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PRE.FACE

The US~PRC Workshop on Seismic Design of Masonry Structures was
held at the Institute of Engineering Mechanics in Harbin, China during
May 20 through 23. Twelve offiCiaJ. participants from the United States
joined 20 official participants and 29 invited participants from China
to discuss and make presentations on design, construction and research
pertaining to. earthquake-resistant masonry structures. These Proceedings.
include, the technical papers and summary statement presented .at the
workshop.

Most workshop expenses incurred In China were supported by the
State Seismologi<:aJ Bureau. Exppenses incurred for travei'of the U•. S.
deleg~tion~to China were supported by the NatioaDrScienc~ Foundation
through Grant No. ECE-84J3408. Encouragement and supporfofNSF,pro:
gramdir,eetors Dr. John B. Scalzi and Dr. A. J. Eggenberger. which made
the workshop possible are gratefully acknowledged.

Any opinions" findings, and conclusions or recommendations expressed
in this publication., ar:e those, of the individual contributors and do' not
necessarily' reflect the views, of the State Seismological Bureau' or the.
National Science Foundation•.

Hu Yuxian
Daniel p'., Abrams
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WORKSHOP PROGRAM

Tuesday, ~_~ 20, 1986

REGISTRATlON

Wedn~sday, May 21, 1986

OPENING SESSION
(8:30 - 9:00AM)

Chairman:

Speakers:

HU, Yuxian

ABRAMS, D. P. (USA Co:-Chairman)
LlU,Huixian (President of CAEE)
XU, ,H,cude (Head of Div. of Foreign. Affairs, SSB-)

SESSION 1: DESIGN METHODS AND OTHERS
,(9:15- 12:00 AM)

Co-Chairmen: HU~ Yuxian AB~AMS, D. P.

1. KARIOTIS, J. C.
EWING, R. D. '
JOHNSON, A. W.

2. YE, Yiaoxian

3. TAWRESEY, J.G.

4. SHEN Jumin
FENG, Shiping
WENt, Yijun

5. AMRHEIN, J. E.

6. GONG, Sili

7. MO, Yong

"Methodology for Mitigation of Earthquake I-I
Hazards inUnreiriforced Brick Masonry
Buildings"

Factors Affecting Damage of Multi-story Il-7
Brick Buildings and Their StrE"'1gthening

, Te,chniques

"Seismic Provisions of the Uniform Building 1-2
Code"

"Inelastic Behavior of Reinforced Concrete II1-9
Frame Subjected :to 'Rev~rsal Cyclic Loading" '

"Research and Design of Tall Slender Walls" 1-4

"Revision of the Chines,e Seismic Design 1-6
Code---Brick Structure Section" (not presented)

"Crack and Collapse-resistant Sesign of 1-3
Multi-story Brick Building with Large
Spacious First Story in Seismic Area"
(not presented)
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SESSION 2: BEHAVIOR OF BRICK MASONRY STRUCTURES
, (I:00-4:10PM) .

Co-Chairmen: TAWRESEY, J. G. ZHU, Bolong

1. BROWN. R. H.
YORKD<\LE; A. H.

"Structural Properties of Unreinforced HolJow
Brick Masonry" '

11-2

2. ZHOU, Bmgzhang
CHEN,Rui

3. BA, Rongguang

4. FENG, Jianguo

5. NOLAND, J. L.
KINGSLEY, G. R.
TULlN, L., G.

6. XIA, Jingqian
DING; Shiwen
ZHOU, Sijl.Jn

Thursday, May 22, 1986

"An Experimental Study of Aseismic Reinforcing 11-1
of Brick Buildings"

"An Investigation of the Aseismic Behavior of 11-3
Perforated Brick Buildings"

"The Seismic Shear Strength of Masonry WaIltl 11-4

"An Investigation into Methods and Materials 11-';
Required to Obtain Flaw-Free Grout in Hollow
Br icl< Masonry" '

"Test of Aseismic Behavior of Brick 11-6
MasonryWalJ"

SESSION 3: BEHAVIOR OF BLOCK MASONRY STRUCTURES
(8:30 - 10:30 AM)

Co-Chairmen: YE, Yiaoxian AMRHEIN, J~E.

1. ABRAMS, D. P.

2. QIAN, Peifeng
LO, Yongkang
GUO, Zaiyu

3. XU, Shan-fan
LIU, 'Dexin

"Resistance of Concrete Masonry Building
System to Lateral Force"

"Eatthquake Proof Blocks with Good Thermal
Performance"

"Study of Seismic Behavior of Hollow
Concrete Block Buildings"

I1I'-l

1U;..2

111-3

4. WOODWARD, K. A."Shear Behavior of Unreinforced Concrete 11I-4
Block Walls"

5. HEGEMIER, G. A.
MARAKAMI, H.

"On Simulating the Nonlinear Planar Hysteretic ,1ll-l0
Response of Reinforced Concrete and Concrete
Masonry" (not presented)
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. SESSION.~: MODEL TEST OIF BLOCK MASONR Y IBUHLDKNG
(10:45 - 11:45 AM)

Co-ChaJrmen: HA WKINS, N. M. WU, Ruifeng

1. ZH U, Bolong

2. LU, XiJin
ZH U, Bolong.

3. JONES, L. R.
CLOUGH, R. W.
MA YERS, R. L.

~. HAMID, A. A.
ABBOUD, B. E.
HARRIS, H. G.

"A Review of Aseismic Te~t for Masonry
Structures' in China"

"Identification for the Mathematical Models
to Predict the' Earthquake Response of the
Unreinforced Concrete Block Masonry Building

.and Estimation of Its Aseismic Capacity'"

SESSION 4: (CONTINUED)
(1:00 - 2:20 PM)

"An Investigation of the Seismic Behavior
and Reinforcement Requirements for
Single-Story Masonry House" ..

"Direct Small Scale Modeling of Grouted
Concrete Block Masonry"

III-5

III-7

1II-6

-.11I-8

Co-Chairmen:

SESSiON j~ EVALUATION AND STRENGTHENING
(2:35 - 4:50 PM)

QIAN, Yiliang KARIOTIS, J. C.

1. ZHU, Bolong
WU, Mingshun
ZHOU, Deyuan

2. HA WKINS, N. M.·
CHOU, F.
YIN, x;

3. NIU, Zezhen

4. ZHONG, Yichun
REN, Fudong
TIAN, Jiahua

"Shaking Table Study of a Five-Story
Unreinforced Block Masonry Model
Building Strengthened with Reinforced
Concrete Columns and Tie Bars"

"Comparison of U. S. and Chinese
Methodologies for the Seismic Evaluation and
Strengthening of Existing Unreinforced
Masonry Structures"

"Seismic' Computation of Strengthened
. Brick Structures"

. "Repair and Strengthening of Reinforced
Concrete Columns" (not Presented)
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Friday. May 23, 198(,

SESSION 6: DAMAGE PREDICTION AND REliABiliTY ANAL YSHS
(8:,0 - J 2:00 AM)

Co-Chairmen: NOLAND, J. L. SHEN, Jumm

L. YANG, Yucheng
YANG, Liu

2. KARIOTlS, J. C
EWING, R. D.
JOHNSON, A. W.

3. YIN, Zhiqian
LI, Shuzhen

4. HART, G. C.

5. WU, Ruifeng
CHEN, Xizhi
Xl, Xiaofeng

6. JIANG, )inren
HONG, Feng

7. HUq, Zizheng

"PredictlOn ·of Damage to Brick IV-2
Buildings in Cities in China"
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:nt roduct JOn

There IS a hIgh potentIal In both the People's Republic of China and
the United States of America for great loss of human life and property.
damage as a result of colJapse of unremforced masonry buIldings dur ing
destructive earthquakes. The Tangshan Earthquake of 1976 was a clear
illustration of what may occur. Among the existing buildings stock in both
countries there are many masonry structures which are vulnerable t.o
severe shaking. Unreinforced'clay-unit masonry buildings comprise the
pll'inciple type of constructlOn in China today. Unrein forced and reinforced
clay and concrete masonry buildings have been and will continute t6· be
constructed in the United States. Because of differences in materials,
design methods and forms of construction for each country, .there is a
substantial amount of information which may be transferred between
engineers and researchers in each country.

~-:.;. The workshop has discussed six subject. areas through presentations
and open discussions:

~_...;j

1". Methods for .a:seismic design of new masonry construction and streng
thening of existing. b~ildings.

2. Behavior and response of brick masonry structures and measures
for mitigating damage.

3. Behavior and response of block masonry structures and· measures
for mitigating potential damage.

~. Earthquake simulation tests of model block structures.

5. Evaluation. and strengthening techniques for brick and block struc
tures.

6. Damage prediction and reliability analysis for masonry structures•

.Recom mendat ions

All the participants from PRC and USA understand that mitIgation
of earthquake damage to masonry buildings and prevention. of loss of
life is a problem which must be solved not only in both countries, but
in aU other earthquake-prone regions of the world. As shown from presenta

tions made in the worksbop, research and development in this field is
going on in each country. The participants agree that technIcal research
areas of. common interest which require further study include:

1. Investigations definmg behavior of masonry materials and compo
sites. Studies should include identification of strengths and deformations
of masonry units, mortars and grouts.

2. Experimental studies on force-deflect ion relation of masonry walls
and systems including consideratIOn of flexibility of floor diaphragms.
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Laboratory techmques should be Improved so that the stressed condit Ion
of test walls under reversals of' lateral deflection will simulate that of
walls in actual structures subjected to earthquake~.

3. AnalytiCal studies .on force-deflection relations for masonry walIs.
Numerical models should reflect nonlinear behavior of walls with openings
or without subjected to deflection reversals.

4. Research on dynamic response of masonry buddmg systems from
initial cracking through the final damage stage. Physical and numerical'
models which. reflect nonlinear behavior of walls and systems should be
improved through' investigations using shaking tables and modern computa
tional facilities.

5. Evaluation of aseismic behavior and earthquake damage prediction
for existing unreinforced masonry buildings. Nondestructiv'e test methods

,should be studied as well as ways to interpret their results for· assessing
vulnerability of existing construction. Reliability and decision analysis
techniques should be ultilized, which consider inherent randomness and
uncertainty.

6. Development of new approaches for improving seismic behavior.
Innovative, methods of design and constuction should result in reductions
of earthquake damage and prevention of coJIapse9 and may include develop
ment of new materials, types of masonry units and conceptual schemes
using base fsolation and' energy dissipation devices.

7. Instrumentation of· existing masonry bUildings for stron~ shaking.

Implementations

AJI participants recognized that in order to implement the above
mentioned recommendations, the foHowing approaches could be taken.

