12)
n

As tie-column density gin masonry buildings is a function of proposed axial compressiguliad index, it is
calculated according to the recommeddninimum requirement of tie-columns corresponding to different

damage levels listed in Table 3. The spacing of tie-columasnasonry wall is expressecds

d d
L o= —w - w b.h 13
C dct c''C fiRcom, n) t c' 'C ( )

When the sectional height bf tie-column equals to the thickness t of masonry pthiessspacing of tie-columns

can be simplifiecas

d d

L. = *b = *—— b, 14
T R ) -

5.3 Maximum allowable spacing of tie-columnsin CM buildings

From the above analysesjstfound that the spacing of tie-columns is significantly determinethéywidth of
tie-columns and the ratio of the cross-sectional aoédie-columns to masonry walls. Generally, the pervious
experiences indicate that the width, &f tie-columns is equal to the height, of tie-column. Besides, in many
national provisions such as the Chinese design code of masamtyisgs (GB 50003-2011, 2011), the height of

tie-column is usually suggested as the same level as the thickhesasonry wall as shown in Fig3.
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Therefore, the coefficient at seismic intensity zones (VIH) can be attained from Table 3, for controlling the
potential damagef CM buildings Using this coefficient, the maximum allowable spacing of tie-colum@h
buildings can then be calculated when the width of tie-column is skc#uch as the commignused width
levels in China are 120, 180, 240 and 370mm

To simply illustrate the processes and demonstrate a representative appli€gtid® presents the detailed
calculation results of the spacing of tie-columns through the propaspte sapproach. It should be noted that
the requirement levelsf the spacing ofie-columns mean the maximum allowable spacing oftitieolumns in
the confined masonry buildings which can effectively controir tipst-earthquake damage under easily
repairable levelslt should be noticed that the spacing of the structural columns in the {sapety the
theoretical minimum requirement for thie-column The arrangement of tie-columns in CM struesshould
also take into account other factors such as thefoplane failure and the ratio of the height of masonry wall to
athickness of masonry unitkh general, the maximum spacing of tie-columns isat#te spacing between 4m

and 5m.

Fig. 15 depicts that the spacing of tie-columns is affected largglyher width and seismic dengitin the
earthquake direction. When the CM buildiigglocated at a higher intensity earthquake zone, the maximum
allowable spacing levels of tie-columns in the masonry walls increases agidmic intensity levels. This is
attributed the fact that when CM building is at a higher seismic intensig; #oa minimum requirement of wall
density also increases as the seismic intensity which might result in thegspiaécolumns needs to increase.
This indicates again that both the wall and proposed tie-column deresiieémportant to assess the structural
safety of confined masonry structures during an earthquake. Addigiothere is an obvious increase in the
spacing of tie-columns as the cross-sectional width of the columns iesréasording to the construction
experience in China, since the thickness of bearing masonry v@#s50011-2010, 2010) was usually
recommendd as 240mmthe allowable spacing of tie-columns in masonry walls wlkhbuildings are built at

seismic intensity zones VIl to X results to be 2.6mp#.8nd 6.0m, respectively.
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6. Concluding remarks and limitations

Masonry structures are commonly used for the multi-storey residentialrgsldi many developing countries
such China and Chil&hough confining elementsave a significant influence on the seismic performance of
masonry structures, their detailed requirements are not widely prowidéte current design codes. Through
analyses reported in this study, some conclusions are driasitould be noted that due to the characteristics of
the inspected CM building samples reported in the sttiay conclusions and results presented in the current
paper are more applicable for China. However, they carbalatlisedasa useful reference to several countries
where multi-storey CM buildings with regular geometrical features sxish as in Chile, Peru, Slovenia and

India.