(J) The now ongoing cooperative research projects between PRe and
USA should pay due attention to research on topics of seismic resistance
of masonry structures.

(2) Exchange of research information sho~ld be pursued. Mutual survey
of damage to masunry structures in future earthquakes would provide
a good opportunity for further' cooperative study.

(3) AU participants are encouraged to develop cooperative research
projects on topics of mutual interest. There are two ways to Implement
the projects.

a. The project is under "PRe-US Protocol for ScientifIC and Technical
Cooperation in Earthquake Studies", which reqUires submission of proposal
to NSF or SSB for approval of the project.
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b. The prOject IS undertaken by individual instItutions. In this case,
the funds for research and exchange of personnel may be arranged as
folJews: The researcher's salary and international travel expenses are
pdid by the home inst itutjon or s.ubsidized by the host institution; 10caJ
expenses and local travel expenses are paid by the host institution.

Resolution

It is' resolved that the workshop kiS been <.J good beginning of coopera:
tive effort in research on seismic I (",j:-,1 drKe of masonry structures for
enginecring professionals and researchers from PRC and USA. In order
to carry out, . effectively cooperative' efforts in mitigation of. ear,thquake
damage to masonry structures in both PRC arW USA, as a. res'olution,
alJ part icipants . of th~, Workshop from both countries acknowledge the
foJJowing objectives.

1. New discoveries and research results should be provided to' each
Olher as ~oon as possible.

2. C\'Ioperative rese.a,rch proposals should be ac:tively developed for
:,-ubmission to funding agencies in respective countries.

3. All researchers welcomeparticipants from other country to jojn~
in their research' projects for coUaboration and to their best ability, provjde
cooperative research conditio~'s., .

4. Futher '. workshops (bilateral or multiple lateran 'in either country
or specialty subjects related to earthquake resi~tance of masonry structures
shouJd be held in 2-3 years•.
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Sturday, May 17

Monday, May 19

US Participant's TechnIcal Travel Schedule

Arrive at Shanghai

Visit Tongji UniversIty

Tusday, May 20 -- Arrive at Harbin

May 21 - 23 -- US-PRe Workshop at Institute of Engineering
Mechanics, Harbin

Saturday, May 24 -- Visit lEM, Leave Harbin for Tangshan by train

Sunday May 25 -- Visit Tangshan Post-Earthquake Site

Monday, May 26 "'::'Leave Tangshan for Beijing by train

May 27 - May 29 -- Leave Bejing
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METHODOLOGY FOR MITIGATION
OF EARTHQUAKE HAZARDS IN UNREINFORCED

BRICK MASONRY BUILDINGS

1
Kariotis, J.C., Ewing, R.D., and Jabason,A.W.

ABSTRACT

Seismic hazard", in existing unreinforced masonry buildings were
investigated in order to provide a methodb10gy to strengthen' these
buildings to appropriate resistance levels. The testing" program was
comprised of static and dynamic testihg of walls and diaphragms, both
:In-plane and out-of-p1ane, and of anchorages between wa11~ a,nd dia
phragms. In these guidelines for the analysis of ex1sting,buildings,
there were several significant departu'res from, the code provisionS for
new construction. Results can be. used as retrofit guide1iil~s in accor
dance with the three seismic hazard levels of the 1978 ATC provisions
based on effective peak accelerations of 0.1, 0.2, and 0.4 g~

INTRODUCTlON

Building construction using unreinforced masonry (URM} "p~edates the
development of seismic criteria that guide the design and constrUction
of present-day bui1,dings. A substantial number O"t these b~ildiIigS"are
still being used in seismically active" areas, even though investigations
of earthquake damage have confirmed that thistyPl!of building has been
a major contributor to loss of life durtngt earthquakes. It has become
imperative that a system of analysis met1:io~s an4;: proc~ciures~a methodology-
be devised to determine realistic hazard mitigat10n requir~meritsthat

will lead to cost,...eff~ctive meth'ods' of retr.of:i:t"for these buildings.' In
this way, the" choice will not remain limited to either an enot:Jnous
investment to make,existing'bui1dings conform to preseri.ts~anda:rds for
new construction or an economic loss resu1tingfto-in~thedemolftion,of

these buildings. Such a methodology can help meet'seisriii.~'haz'.ard

mitigation goals 'of cities squeezE!dc between" threats to·life~~~fety.-and
economic constraints. This 'paper describes the"f~~uits derived·· from "an"
extensive research program· and "gives guidelines .fori.tsapp1icarion~

The research program result,ed in, the', publication of"topic~1:r;eports

on various phases 0'£ tlie' analysis' and tes ting •."' TIle fi*al:_'Vo~tiDi~~, ,": , ,"
entitled The Methodology (lh provides in. Ilgui4eline" ,fol:1D:th~"'pi:9~edqres

for "investigating existing tiRM b'ui1dings f~rthe" piirpose":Of<'~t'rerigthe·tiirig
them to resistan'celevelS that corr:espond to thr~e.l.ev:eIS"Qf' gro~4';
shaking, intensity tbat ,constf.t:ute tpe' principal se~Smic ha2;ai"d' zone"s;iof
the United States. This paper provides a summary oJ the procedure '
discussed in the Methodology volume." "

1 ABK, A joint' 'Ve.nture,~--EI Se-gundo, c'ailfornia, USA



BASIS OF THE METHODOLOGY

A review of research ,work on masonrj showed that most, of the
effort has been directed toward determining the characteristics and
response ,of reinforced masonry components to in-plane forces; and
little or no effort was devoted to typical URM building response and the
dynamic interaction among the building components. Accordingly, a
research program was initiated that included ~everal types of tests:

a Dynamic testing of full-scale walls, out-of-plane
" " ~a Static ,and dynamic testing of full-scale diaphragms, in-plane

o Static and dynamic testing ~f walls, in-plane
o Anchorage between: walls and diaphragms

As a result of these experiments, it was determined that elastic or
equivalent static procedures are not completely satisfactory to define
the dynamic, and highly nonlinear response of URM buildings.

The experimental data were then used in conjunction with analytical
models for four related component responses and their interactions:

o In-plane motions of endwalls and crosswalls induced by the earth
quake ground motion

o Roof,and floor diaphragms subjected-to in-plane motions induced by
the endwalls and'crosswalls '

o Walls subjected to out-of-plane motions induced by ground motion at
the foundation level and by the diaphragm motion or by a pair of
diaphragms

o Anchorage between the walls and diaphragms

IN-PLANE RESPONSE OF WALLS
During,an earthquake, the ground motion is transmitted from the

building/foundation interface thI'ough the endwalls (in-plane response)
to the flbor and/or roof diaphragms that drive the walls in the out-of
plane direction. Masonry shear walls can be con'sidered ,rigid relative
to the diaphragm stiffness and ca~ be modeled as a rigid block resting
on a 'soil. Analyses performed over a realistic range of building aspect
ratios and so11 stiffnesses showed that the ground motion is transmitted
through the endwalls with little amplification.

ROOF AND FLOOR DIAPHRAGMS SUBJECTED TO IN-PLANE MOTIONS
The dynamic response ofdlaphragms sh~w~ a nonline~r hysteretic

behavior for 'ground ,motions of moderate and higher intensities. The
analytical model developed for this type of,diaphragmrequires only two
parameters to define the load-deformation 'envelope (Le., the ultimate
load capacity and the initialstiffness)?I1:done,parameter to define the'
degrading, unloading and reloading s'tiffne'ss,. 'For.,typical- unreinforced
masonry buildings, the diaphragm lilt'iffnessis ,lI1odeledby nonlinear,
hysteretic shear springs, and the sidewall mass andtr:1.butary diaphragm

, ' '



mass are lumped at the nodes. Peak velocities at the top and bottom of
the out-of"""plane walls can-be obtained,from .. l;he: dyn~c mpdel"as well
as relative deform:ations between the-,'top' a::n,Lbottdm: ot~~th'e walfs:"~:.'··

: " • ,-., ; '.' '. ", " 1.·..' . ,' __ ~,",,_: \ ........ ~- ...." •.(!.~ •• ' ~',.;< 'J

WALLS SUBJECTED TO OUT-oF-PLANE MOTIONS
The dynamic stability of fully anchored URM walls subjected"'t;o' out

of':'plane motions was d~term,ined.fr~mfull::-scale'.jtest.1ng.. The parameters
that affect stability ar'e:' . ' ...., ." .. . - ...

',~ I '.~' ....,.,
-' '. ' .~ :."":" :'~.:'.."

, ,. ~, .'; ~ ..... ' _I; .~:_ > "":/;;.}:,;:':'''·:-:';_~r.,:.~~:'_:;:f ~:,,(':"

o Velocities imparted by the 4iapllragms to. tJ:1.«a eI1d~;of."the,wal..J.Ij1" " ,"
o Ratio of weig};1t of- wall above t~e st9ry ulider':c~nsiQei·a.~ion:.t9 ~he.~

weight of the·wall in the story under, coIisidera,£:i.c?'n:~:'J.,>·:":... ,, .,~.:,. '::
o Height/thickness (HIt) ratio of the ~ail in the 'story ;Jnder" ~on:::':'

sideration

ANCHORAGE BETWEEN WALLS AND. DIAPHRAGM ..:, 0 •. ': C"';:',':'f

Adequate anchorage of the walls to the. diaphragm .is~ an essential -. -, .
• '.' , ~: , '. • _....... ~'~"'" J .J., ~ ,_ " . ~'':' ~

part' of achieving hazard mitigation inURM buildings.. ',Anchorage·'forces:
have been developed for use in. the . methodology' that,-are ·based:.oit.tests~~:·
and nonlinear, dyn8mi~ analyses of the diaphragins.~ . ,A1though'not.:a ;~e~:;,.
concept, the paramount. consideration of the methodology' is 11fe":s'afety:.·
This is obtailled by limiting building damage and by- minimizing th~,
probability of separationo! the walls ~nd' parapets' homth~C fi~o.rs and
roof. The collapse, of parts of the gravity 10ad-carrYi~g 8y~t'~m' .th:at
are sensitive' to relativedisplacement:Ls invesd.g~t.ed..~:. ~ - .