In the present study, the relationships between wall density peflamitds, and the damage levels of CM
buildings are discussed for structures located at the earthquake intemséy VIIFX during an actual
earthquake, the 2008 Wenchuan earthquake. The reported CM buitdihgie more thai200 single to multi-
story masonry buildings with/without tie-columns built from tt@70sto 1990s. Based on the analysis and
comparisonthe detailed requirements of wall density per unit floo€M structures locatenh different seismic

zones are provided

(1). The study shows that to control the same level damage at higher seitangity earthquakeones or to
better control damages at the same earthquake zone, a higher wall demsitit floor should be provided
for CM buildings. However, when more Rig-columns are used i@M buildings, the potential damage of
CM buildings cannot be assessed using the proposed wall densitiefaonfining elements largely
enhanced the resistance of the masonry walls.

(2). According to the current study, the minimum requirements of walsieper unit floor of confined
masonry buildings to avoid large scale peathquake repair works in seismic intensity zones VIII~X are
proposed from..7% to 4.08%, while the proposed levels to resist the collapse of CM structures are 1.25% to
2.0%.

(3). Some URM structures are discussed as comparative masonry structures,ogantminding can be
acquired that the critical values af,cbf the URM buildings are greater than the ones in the CM buildings

in order to control same damage degrB@s means that URM structures need to be designed with more
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walls to resist seismic effects in the seismic intensity zones VIII to X, amupvith the onesn CM

buildings.

This paper also proposedia-column density per unit floorcglto discuss the seismic safety of CM building and

provides critical values to control different post-earthquake damage ievhks structures. According to thie-

column density, the maximum allowable spacing of these tie-colummsaBonry walls positioneéh the

earthquake direction can be attained as follows.

)

2

3

(4)

By introducing a simplified index related to axial compressive of maswmaitls, Rom the relationship
between the index and thie-column density per unit floorcgof the CM buildings located at different
seismic intensity zones has been quantized. Results show that an incdgasaggresulted in a decrease in
the damage degree of confined masonry buildings. This doeseast that the use amount of tie-columns
does not need to increase when the confined building is constructedram@es earthquake region, as in

that case, the building also needs to be designed having more maatiary

The axial compression action of masonry wall &agynificant influence on the seismic performance of the
masonry structuresA higher axial compression will resuilh a heavier damage in masonry structures
Similarly, even though no tie-columns were setairmasonry wall (i.e., single storey URM reference
samples), the confined buildings with a small axial compressfothe wall can still effectively resist

earthquake effects without a collapse in the seismic intensity zohe VI

Based on the relationship between the index, Rnd thetie-column density per unit floor.g the study
proposed the critical levels of.dof the confined masonry buildings in different seismic proneezdar
controlling their potential damage degré@ée proposais helpful to estimate the capacity of CM buildings

to resist slight/no damage or collapse in the three aforementioned Seiemsity zones.

This study proposes a simplified approach to quantify the critical l®fels, of the CM buildings with up
to six storeysln general, when the densityn, is greater than 0.001, the confining members can effectively
reduce the damagdg CM buildings and control the damages under an easily repairable levelthéyeare

built at the seismic intensity zones VIII to X and meet the proposed minimundevraity requirement
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(5) To provide a simplified design procedure of tie-columns in CM buildingimplified confinement ratio of
tie columnsy is proposed and is defined the ratio of cross-sectional area of tleecolumn to the confined
masonry walls. Employing this ratio, the maximum allowable spacing dfigfemlumn in CM buildings
can be provided when the width of thie-column is specified. For example, the maximum allowable
spacing levels of tie-columns are 2.64m, 4.8m, and 6.0m fobdMings at seismic intensity zones VIII

IX and X when 240mm masonry walls are used in the structures, respectively

Since most of the inspected CM buildings reported in the studyemmmegrically regular such as the ones in
China and Chile and mainly subjected to shear effects without noesitions, the above analyses and
discussions are mostly applicable to geometrically regular CM buildings. Mddanwased on the discussion
reported here, it should be emphadishat the requirement of wall and tie-column densities is of paramount