NEW CONCEPTS
As stated earlier, the guidelines proposed for ~the.. aIlalysis of

existing buildings are"not the same as the' code'pr-?v!sions for new
construction. Significant departures are:

'. .
o Due to the sensi.tivfty.of earthquake hazard mitlgationrecommendations

to the intensity of ground shaking, the' use of stat'e-oi-the":'art '
documents for seismic hazard' zoning. is recomme.nded,.,

o Due to the nonlinear, dynamic response ofimreinforced 'masonry
buildings, the procedures for each seismic liazardzone.are separately
defined rather than using a factored. coefficient for-· 'each seismic
hazard zone. '. .... -, .' .

o The seismic response model for the buildings is a rigid:bl~ck on
flexible soils.. This basic response modei is mcidif:f.edf,or.. walls
with a limited interstory shear capacity and ductile;l~ke~~ehaVior~

o The diaphragm response imparted ·to the out-of-plane w~l~s:,is~ 'based
on nonlinear. dynam±c analyses that have been correlat~d'with full-
scale diaphragm tests. . '.

o Dynamic stability concepts for URM wall elements subjec:ted.to. out:
of-plane motions are utilized in lieu of requirements.foranr·.,
elastic resistance capacity.

o Materials resistance capacities are based on inelastic behavior of
materials.



o All ext'stfng ,materials and, eleuientSi:?:;th.ebliildin.g',~h~~~re,
distorted by re~ative'horizontaloririh~rstotydbp,laceIliept ~are
considered in 'the responsemod.el,and.the'stri1c~u~'~l,r.e~is.tance
mo,~el. . ,'- "

'FIELD SURVEYS AND PRELIMINARY DESIGN

The, methodology formitigatingsefSmicJ:lazar~sitl~~uildings,1s
present~d for the three' seisDuchazard' zones described'1>y::the ATe 3~6
provisional,guid~lihes ,,(2).' These seismic hazard zones',.il:reAefined by
Effective Peak Accelerati.onS (EPA) of 0.1 g" o.2gj a.ndO>~'g~

The procedure for using the'methodology begins with' a five step
field' survey that is the same for a:n seismic zones:' prepare preliminary
frBniingpl8,ns for ,roofs and floors; .prepare preliminary elevations 'of
all walls; investigate anchorage of walls; inv~stigate'wallmaterials;
and test ,existing materials'. Once these prelimiJiary steps p.ave been
accomplisped, the ,analysis procedure begins. This is done iD the
following steps for 0.1 g and 0.2 g' seismic zones:

o Idenfify, all hazardous 'building elements on framing plans, floor
plans, and wall elevations.

o Calculate recommended wall anchorage force at eaC:hfloor above the
building base and at the roof revel.

o Verify capacity of existing wall anchors.
o Design retrofitted wall anchorage systems ..
o Design bracing systems, for parapets and appendages 'extending

above the roof anchorage level.

In addition, special investigations may "be 'r~qu:i;recl,by the methods
recommended forO.4gseismic hazard zones forthefoll:awing conditions:

. '0 Wall HIt ratios are in-excess of historic s,tatldardi;;and' building
height~plan'dimension ratio exceeds 3, ~andthe'st1:-ricture1sfounded
tn' soft soils. . " . .,

o Diaphragm discontinuities exist adjacent toai1: Wire1n;f~rced masonry

~all. . '. .: . .",'" .
o The b~~ldi,i1~.,survey,has, determl.ned that .pa;rt.s;?f~the,'i~r.tl~al

load~c;arryingsystemmay aetas a tie~o asheay-wall,andhorizontal
dts,Jilacement,of th,at'part 'of' ~he vetti,t~i·ioad";'~ilrryi.ng,system
r~lativeto the shear wall, Wii~ causeloss,ofb¢aringcapa~ity.

oTh~ buildingsuniey. h'asdetem:nlned 'that majot elements of :the
vertical load.;.carry~ngElystem.a're supportedoti ,1#8sonfY~:piers,
-aI,ui'there isa probability that signi.ficant relative 'displacement
will occur in that story. ' ., "
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ANALYSIS GUIDELINES'

The analysis procedures for seismic hazard zone EPA = 0.4 g are
more extensive, and in the following sections of this paper these
procedures will be summarized. .

The guidelines descri~e a probable response of existing building
elements that is correlated ·t,o element displacements that extend into
the inelastic range. C'apacitiesof existing materials are given as
yield capacities. Yield capaciti~s of structural elements are used for
design of retrofitted systems.

1. Anchorage of Wall Elements. Calculate the recommended
anchorage force ,at each floor abov~ the building base an~cat the roof
level, where the anchorage force is eqUal to 1.0 times tributary wall
weight. This includes the design of the bracing system for parapets
above the roof anchorage level. If .existing wall anchorages are to be
used' as part of the wall, anchorage system, verify capacity of the
embeded ends of the existing wall anchors by nondestructive testing.
Qualify nondestructive testing by limited destructive testing.

For analysis of the shear. anchorage of the diaphragm to the walls,
a response factor is recommended that is an upper bound of dynamic
amplification. This upper bound of amplification is appropriate for
diaphragms that have near-elastic response.

2. Stability of Anchored Wall Elements~ Allowable Hit ratios
of walls for several ,types of buildings ',are given in Table 1. These Hit
ratios are dependent on the presence of crosswalls and on diaphragm
demand/capacity ratio and span length. ~rosswallsare existing walls
constructed of materials other than unreinfprced' masonry, or retrofitted
.;tructural elements that extend between all diaphragms at all levels of
(he building. Buildings with diaphragrils conforming to the requirements
of Figure 2 qualify as "buildings with crosswalls".

TABLE 1. ALLOWABJ..E HEIGHT/THICKNESS' RATIO OF UNREINFORCED MASONRY
WALLS WITH MINnruM QUALITY MORTAR

Buildings with
Crosswalls

All Other
Buildings

Walls of one-story buildings
First-story walls ofmultisto~ buildings
Walls in top story of multistory buildings
All other walls

20
20
14
20

14
20

9
15



Table 1 uses the plot of predicted dynaD1ic stability shown in
Figure 1. The parameters that affect stability are:

o Input velocities imparted by the diaphragms to the ends of the
walls

o Ratio of weight of wall in the stories above the story under
consideration to the weight of the wall in the story under consideration

o Hit ratio of the wa-ll in the story under consideration
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Crosswalls conforming to the minimum requirements of Figure 2 may
be introduced into the building to increase the acceptable HIt ratio of
walls; or walls that exceed the recommended HIt ratio may be brac~d by
supplemental members spanning between diaphragm levels.

Recommendations for design and installation of the s~pplemental

bracing members are:

o Design bracing members for 0.4 times the tributary wall weight ~ .
o Deflection of the bracing member, calculated using recommended

forces, should not exceed 0".15 times the wall thickness.
o Horizontal spacing of the vertical bracing members should not

exceed one-half the unsupported height of the wall or 3 m. maximum.
o The vertical bracing members should be anchored to tqe floor or

roof framing independently of the recommended wall anchorage system.

3. Computation of Earthquake Response Force. Recommendations for
computation of earthquake response forces are:

o Calculate weight of building as a lumped. weight at each leveL
Tabul·ate the weight computations as in-plane wall weight (WW) and
weight tributary to diaphragms (Wb)' at each level, for each axis
of analysis of the building. . .... . . .

o For analysis of the shear connection.of diaphragms to the shear
walls, select C from Table 2. The shear used for design of the,
connection needPnot exceed (v • D) of the diaphragm.

u

Yield capacities, v , in U.S. units of typical diaphragms are given in
Table 3. u .

o The restoring shear capacity, VR, of any shear wall composed of
piers need not exceed 0.2 Ww + 0.2 Wn/2, and the diaphragm shear at
any level need not exceed the yield capacity (v . D) of the

udiaphragm.
o For analysis of in-plane shear in each shear wall, when determined

to be critical, use V =O~4 Ww+:O.4Wn/2. However, the diaphragm
shear at any level need not exceed the yield capacity (vu . D) of
the diaphr~gm~

The seismic response factors, C of the diaphragms are given in
Table 2. These factors equal or ~xcged the seismic zone EPA to account
for diaphragm amplification of earthquake motions. However, the upper
bound of response shear. that can be coupled with the shear w.alls is the
yield capacity of the diaphragm.

The building respons~ is calculated as the hazard zone EPA times
the weight of the shear wall and the diaphragm weight that can be
coupled with the shear wall. The effective coupling ,of the diaphragm is

I-1-7



limited to the yield capacity of the diaphragm at any level. This
procedure is not intended to give an arithmatical summation of peak
element response.

TABLE 2. RESPONSE FACTOR, Cp ' FOR SHEAR CONNECTION OF DIAPHRAGM

Single layer of boards with applied roofing 0.45
Double layer of boards or blocked plywood 0.8
Steel decking not detailed for lateral load resistance 0.6
Concrete filled steel decks or concrete framed 'systems
with span/depth ratio of 2 or less 0.4

Description of Construction

~traight sheathing with roofing
applied on-the sheathing or a single
layer of tongue and groove sheathing

Straight sheathing with plywood
overlay . .

Unblocked.plywood sheathing with
roo~ing~pplied on the sheathing

Plywood sheathed floors or roofs
with blocking at panel edges

Double board systems with
board edges offset

Metal roof deck system desigD.ed for
minimal -lateral load capacity

Metal roof deck syste~ designed
~or lateral load capacity

Concrete filled steel decks

300

650

400

2-1/2 x shear values listed in
design' codes .such as Uniform
Building Code

. 1800

1$00

3000

As determ~tied 'by static yield
capac!ty 'te'sti.ng

4. Analysis of. Horizontal Diaphragms. Recommended analysis
procedures for diaphragm displacement control 1s based on dynamic testing
and modeling. The procedure is as follows: '

o For diaphragms without crosBwalls:



Calculate demand/capacity ratio

2" • D
u

where WD= Total weight tributary to diap~ragm

v = Yield capacity of diaphragm (see Table 5)
u

D = Diaphragm depth

From Figure 2, using the demand/capacity ratio and span length,
determine adequacy of existing diaphragm. If the existing diaphragm
does not meet the span limitations, the diaphragm must be retrofitted
to increase Yu' orcrosswalls.may be added to limit relative
horizontal displacement. .
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o For diaphragms with crosswalls:

Calculate demand/capacity ratio:

2v . D + EV
u' c

EV = total yield capacity of crosswalls that are spaced' not to
c

exceed that. specified in Figure 2.

o If ,the spacing of existing cros;walls is tha't specified in Figure
2 and the capacity E'V exceeds 20% of WD, the span of the diaphragm
shall be unlimited. c

,0 For multistory buildings, V utilized for diaphragm analysis at any
upper stury shall be added Eo the WD of the story below for analysis'
of that story.

For the special case of horizontal displacement control of an
"open-front"'building, the recommendation for diaphragms with shear
walls at the diaphragm ends may be used (Fig. 2). To utilize Figure 2,
an equivalent L1 is calculated •. The wall weight, WW' at the open end is
used to calculaf,e L1:'

L1· z( :: . L+ L}

.
Compare demand/capacity ratio of diaphragm with an acceptable span
calculated as L

1
. If, acceptable cro~swalls exist, calculate

for entry to Figure 2.
v D + EVu c

5. Analysis of In~Plane URM Elements. For shear walls that are
divided into, piers by door and window openings, calculate the 'restoring
shear capacity of each pier as: .

VR = 0.9 PD!H Where P '"' Axial load on pier

D '"' In-plane depth.of pier

R', = Least height of pier if
opening height on, sides
ofpler va.ries

For computation of restoring'shear, the 'stabi:li~y moment of a fully
cracked pier system'is used. Compare the total restoring shear capacity
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withthe minimUm rec.ommended restoring snear:

Va ~mi:n.== 0.2 Ww + 0.2 WnI2

Compare calculated
v, where

V == Ya ~
~

1.5

V
R

·of e~ch pier With its in;placeshear capacity

Where A == Atea ;0£ ''pier
Va == 314 (3/4 v

t
+ pIA)

Where v == 20th percentile of in-plane t~st shear values reduced
to equivalent shear .at zero aXial stre8~ ,

and for all piers V, '<V, Sllpp1eJ:Dent restoring sh~r ,by materials
designed at yield capaci~y. 'If for',a~yp~et VR>V,in";:plane she~r ,
failure is probable and piers must ,be 'analyzed for, shear capacity, using
the foll~ng four steps:

o Distribute response shear Vto pier8yst~m using stiffness as p/H.
o Calculate v == l.5V!A for st1ffestpfer.
o If v>v , increase shear capacity of wall with consideration of

relativ~ stiffness of existing and new materials.
o For walls without openings and withheight/l~gth ratio ~ 0.5,

calculate v = ViA. .

6. Interconnection of Building Elements. A continuous load path
for all response forces should beprovid~d.HaWever, interconnection
capacity of existing materials need not be ,an~lyz~d. Two 'design steps
must be undertaken: design the tie s'Ystem;parallel to the shear wall for
distribution of calculated response forces, and design the distribution
tie system ,in the diaphragm for retrofittedctossWalls or shear walls.

7. Review. of Vertical Load~Carrying'Elem'etits. If the building
survey has determined that major elements of ,the 'vertical load-:-:carr'ying
system are supported ,on masonry piers,proV:ideindependent structural
steel colUmns or equivalent at the face ofthema~pni:y pier. AIl indepen-'
dent foundation'system is, not required. If a shear wall is retrofitted
into the lineaf'bearing masonry piers, the independent support 'colUlllIl8
are not required.'

S~y

A useful m,ethodology for. the mitigation of seismic hazards in
existing unreinforced:masonrybuildingshas been established oased on a'
research progra,m that 'c.oinbined analytical and :experimental invesfigations.
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Several new concepts were introduced that are significant departures
from the current code provisions for new construction. The results,
given here in "guideline" form for the highest of the three seismic
hazard levels defined by the 1978 Applied Technology Council provisions,
were originally presented in a report produced by ABK, A Joint Venture,
entitled The Methodology. .
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SEI SM IC PROVISIONS OF ,THE UNIFORM SUfl.:D'ING CODE

~Y,

J6hnG. To'y;reseyl,

S{jM'MARY

The Uniform Buil,ding¢ode':has~ejct,e~,~ive.:requiremerlt~s,,~qr;i,~ismicdesigr).
F~ecent Iy the ent ire maspn~,ydesigl1chqpt(!r:,'~aPte'r24, wOs re<vJ~d. Many of the ,
new provisions affect the seismic';desigi1~,of·ry,ci~ry.·Manyoftheprovisions in the
other chapters of tt:u~ UBC ()lsoci(fe'Cr~i$fr'ic,design.,This paper presents the
major provisions Jor seismicdesignofm~sonry~:structufes.''A simple desigJ;1
example is presented.,

INTRODUCTION-BUILOfNGCOOE STANDARDS

The building ,codes ,;inthe;US'~·ar~adminj~t~r:,~c1·'at.the )QCa'I:ley~ls of
government. Each local 'Ievet (foyjn,;:cify, cOtJhtY'Qrtownship)qdoptsone of .th¢
model building codes as"a;lciw.tJsuqlly·~theIOcaliJnJtof government adopt,s the
model building code without modificafiori,-bufsometHries cOdes are .mOdified Jo',,'
conform to local special requirements. . " " ,

There are three model building c;ode'sinthe ,USA" the Uniform B~nding Code,
the Basic Building Code andthe'SoutherI"lBuildingCo(je. These Cl6cumentsare not
actually codes, since to be a building code :they ml)st ;be adwtedinto law by the
local unit of government. Thei1l~elbuildingcOdesare'rTl9re correctlyreferrecf to
as "standards". . '

The only standard with extensive seismic provisions is the Uniform Building
Code (Standard). This standard is writt~nby .the 'InfernatiorialConferE!nce of
Bui Iding Officia'is (ICBO). ICBO is ~omposed:qf the bu'ilding officials from each of
the local units ofgovernment that use thelCBO standard.

ICBO doesn't normally writ.etheprovisions of ,the standard. Typically, ICBO
only votes to accept or reject the new prov.i~ions. The. new provisions and changes
to existing provisions are written by individuals or organizations invol~edin design
and construction. The organizatiOns, include: , "

I. ' The structural engineers of, the states of California, Washington, Oregon arid
Arizona.

Vice President, KPFF Consulting Engineers, Seattle, W~shington
President, The Masonry S6c:'iety .
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:t

The orgcmizafions repres,enting nlat~riol . suppliE!rs sl)ch as the Portland
Cem~tiA~iotion;~~'N(lfiona[Concrete,MasonryAs~ociation, The Br ick
Insti:h,lt(!,.o,f..America,· Western, StcitesGlayProouctsAssociation, and many. of~i~-:": '" '. '.. ..... ,',' .. . '.' -.

The professional societies. such as- the Ame'ricani'Concrete Institute (Ae!), the
Amer'fcanSo#ietYofCivri Ehgin~rs(AStE~,and n,'e Masonry Society (TMS).

The process for review ,and dpproval·of:·new provisions is tedious and beyond
the scope of this Moper. HOwever, t.he proc¢ss is often caUed the consensus process
wti~Jein'before adoption, <ill oBjeCtion,s must be. removed. This is accomplished
thoijgh a combination ofr'evising .ihe,:pr9Posaf, fudherreViewof the supporting test
arid research ooto, additional tE!sting:and'politicakcomptomis~.

. This paper presents a~sumr:riary;oftbe.~.isr'nicBfovlsiqns of the 1985 Uniform
Builc:fingCode. The paint. of vie'w is·thotof'osjruchJrcH: engineer designing a
masonry structure. The sequence is,: that norn"ally' OCcurring during the design
process. First, the provisions affecting 'the desigri'loading are discussed, followed
by a detciiled review of provisions speCific to masonry desig~: arid construction. A
design example is presented whicboutlinesthepi"ocess.used:tC),design a four-story
masonry building. " , . .

SEISMIC PROVIS.IONS OF THE l::JBC

.' There. is no, single s~tion of the; Un1f()l:rn ,BuilCling CQde' document that
addresses seismic design. Often it is di"tficult to .separate the seis~ic provisions
from other provisions of the standard.~ This is.becai:Jsegood seismic design also
results in gooc:l:design for other 100dings~ The "prpvislons of the standard are often
written to address several requirements'simultaneously. .

. Base Shear Equqtion - Section 2312(d)

To begin, the USC conta.in~.a.rathet involvedproc:edure for establishing the
seismic lacids. In' mast b(Jilding:"Clesig~sthesi.mple base shear equation is used:

V:=ZIKCSW Eq. I

. Where each term is as follows:

. I. liZ" is" th~ numerical~<il.ing:.fa<:~0,~:gel?e9dent9h .t,tl~:~~lsrnic zone or level or
ground fnotionex~cteC:t:~ry,tb¢regi9rl'N.here'the'--boildin~ps to· Be constructed.
The value of"Z" lies'betweeriO.O:and'I\O~ .. . "", ..

2. III" is the ~cypanc~importaric;efactorth~tdE!peh~~:~ the buUding use. The
value of "I" lies betweer{r.Ocindh5~. Tbe"value:::o-r~JSis-used'for essential
facilities which must Qeusable' followingci design>levEH earthq'uake.

3. "K" is the numerical' scaling factor dependent on the type of bui lding
structure frame. Each different type of building structural. frame has
different requirements. The structural frame is defined in Section 1702 of
the standard as:



"The structuralframeshcill be considered to be the columns
(walls) and the girders, beams, trusses and spandrels having direct
connections to the columns (walls) and all other members which
are essential to the stability of the building as a whole. The
members of floor or roof panels which have no cormectioh to the
columns (walls) shall be considered secondary me'mbets and not
part of the 'structural'frame~"

The values for "K,i are giv~n in Table 23-1of ,the: .standard.. The value ·of "K"
for most masonrysfroctures 'is (~33 since masonry buildings are usually
classified as "box sy"stems". .

4. "C" is the factor that ,relates the magnitl!deofthebaseshear to, the building
dynamic characteristics.• Most masonry ~tructures ha'lelow pefiOds,:and thus.
the value of. "e" is usually set at the maximum value.. of O~sl:2~ " The USC
standard provides the designer with af) approximate method for the determin
ation of the period"'T" by the use ~f the.follow.ingequation:·

r = 0.05 h/sqrt(D) Eq. 2

where "h" is the height of the building in feet and "D" is the plan dimension of
the building in feet in. the direction of the applied load. "T" may. also be
determined by an elastic analysisofthestrue:tvre. The elastic analysis is the
preferred method, but is only used on projects large enough to justify the
extra cost of design.

5. "5" is a factor relating the base shear lodding to the relcitiorishipbetween the
soil stiffness and the building stiffness. The value ,lies between 1.0 andl.5.
If the characteristic site period (Ts) is known, then the value of "5" is given
as:

5 =1 ~O + TITs - O.5*cr/Ts)**.5 :when tiTs 1.0
. .