importance for the seismic resistant design of CM structures loice¢edthquake-prone regions.
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613 Fig.4 Earthquakeintensity and damage distribution of the 12 M ay 2008 Wenchuan earthquake
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614 al. (2008) and Chen et al. (2010). (the figure is from Cheng and Booth 2011)
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616 Fig.5 Damage states of wall pieces
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(c) Severe cracks on wall piece (d) Wall piece broken and extroversion
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622 Fig.7 Relationship of wall density per unit floor value between damage at seismic intensity | X
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626 Fig.8 Relationship of wall density per unit floor between damage at seismic intensity X
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629
630 Fig.9 Calculation areas of tie columnsfor thetie-column density
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634 Fig.10 Relationship between tie column density per unit floor and damage categories at seismic intensity V111
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636 Fig.11 Relationship between tie column density per unit floor and damage categories at seismic intensity I X
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638 Fig.12 Relationship between tie column density per unit floor and damage categories at seismic intensity X
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640

641 Fig.13 Definition of confined ratio of masonry wall

642

Tie colum{]

|

\

Section AA

643
644

645 Fig.14A simplified approach for the minimum requirements for tie columnsin CM buildings
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648 Fig.15 Maximum allowable spacing of tie column in CM building at seismic intensity zones VIII~X
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652 Table.1 Damage categories and treatment suggestions post-earthquake of masonry structure

653

Damage
categories

Damage description: Cracking and collapse

Treatments and
measures

Slight or no
damage

Moderate
damage

Heavy
damage

Collapse

No obvious damage occurs in any wall pieces; or the
number of the wall pieces with small cracks is less
than 50% of all wall pieces in the seismic direction;

The number of the wall pieces with small cracks is
more than 50% of the total walls in the seismic
direction; or the number of the wall pieces with large
cracks is less than 50% of the total wall; or the
number of wall pieces with severe cracks under 10%
of the total one;

The number of wall pieces with large cracks is more
than 50% of all wall pieces in the seismic direction;
or the number of wall pieces having either severe
cracks range from 10% to 50% of the total walls in
the seismic direction;

The number of wall pieces having the severe cracks,
broken or collapse is more than 50% of the total
walls in the seismic direction; or total collapse of
building structure;

Small-scale repair
such as surface
repair

Large-scale repair
including partial
reconstruction;

Total/partial
reconstruction;

Total demolition
and reconstruction

654
655
656
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657 Table.2 Eurocode 8 allowable number of storeys and minimum average cross-sectional area for confined masonry
658 buildings

659
660
661
662

663
664

665
666

Acceleration <0.07k.g <0.1k.g <0.15k.g o
levels (%) (%) (%) <0.2kg (%)
**Storey # PA,min pamin/n Pamin  Pamin/N Pamin  Pamin/N PAmin pAmin/N
2 2.00 1.00 250 1.25 3.00 1.50 3.50 1.75
3 2.00 0.67 3.00 1.00 4,00 1.33 N/A N/A
4 4,00 1.00 5,00 1.25 N/A N/A N/A N/A
5 6.00 1.20 N/A*  N/A N/A N/A N/A N/A
Intensity in
Wenchuan Vi VIII - IX
Earthg.
*N/A: Not acceptable;
**Roof space above full storeys is not included in the number of storeys;
Table.3 Minimum requirement of tie columnsin confined masonry buildings
Seismic Damage levels Minimum requirement Remarks

intensity zones

of tie columns (gh) (%o)

VI

IX

Slight or no damage
Heavy damage

(Reonr40)/30
(Reont65)/50

Slight or no damage
Collapse

(Reom)/80
(Reont50)/75

Slight or no damage
Collapse

(Reonr40)/40

In CM structures, due to
Ac <<Aw, SO Ron=1/0un;

In case @ has been
specified, @  can be
attained easily.
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667 Table4 Minimum requirement of wall density per unit floor dwn to prevent damage of CM buildings

668
. Proposed critical values of wall density per unit floor
No Seismic
. intensity Collapse Heavy Moderate
damage damage
1 VIl N/G* 1.10% 1.70%
2 v 1.25% 2.00% 2.50%
3 X 2.00% 2.50% 4.00%
*N/G means the value is not gained, for no collapsed CM buildisgeyorted in the
seismic intensity VIII zone of the Wenchuan earthquake.
669
670
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