5 = 1.2.+ 0~6*T/Ts -0.3*<T/Ts)**.5whel:l tITs 1.0

Eq.3

Eq.·4

Since most masonry struc.tures have ,1ow periods, the first equatiori notmaUy ,
applies. The USC limits the value of Tin this equation to not less thanO~3·

seconds and the vci~ue of Ts to between 0.5 seconds and 2~5 seconds. For
masonry structures w~ere the buildIng height is less than the plaR dimensi.ori,
the characteristic period will be less than the 0.3 limit and the first equdtion'
applies. For rock foundations or stiff soils, the site characteristic period wiU
be low. Therefore, the maximum value of 5 becomes 1.42 (T = 0~3 and
5 =0.5).

6. "W" is the total dead load of the structure .including partition loading (20
pounds per square foot when partition locations are subject to chang~), plu's
25% of the floor live load in storage and warehouse occupancies andsn'ow
loading in excess of 30 pounds per square foot.

Equation I is used to determine the base shear for both orthogonal directions '
.of the building. The_analysis proceeds considering each direction independent of '
the other. It is not required to onalyze the building for the' resultant of the two
directional forces. .



The base shear loads are then distributed to the building floors using the
following formula:

Fx =(V - Ft)WxHx/(sum(WiHi» I = I, N

where Ft is the force at the roof defined as:

Ft =0.07TV

but need not be greater than 25% of the total base shear.
, .

Distribution of Horizontal Shear - Section 2303(b) I

Eq. 3,

Eq. 4

Once the base shear is distributed to the roof and each floor, the analysis
proceeds to distribute the forces to each element supporting the floor. The forces
are distributed to each element in proportion to its rigidity, considering the rigidity
of the horizontal bracing system or the horizontal diaphragm. Normally, in the
case of wood diaphragms (considered flexible) the forces are distributed in
proportion to the contributing area without consideration of the stiffness of the
walls. For concrete or similar diaphragms (considered rigid) the forces distribute
in proportion to the stiffness of the walls. The stiffness of the walls can be
expressed as a function of their height and length~

Accidental Torsion - Se'ction 23 I 2(e)4

In addition to the distribution of the base "shear, first to the floors and then to
the elements supporting the floors, a specified torsional force must also be applied.
The specified torsion is the larger of that resulting from the story shear acting
with an eccentricity of 5% of.the maximum building dimension, or an eccentricity
equal to the distance between the center of mass and the center of rigidity. ThE"
torsional force is then distributed to the supporting elements in. proportion to their
rigidities in the same fashion as ~heshear was distr~buted•. However, the resulting
shear forces cannot be used to reduce the shear force on the supporting element.

Load Combinations - Section 2303(f)

The USC specifies the lo<ids that must be combined with seismic' loads.
There are two loading conditions, as follows:

I. Dead load plus floor Iiv"e load plus seismic.

2~ Dead load plus floor live load plus snow plus seismic~

When the floor live load results in lower stresses (relief of overturning forces) the
floor live load should not be included. Moreover, it is common practice to use 90%
of the dead load in these cases as an additional conservatism.

Stress Increase:- Section 2303(d)
\,

The allowable stresses for "w()rking stress design" may be increased by one
third when considering earthquake (seismiC>: forces either acting alone orin
combination' with vertical loads. This one-third increase has been justified as a
short duratfon stress increase. .
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Reinforced Masonry or Concrete - Section 2312(j)2B
" . " >":;." """" .. :,:",:,,;. ;,.:, ,,"-; .....-~ ..,,~:.':.- j-~1~ ':.

'The UBC requires all concrete.,~il"'ld 'masonr'ybuH'9ings~in:"S~isrT)jcZol"'lesNo.2,
3, and 4 to be reinforced. Both horizontal and vertical'r'einfo'rcing is required. In

, masonry structures, the following minimum reinforcing isreqyIred:

I., In Zone 2, vertical ,114 bars (area equal to .2 sq.' in) are required at four foot
on center, at the edge of each opening and at the element corners.

• u -. ..

In addition, hori,zontal 114 bars are required at the bc)ttom and top"of wall
'openings, at. connec'tions to floors and roofs,at the bottom.:.a,nd top of the
wall and at ten, foot. maximum sep,aratiQn. .,"'"

For stack bond masonry,. the minimum area of horizontal reinf~rcemerlt is
0.0007bt where "til is' the specified thickness of the wall and "bll is the bar
spacing.

2. .In Seismic Zones 3'and 4, there is the additional requir'ement that 'the area of
vertical and horizontal reinforcement must exceed 0.002bt, with the ,area in
anyone direction to be not less than 0.0007bt. Additionally, the horizontal
reinforcement spacing cannot exceed four foot. ' "

The sei~mic steel requir~mentsareoftenreferred to as arbitra~y steel since
there is no rational basis for the. values speCified. However, actual performanc~)n
earthquakes has demonstrated good behavior at ,these levels. Additionally, recent
testing at the University of California at Berkeley has shown that these Jev~ls of
reinforcing provide high levels of ductility and energy absorption. . , ',,;;.,:

It should be noted that UBC. Section 2312(j)2B also requires that reinforcing
be placed,not less than two foot on center when the masonry is used ,on buildings
relying on a moment-resisting space frame, to resist ,seismic, fo'r~es.Thus the
standard masonry infi,1I panel used On concrete or steel moment frames must ,have
reinforcement spaced at two foot or less in both directions. '

Lateral Support of Masonry - Section 23 I 2(j)3
"

In Seismic Zones 2, 3, and 4 the anchoring of masonry walls to horipmtal
wood diaphragms cannot be accomplished through the use of nails placed perpen
dicular to the longitudinal grain,of the w~d, ,or rely on the resistance of woodin
cross-grain bending or tension. The provision .was added to the UBC as a result of
experience, with failures' in actual e(]rthquakes. Moreover' in Section 2310,
connections bet'ween walls and horizontal diaphragms must be designed for 200
pounds per lineal foot, or the design load, whichever is greater.

Masonry walls may be supported laterally by wood horizontal diapragms
provided the wood, dtaphr'a'gms do not resist forces by rotation. Vertical wood
diaphragms may not be used to support masonry. However, theserestricHons do
not apply to buildings of one story in height.

Chapter 24 Masonry

The USC contains design and construction' provisions for each mat~rial in
separate chapters. Masonry provisions are contained in, Chapter 24,. Becaul?e

, masonry mus't be reinforced in earthquake sensitive ar~s, many of the requi.fe,
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,
ments of this chapter thot address reinforced masonry may be considered seismic
prov·isions. The most important of these are the construction requirements.

Construction, Grouted Masonry ~ Section 2404(f)

All reinforcing must be embedded in mortar or grout. Grout is not concrete.
Grout is a mixture of cement, hydrated lime, sand and sometimes pea grovel
aggregate to which, is added sufficient water to assure placement and hydration.
Grout is typically placed wiJh slumps in the range from 8 to I 1. If this material
acted like concrete,. then its strength would be very low. But, because grout. is
placed in the masonry unit and the masonry unit acts like a sponge'to remove the
water,. very high strengths are achieved in actual practice.

The masonry unit~commonly used in seismic regions ore' hollow clay brick
and hollow concrete block. The units typically have two or more cells which line
up in running bond to fo~m a continuous vertical cell the full,height of the wall.
The reinforcement is placed in the cell after the wall has .qeE!"n constructed to a
specified heigryt, often up to sixteen feet. After the reinforcement is placed in the
cell, the cell isgrouted."

Horizontal'reinforcing is commonly placed in units with 0 channel sliced
through the cross webs. The reinforcement is placed during the construction of the
wall and grouted when the top of the wall is grouted (the grout flows horizontally'
in the bond beam channel) or the bond beam is grouted after the horizontal
reinforcement is placed and the vertical cells which will contain reinforcement are
blocked leaving the cell clear for grouting the vertical reinforcement.

. The UBC limits the height of-grout pour 'by the. size of the cell in t~e masonry
units. Table I herein presents the limitations. For grout pours in excess of twelve
inches, it is required to mechanically vibrate the grout after the initial loss of
water and before initial set. .

Additionally, the code requires the placement of steel within specified
tolerances. It must be placed within 1/2-inch for flexural members with d less than
8 inches, within I-inch for d less than 24 inches and within 1-1/4 inches for d
greater than 24 inches. Longitudinal reinforcement must be placed within 2 inches.

. ,.. .
Material Limitations - Section 2407(h)

The UBC restricts the. use of certain materi.als in seismically sensitive areas.
There are no restrictions for Seismic· Zone 0 and I. In Seismic Zone 2, Type 0
mortar, masonry cement, plastic cement, nonload~bearingmasonry units, and gloss.
block cannot be used as .part of the structural frame (see the above definition for
the structural frame). In Seismic Zones 3 and 4 the same. restrictions apply with
the additional .limitation that type N mortar cannot be used as part of the
structural frame.

Design Strength Limitations - Section 2407(h)

There are three methods used to determine the strength of masonry. The
first re.lies on a prism test specific to the project being designed. The second relies
on' 30 prior tests of similar materials.' . The third relies on the strength of the
masonry uriit and the proportions of the mortar. Whenever the third method is used
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, and the profect is located in Seismic Zones 3 or 4, the strengths specified are
limited to 1500 psi for concrete masonry and 2600 psi for brick masonry.

Dimension Limitations - Section 2407(h)

Bearing walls in Seismic Zones 3 and 4 must be at least 6 inches in nominal
thickness except that 4 inch high stren'gth load bearing construction is allowed
under certain conditions. Column dimensions are limited to 12 inches nominal
unless half the allowable stress is used,. in which case the smallest allowed nominal
dimension is 8 inches.

Flexural Modes of Failure - Section 2407(h)4K

In Seismic Zones 3 and 4, the UBC· requires the designer to increase the
design shear stress in shear walls by a, faCtor of 1.5, without a corresponding
'increase in the asSociated moment.. The designer, therefore, is required to increase
the margin of safety for the shear mode. of failure, while maintaining the same
margin of safety for the flexural mode of failure. The more ductile flexural mode
of failure is thereby encouraged.

Reinf?rcement Special Requirements - Section 2407(h) ,

Whenever shear reinforcement (usually horizontal) is used in shear walls to
resist the design loads, it is required that' the shear wall be specially inspected in
accordance with Sections 306 and 2405. Among other requirements, these sections
require prism testing, site observation during mortar and grout mixing, and site
observation of' the placement of units, reinforcing and grout. This provision
incre,ases the factors of safety by improving the quality of materials and
workmanship.

It is also required that shear reinforcemE!ntbe' terminated by a standard hook
or ~ith an extension .of proper embedment length beyond the reinforcing at the end
of the wall. The hook or extension may turnup~ down, or be horizontal. ,

DESIGN EXAMPLE

Figures I through 7 present a design example. The building' i,s.a four-story, six'-inch'
load bearing, reinforced, brick structure. The design example is 'for Seismic Zone
4.

CONCLUSION

The major prOVISions of the Un(forril Byilding Code: for masonry design for
areas of high seismic risk were pres~nted. A design. example was presented ,to

. demonstrate their use' in general practice by the structural engineer. Thereare
many other 'provisions in the Uniform Building Code that ,are related to seismili:
design and the designer should not consider the material presented here to be
comprehensive. . '
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TABLE NO. 24-H - GROUTING.L1MITATIONS TABLE NO. 24-H -- GROUTING LiMITATIONS ~.;

Lf'Ost Clear DimensionsJ Least Clear Dimensions]

4 Width
Grout Pour4

Width
GrOut Pour of of

Maximum Grout Cell Cleon- Maximum Grout Cell Clean-
Grout Heigllt Space Dimensions Outs 2' Grout Height Spacel Dimensions Outs 2
Type M(Ft) MM{ln)I, MM(ln) Required Type, M(Ft) MH(ln) MH(In) Required

Fine .3(1) 19.H3/4) ., 38.1 xSO.8{ 1-1/2x2) , No 'Fine .3(1 ) 19.1(3/4) 38.1x5Q.8(I-J/2x2) No
Fine J.5(5) 38.10-1 /2) 38.1 x50.8( I-I /2x2) No Fine 1. 5(5) 38.1 (1-1/2) 38.1x50.8(1-1/2x2) No
Fine 2.~(8) 38.1(1-1/2) 38.1 x76.2( 1-1/2x3) Yes Fine 2.4(8) 38.1(1-1/2) 38.1x76.2(I-l/2x3) Yes
Fine 3.7(12) 38.10-1/2) 44.5x76.2( 1-3/4x3) Yes Fine 3.7(12) 38.1(1-1/2 ) 44.5x76.2(1-3/4x3) Yes
Fine 7.3(24) 50.8(2) 76.2x76.2(3x3) Yes Fine 7.3(24) 50.8(2) 76.2x76.2(3x3) Yes

-

't Coarse .3(1) 3801 0-1 /2) 38.lx76.2{1-1/2x3) No Coarse .3(1 ) 38.10-1/2) 38.1x76.2(1-1/~x3) No
N Coarse 1.5(5) 50.8(2) 63.5x76.2{2-I/2x3) No Coarse 1. 5(5) , 50.8(2) 63.5x76.2(2-1/2x3) No

~, Coarse 2.4(8) 50.8(2) 76.2x76.2C3x3) Yes Coarse 2.4(8) 50.8(2) 76.2x76.2(3x3) Yes
Coarse 3.7(12) 63.5(2-1/2) 76.2x76.2C3x3) Yes Coarse 3.7(2) 63.5(2-1/2) 76.2x76.2(3x3) 'Yes
Coorse 7,3(24) 76.2(3) 76.2xI0J.6(3x4) Yes Coarse 7.3(24 ) 76.2(3) 76.2xl0l.6(3x4) , Yes

I Grout' space width shall be Increased by the horizOntal projectiOn of
the' diameters of the horlzontol bars within the cross section of the
groot spoee.

2C1ean"Outs may be omitted If approved provisions are made to keep
the groot space cleon prior to grouting.

, 3The c1eor dimension Is tile cell or grout space width less morto~ pro-
jectlons~ .

4Forgrout pours over J.5M (5 feet) high, see 2404{01.

Tobie I - UBC Table 24-H'

IGrout space width shall be increased by the horizontal projection of
the diameters of the horizontal bars .within the cross section of the

: grout space. ' -

2 '
Clean-outs ~ be omitted if approved provisions are made to keep the
grout space clean prior to grouting.

3
The clear dimension is the cell or grout space width less mortar projec-
tions.

4ror grout pours over 1.5M (5 feet) high, see 2404(f)l.

Figurp 2 - UBC Table 24-H
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CRACK- AND COLLAPSE-RESISTANT DESIGN OF MULTISTORY BRICr~

BUILDING WITH LARGE SPACIOUS FIRST STORY IN SEISMIC AREA

*Me Yong

SUMJ\1ARY

This paper recommended that an earthquake-proof structural program
of the .first story should b€ rationally selected 1.n the seismic
area for a nve-. or six-storied brick ?uilding w{th a large spa
cious first story, that rigid ratiC) of the second story to the

. first one should be controlled, and that the crack- and collapse
resis tant design· should be. m8.d:e in accordance wi th two eri teria of
" no cracking under the slight earthquake and no collaps ing under
the heavy one ".

Under the slight earthquake, it is necessary for the crack-resis-.
tant design to be made, and for the sections of structural members
to be selected; Uruier the heaVy earthquale, it is necessary for ti-le
collapse-resistant design to be made, and for the equivalent
strength of the first s tory to be checked ; And under the basic in
tenS! ty of earthquak·e, it is necessary for the structural design
to be mad-e, _with the emphasis on strengthening earthquake-proof
structural measures .of the first and second stories~ .

For the sake of aasy design, the design steps and block-diagram are
given in the· late of the paper.

I. DETERMINATION OF DESIGN BASIC PRINCIPLES

structural c~acteristics of the mul tis tqr1ed brick. building
wi th a large spacious first story are as tollows:

Tbefirst.s.tory is more spacious, and different structural 81'S ...

tems. and dif"£erent bUilding materials. will be respectively used
for the first story and. above the first one. That is not very
favourable fo.r reslstance to earthquake of th.e building•. It-is,
there rore , very necessary to select and draw up. a basic princi
ple of· design. which will ensure earthquake-proal" saf'ety· for
the . type of s~tructure.

After summing up experiences and lessons of the suious dis as
ters caused by all previous be~ earthquakes for the mAnkind ,
the scholars at home and abroad unanimously tho~t that it
would be appropriate to adopt ·two design basic principles of
It no cracking .under the slight earthquake and no .collapsing
under the heavy "earthquake " i.n the ea&th!:iuake-proof design
tor the building structures (1). Although China Current stan-

* Chief Engineer, Gansu Building Prospecting
Design Institute, ~anzhou, China
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d8rd TJ11-78 bas covered 'the principle of " no ~ing under
, the" sligbtearthquake n , it has not ,:ret cov.ered the specific
"and'-:definit€s.tipUlationa .tor 'n DO collapsing under, the heavy
,earthquake ". The' author thought that it would be proper for
tvo design' basic prillCiples of. "no craCking l;Ulder the slight,

.ear'thqUake and 'no collaps;ing Under the heavy earthquake " to
be8dopted', in the e.arthquake-pr:oof des.ign of the multistoried
brick building "wi th a.'laree spacious firs t s.tory in the sels-' (;
micarea., '

II.' SELECTION oi',smUCTURAt PROGHAJif.s

The, investigation of TangshaIi ~a.rthqu~e disaster shoved that
the'disaster sur-fered by the mul ti.storled brick buildings vi th

l~ge spacious first'stories being frame or internal frame
structurres· was, considerable 'serious. A phenomenon of serious
ly deformedconce'n'tra,tion occured in the first story. The

. 'frame-columns or the brick piers vere subjected toahigber
shear force or axial force. With the result thatthe beriding,
crush and excess elasto-:plaa:tic ·deformation occured, the stru
cture wa,t> led ,to a serious damage, even to collapse.

,The eaz.~e disasters sufl"ered by ~ multistor1.ed brick
buildings wi't;h flexible first stories in other countr.ies were
also as ,similar as the said above.

Actually, the main reasons are: the first story of the buil
ding is more, s:pacioUs.., the upper structure is 'rigid and the
bottom' one is:. 'ne~xib1e.,tberigidi.ty willeha.nge unexpectively,

. the' top is heayY .~ the toe is ,11ght~ Por such a seriouS
disaster due to th~' ear~uake,..it 1s no1! sat!s.lactory ror
this b~lding to· take general structural measures. 'J!bestruC4u
tural program has tobe~tionaii7s.elected. The retn.rorced
concre te s.tructure of, fraE-shear walls used for the tirs:t ,.
story ··aDd'· the'briCkstructurew.ith structural columns used for
.the ,upper'stt'\lcturewill be a better s~~ctura.l program or
;the five-or siX-stori.ed brick building wi tha largespacio'US

,first ,story1n the sidsmic'areas of CbiJla.
~' ,

. ',\.,

,The ~e'a:8ons are as' !oilo"..s:

1."A certain numb-er of shear"walls set in the first story can
avoid the·~upperstruc~e to be rigid and the bottom oDe to
be Oe:rible, afrl also avoid t~e rigidi ty to be suddenly
,chan~d. ThUs, the cClncentration of der-ormation of the' first
story under the actiono'f earthquake ""iIi be eliminated ani
the weak story will be turned intO a non-weak one so as to
avoid. the serious disasterr,o! e~Z'thquake aui ensure eat'~
quake-proof safety-of the<l1ill:lble building.

1-3-2



2. As a result of the elastic modulus"of concrete be.ing Sreat
~ir&reDt from, that of brick walls', the quanti tyot",s!iear walls
nquired to control the rig1d·ratio;of the ,:fii-S:t, a tory to the
secoDd ODe is limited. Therefore. it vlll sUll 'ensure the
f'irst s.tory to ba~agiVe.n large space,whichcan:.mee't' the .
needs fur tIE firtH stDr,y used.,as :the shop, res~~a.nt, Baraga •
.etc. . . " .

'.' - .'

'In. COll1ROL RIGID R.liTIO OF THE FmST. STORY TO "TEE' 'SECOND ONE'

Row to control rigid ratio at" the second stor,y OS the. brick
a truetu%e to the· spacious fir:st a to:q is·'the' key :oi.~ngiil.g
such a weak rirs t story into a IlOn-weak one. The, 'author thought
that l.t wouJ.d be neces~ to control ri,gid. ratio of the second
sto~ to the r'frst one in order to prevent 'the firs-lstor,y

, £"rom forming a weaJt one and' suddenly cmingingthe rigidity, .
otherwise. the earthquake disaster would be more se-rious.

Therig1d ratio shoul.d be less than' 2, and- more ~n O.5~ I·t
ia ,close to 1,as poSsible•. i.e.

.......-..' ..- .
. y::;>, 1:-' as possible

'".'

, " ....' .
In consideration. of she.ar· def'orma:tion" shear rigidities K1.I2·
o£ the .first aCd secoDi. stories are In!sJ)~cti ...el;t:

K: = G1 1w'1t
')J Il:t.
. "

I 2 =T()~Aw2
JL ..~

~~'....'•••....... ~ ... ~.~ ... (~)
~ ~ - J" I - • - • • •
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IV~ DETEliYJNATION OF HEAVY AND SLIGHT EARTHQUAKE
IBTENSITIES AND SIMPLIFICATION OF aiACX-RESISTANT
DESIGN UlIDER THE SLIGHT EARTHQ1Lw: lITEIQSI,'!'Y

'r

ThE eartbciuake Intensity i.srandom. It laa main current ten
dency .to s·tuiii ~e randomne.s.s of the earthquake action wi tb
a, probabiliV ~thod..'i'al:ing the slight e~tbquake intensi tJ'
as .a usual intensity and the heavy earthquake intensi ty as a
rare ODe, .in accordance with the Rete~nce (2). the result
of analyzing earthquake risk slllfered by 43 cities and ',t<wns
in' China: arxithe characteristics of the brick structure sh6..ed
tbat: for' the mW. UStoried briok 'building vi th a. large .spacious .
first ,story, 'l't is proper. tor the slight 'earthq'uake iniensi ty
to be taken 1 degre-e lower than the basl.c '1ntensi ty and for
the :be avy .ecarthquake in tensi ty to be taken 1 degree higher
,than the :bas'ic intensit)".

Fo~ the !ll\.i.itis toried orick .building wi th a large spacious
f'irl? t 'story. through comparison arid analj-sis we know. that the
crack-resiStant design madewitb two methods under the slight
earthquake: i:ntens i ty corresponds to the earthquake-proof' de
signlnB.cIe with the met.'i'6d stipulated in-:;.lthe Sta.nctard under 'the
basic, intens.ity. lor the sBke of simplifying the calculation,
the basic intensity will be directly takm as the design in
ten~ity. and the.earthquake~prOof'calculation caD. be made with
the method stipul.ated in the Standard ( C = 0.45 ).

v. cRACK-RESISTANT DESIGN

1. ~~~g~~~~~_~~_~_~~Ty~~y!~~!~~~~
. . " .

There are now tw~\Dethod.s described respectively in China Cur
rent. standard: and in the Reference (3). vhiC:h have been used

,'for the c:rac:k~r~si.stantdesign of brick houses abo.Te the first
story.Rased on the statistic analyais.~.~ for the earth
quake-proo:r s:t:re.ngtb· of over 4;OO"brickbu.1ldings during 6
heavy earthquakes. in Tangshan, !laicbeilg,etc. of China, I'fr.
Yang YUcbe.ng and othereol' Engineering·.Mechanics ~searcb
Institute proposed ·tne main parameters ·of crack-resistant
design for the mul tistor..i.ed brickbUi:i~8B. Mairi characteris-

,Jics .of the method are 'as fol1:Ov~: .

The p~aaieters of cr~-resis tant design have ,"en obtained
. rro~ .failure· probability of the brick, walls. bse data are
reliable; . . , ' '
The integral earthquake-proof capacity of. the 'brick building
can be. measured by checking theearthquake-'proof stren'gtb be-,

'" tween its. stories; .
,The criteria discri'Jn1nating dif't'erent eartbc!uake' disastere
wider different in"tensi ties have been given.

I-~



In vie.... of some characteris;Ucs as above, the~uthor 'thought
that the, method described, in the 1ief'e:ren~ '( 3) should be pre
cectently' adoptecrf.n the cra~k~resista.ritdesignf'or' the brick
housea above the,first BtOry~ Rased: on comprehensive policy
decision of eeonolll7 and safetT in tn,estatiaticoanalysis ,of
a large. number o~ eart.hquake disas ters " when checking' average
earthqUake-prool' strength of tM:storiesw-ithtbe m~thod des
cribed iJi the Reference '0), the loadcoef':Cicient. 1:0 fOJ; de
signing earthquake will take 'the ,values' giVeIi 'in' 'Yable 1.

, .. " ',. '- -

Table 1. ValUes of 'L,~aQ; CC;effi~ient'KororDesi¢ng E,axthquake
.. .' ,'~. . ". '-

',I DesignIntellS i t7 ',1
' ,'Ko., ,.

7
, 0.19

:8

0.28

The method .stipulated in :the standard will be ¥so used :tor
the brick houses above the first,story in order, to adopt the

Eo ame method in, the earthquake-proof' calcuiation of _upper and
bottom structures. On the basis' of the investigation arid sta
tistic analysis'c»earthqua1ted:isasters~a preve:ntive"cri-

." terioD of resisting- 7-degree earthquake ,intensity is somewhat
lOw-, that of res.isUng 9-degree ear,thquake intensity ,is some
what biBb aDi that of ,:resisting only 8~egreeear~uakein~

,tensity is DIO,d'era te :in !ie-s ign or the IIIlil tis:toried briclt bull
dingla wi th the method stipulated in the StalXlard.When 'the me
thod stipulated in the 'standard:lS used" the e'a.rthquake load
can be adjusted based on e'arthquake disasters~ The expnssion'
is as follo....s:

: . ,'-

,Qi =lICot~ 11 W
-f, . i

(1 = 2,3.~.n )

_ '.",'
••••••' ••••'~. ~ .,.,". e c

, •••

. '. \"
.J • •

where' 'l is adjustment coef.ric;:ient or earthquake di-
saster,t see Table 2 ).. ','

~able 2. Valu,es of Adjustment Coe~~icient o~ E'arthqual::e ,"
D:1sas:ter ,"'"

2. CRACK-RES IS'r'AliT: DE:3I GN 'OF' iR.AJ'E~SBE,All smuCTURK
IDR' THE FIRST S,UY- - - - - - - -:-" - .~

. '



In crack-resistant desigr.::J f the frame-shear structure for the
.first story, it 1s necessary to solve the calculation of two
e:Eternal forces such as tice earthquake shear, Coree at' the first
story and .overturning moment of earthquake, and tosol~ their

.dls;tribution in the ea:rthquake-proof structural ~.~.

'rhese problems as above are described respectively wil th the
method stipulated in the Standard.

2.1 E:4lTRQUAllE SEE.AR FORCE OF THE FIRST STORY
-----------~-------------------------

The earthquake shear force of the first story is related to
the rigid ratio of the second story' to the first Oile.

Por Y ~ 1,It is not possible to exist arry concentration of
deformation, am the earthquake shear force ~. no, amplU)ufg
e:£f'ect.; , , '
For y)l& t" ,the ear:thquake shear force has an ampl1.tyiJ:1g
e£rect. . ,
The ampl i -';ring value ia Jl = NY .....'. ......... .. (6 )

Then,
n .

Q1 = .JL Qo = J2 C1 Pi =J2.C9'max \il

( HO~: Yor y ~ 1 ~ .52. =1.)

2.2 EAR'1!HQUJlKE. OTh~TUHNING MOMENT OF THE FIRST SWay
--~---------~------------------~----~----~--~-

...

" '

Cha.rac~istics or the multistoried br1ck.·building with a
larp spacious rirs t story are : '

The earlh.ciuake-proof brick 'olalls on and above. ~. Sl!Cond·, story,
are used 'as vertical bea%ing members., I:t :is .• ,tbezef'oie. De"",:

cessary to calcul8.te not only, the earthquak.·~shea~ f'orce ot'
the members but the additional axial f'orce:' produced irithe
walls am .columns by the overtUrning mome'n:t cauSed b7' the
earthquake load of eveq story above. the EkSt,Il-:t017':'

The over"tl.u'ning moment ..,hl~ is dinctI7' ~aI1Smi.tted f'rOz the
brick walla above the first story to.' ~b&me~ortr~Ine-sbea.:r
wal1s' on j. axia- is:' " '

n
X, P1j ( Hi - Ii.; .> ••••••••:••••• (8)
L::2

wber~ p' is ,the earthquake load o-f the brick walls
1J of every s tory acting on j Uia of i story,
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Hi and H, are respectively the height from
outside ground level to i floor and to the
noor on the top o£ the £irst s.tory.

The dis.tribution of earthquake shear Coree ....ill be dependent
upon rigidity of the noor on the top of the first story. A'3
a result of thecast~in-place floor, which is thicker, used
as· the noor on the top of the !'irst story, all measures of
increa.sing rigidity will be taken as precast slabs used.

Therefore, the floor on the top of the first story can be ccn
sidered as a rigid floor. For individual members of resist2nc~

to the lateral force,. such as walls, columns, etc. of the
first story, the earthquake shear force should be distributed
according to their rigidity of side sway.

2.4 DI::iTRIBUTION O}' EAH'E-;QU AKE OVERTURNING MOMENT OF THE FlrlST
STOnY

How to distribute the earthquake overturning moment acting on
the first story in the individual earthquake-proof members of
the first story, that is a problem required to be approached.

As mentioned above, the earthquake shear !'orce should be dis
tributed according to' ·the side swq rigidity of individual
ea.cthquake-proof members owing to have a rigid, noor on the
top of the first story. The' principle is also same for distri
bution of the earthquake overturning moment. But the problem
depends on whether side walls of the first s~orycan form two
pieces of vertical rigid walls.

From analysis of the actual arrangement, for two large doors
opened on two side walls~ which foundations are mostly isola
ted foundations. It is dif!'icul t for the side wall s to form
vertical rigid walls. There£ore, the overturning moment 1s
still mainly transmitted from the brick. walls above the first
story to each. frame or !'rame-shear wall, and it 19 determined
by the equation (8). In order' to simplify the calculation, it
may ·be considered that the total overturning moment is appro
rima tely dis tribtiU!d in accordance wi th the sectional area of
brick walls on each lateral axis of the second story.

~. .

YI. COLL APSE-RES 1ST ANT DES! GN

1. COLL siP SE-BJ:;SISTANT DESIGB\OF BRICK HOUSES ABOVE THE FI?-ST
S'rorlY
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n.s ;:.. consequence of tne.brick Itaso,-:rj" ol'.!ing a brittle ",truc
tux,:" it is neC€3sary to check the equlivalent strength under
t~e he~vy ear1hquake intensity in collapse~resistantdesign
of brick houses above the first sotry.

lefore there is no specific calculation method to check co
l'..apse-resistant equivalent str~ngth' in China Current stan
d ard, the me thod .described in the Ref~r.. nce (3) will be ten-
tc:.tively used. .

"tatistiCBof the collapse pr~':'2.bility for a lot of brick
buildings in Tangs han , Haicheng, etc. )f China was described
in the Ref'erence (3). w'hl!n· the build ings su1"fered from the
heavy earthquake ef'.rl!ct which ir.tensi ty is 2 degrees higher
than the design intensity, col13?se would not generally 8ccur~

(3). The author carried out the collapse-resistant caloulation
ror some six-storied brick buildings in the seismic area of
eight~egree intensi ty in Lanzoou Dis trict. The calculation
resul t showed t..lo:1at all these buildings w~e able to resist
the intensity little less than 10 degrees. And the collapse
resistant design was made in accordance"with the heavy earth-
quake intenBi~. '

nS mentioned above, in case the heavy earthquake intensi ty
which is taken is 1 degree higher tha.n the design intensity
and 1 degree lower than the collapse-resistant intensi~ cal
culated actual17, the collapse-resistant capacity is more

,enouBb. It lII§1y- be, therefore, considered when the multiBtoriec
"brick !N.ilding wi th, a large spacious first story meets_ the
needs of resistance to crack,' it can also meet the needs or
resistance to collapse.

2. CaLL APSE~SISTANT"1lESIGNOF m;Jr'IE-SHEA.'i. SlffiUCTJRE
FOR THE FIRST STORY----------
During the collapse-resistant design of frame-shear structure
for the first story, it is at first necessary to analyze and
de termine two problems. Firs tly. the ultimate de formation or
".lltimate strength will be checked; Secondly, the strength is
an ultimate be:nding strength or .LQB u1tima~ s~a.r one if it
fs checked.

It is well known that for the reinforced concrete frame struc
ture which is a fiexible one, the elasto-plastic deformation
stould be calculated and the value of ultimate deformation
sh0ul-: be' checked under the action of heavy earthquake so
trlat it is proper tp prevent the suucture f'rom collpasin?
3ut for a large spaoious first story of the' multistoried
brick building, it is necessary to take another nonsideration.

1-3-8
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The author carried out preliminary calculation of elastio
plastic deformation for 8 six-storied buildings with frame
shea~ structures of the f"irst stories' under 9-degree heavy

. earthquake in the area of 8-dee."Te~ earthquake intensity of
Lanzhou. The calculation resul t showed that the value of re-
'lative deformation f'or the first story is in the range of'
1/300-1 !SOO, much lees thar! the ul timate value 1 Ii 00. That is
due to the, frame-shear structure as a medium rigid one, the
rigidity-of shear walls being' 'hif,her and the selection, of sec
tions of the shear walls mainly according to the strength
rat.her ,than the control of the rigidity under the slight earth
quake. For the mul tistoried brick building with a large spa
cious f"i:r's t story, it is, therefore, necessary toclleck the
ultimate strength of the f"irst story, not to check tPe ulti-
ma te de f'orma tioD.. '

During checking the ultimate strength, it is necessary to
check the ul tiroa te she ar strength. The reasons are two: The
f"irst, is that the shear-span ratio of shear walls for the
f"rame-shear structure of th~ first story is generally small
and mainly sheared. The second is that allstlletshear walls for
the, firs t story of the brick building are those wi th side .
f'rames.

, The ·test arlci analj"s:is in the Reference (4) showed that the ru
p~e oiside-fr:ame shear walls were mos tly sheared 1"ailure.
The check of ul timate shear strength of the shear walle is

"ref'erred in; the Re ference (4).

VII. DESIGN'STEPS AND BLOCK-DIAGRAM

For the design steps of the mul tistoried brick building ",i th ,
a ~arge spacious iirst story ( !!lee the Block-Diagram o£ the
DesigD ).
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-alock-Diagram 5£ Earthquake-Proof Design £or the Mul tistoried
Brick Building with a Large Spaciou First Stor.J

start

Approval

!"
"

["eliminarny determine layout of the brick
structures and" sections of the ,brick walls on
and above the second story combining wi th the
building. ,',."', ,

t
"

Control shear strength and rigid ratio of the
second story to the first one,' preliminarily
select the quantity of shearlialls for the
first sto:r;v.

.~ ,

'kr:xange shear wal:ls, network. of columns and
structural columns above the fini t s toX7• ,

1
Make crack-reeis tant design of the brick struc-
ture above the £irs t s to IT' unde rthe slight ear-
thquake intensity, check and: select section of
the brick walls.

~
Make crack-resistant design of frame-shear
s truc ture £0 r the firs t story under the slight
earthquake tntensi ty ,select shear walle and,,'

section reinf'orcement of beams and columns.

'~

, '~ake collapse-resistant d.B1gnof £rame-shear
structure for the first story under the heavy
earthquake intensity, check equivalent smear
strength of the first story•.

t
I Make structural design under the basic inteIl!li-
I tj' ,3t:rentrthen' the earthquake-proof structural

I measures of the firet and second stories.

J
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RESEARCH AND DESIGN OF TAI:.L, SLENDER WALLS

Iby James.E. Amrhein, S.E.

SUMMARY

For man~ years, the design and construction of load-bearing
masonry walls were limited to ai'heightlthickness ratio of 25. This
conservative limitation was recognized by the StrUctural Engineers
Association of California and, accordingly, they organized and con
ducteda research program to demon~tiate the performance of tall,
slender walls subjected to both vertical and lateral loads.

The research program consisted of 32 specimens, 22 of which were
masonry and 10 of tilt-up concrete.

After the results were obtained and analyzed, design parameters
hased on strength design were established limiting both the lateral
deflection of the wall and the. vertical load on the wall.

This paper describes the test program, the test results, design
methods, and gives a design example for a 6" concrete masonry wall,;

THE SLENDER WALL RESEARCH PROGRAM

. *The Uniform Building Code hit limitation of 25 was imposed due to
lack'of experimental data and an attempt to limit flexural stresses
under wind load (see page 110 of Reference 4). It also was considered
a restraint against' possible buckling of the walls under vertical and
lateral loads.

-The Structural Engineers Association of Southern California
(SEAOSC) and the American Concrete Institute-Southern California~)
Chapter (ACI-SC) recognized the "limitation due to this unnecessary hi t
code restriction. They conducted a research prograni from 1980-1983 to
demonstrate that load-bearing masonry walls can be built and be struc~

turally safe when they exceeded the slenderness ratio of 25.

IExecutive Director,Masonry Institute of ~rica, Los Angeles~ Calif.

* cPublished by the International Conference of Building Officials
(leBO), Whittier, California
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Test Specimens

There were a total of 32 test specimens built, consisting of ten
concrete block, six clay brick, four clay block, and 12 concrete tilt
up panels. All test panels except one were 24'8" high and 4'0" wide.
The masonry panels were reinforced with five #4 bars and the concrete

* 'panels with four #4 bars of ASTM A615 Grade 60 steel. All masonry
walls were solid grouted.

The clay masonry walls were 3.5", 5.5", 7.5" and 9.6" thick for
respective h/t ratios of 57, 52, 38 and 30. The concrete ma~onry walLs
were 5-5/8", 7-5/8'.' and 10'5/8" thick for hit ratios of 51, 38 and 30.
Note that all of these hIt ratios exceed the allowable limit of the
1982 Uniform ~uilding Code (UBC), therefore they are considered by
definition tall, slender walls.

The materials for the hollow con~rete masonry, hollow brick and
solid brick panels conformed to the requirements of ASTM C90, C652,
and C62.

Loading on Panels

Panels were loaded to simulate a'typical roof load, using an eccen
tric vertical load applied to a steel angle ledger. Lateral pressur~

was applied through ,an air bag for 'its full height' and width.

l Lateral Loading. To simulate the lateral loads" ana panel due to
¥ind or earthquake, an air bag was placed between the test frame' and
·:the wall. The reaction of the test frame allowed the air bag. to expand
and load the wall laterally. The lateral load was applied through air
pressure and incremental loadings and deflection readings-were taken .

. The loading frame (fig. 2) allowed the eccentric vertical load and
the lateral load to be applied simultaneously to the panel. The verti
cal load was provided by water-filled drums, as shown.

*ASTM, American Society for Testing and Materials, Philadelphia, Pa.

I-4-2



Verticlll load
on to
ledger angJe

Fig. 2 -- Loading frame and wail specimen setup

yertical Loading. Vertical load tosimulate.floor and roof loads
was applied to a ledger angle ~~th an ecc~ntricity~f three inches plus
hal f the. thickness of the panel. This vertical loa.d was induced by
means of two drums of water and the load was magnified through lever
action (Fig. 3). The load could be varied by chan·gtng the amount of
water in the drUms. This simple mechanism.permitted various loads to
be applied.

The typical ~oof load of 320 lb/ft is characteristic of wood roof
on a commercial building in California. A. roof .load·:~f.860 lb/ft was
used on seven tests to simulate heavier roof- syst"eiJu:i~· This eccentric
v'ertical roof 'load increases the p~ effect, which was considered in
wall buckl ing.

p

Eccentricity

e

Drums
of

Water

Fig. 3 -- Application of vertical load
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l ~ ,.

Fig. 4 --,Panel 131 .
8" eMU deflected 17.5".

Typical Test Results

The load-deflection cur~es for the specimens iollowed a typical
pattern. The wall under initial loading remained un cracked with a
very steep load-deflection line. As the first cracks formed and the
reinforcing steel (which was located in the center of the panel thick
ness) received tension stress, the load-deflection curve slope changed.
As the load increased, the steel was stressed up to its yield strength.
When the reinforcing steel was yielding, it continued to increase in
strain (elongate) with a slight additional load and the slope of the
load-deflection curve flattened.

M.

'i M)
~

"Q M2
C
'"e
Q M1'l

Moment at initial cracking
.Moment at service load
Moment at yield of steel
Moment at tension failure of steel
or crushing failure of masonry

D. Deflection at initial cracking
02 = Deflection at service load
D) Deflection at yield of steel
0 4 Deflection at tension failure of steel

04 or crushing failure of masonry

Lateral DenectJOD oC'Wall

Fig. 5 -- Typical pattern of load-deflection curve
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SLENDi:R WALL .TEST RESULTS
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'---

ADDITIONAL TEST WALLS

CONCLUSIONS OF THE RESEARCH PROGRAM

1~ Buckling. There was no evidence of elastic and.inelastic lateral
instability (buckling) for the load ranges tested, which were primarily
loads with axial loads'less' than 1/10 of the short column axial capac
i ty.

2. Pe Moment Effect. The significance of the eccentric moment from
the applied simulated light framing roof load was small.

3. P6 Moment Effect. The significance of the p~ moment was most pro
noun~ed in the thinner panels but did not produce lateral instability
in the load ranges tested. Panel weight was the largest component of
secondary moments. Secondary moments accounted for approximately 20
percent of the total moment at yield of the reinforcement.



4. Load Deflection. Load deflection characteristics of the panels
can be approximated by three straight lines representing the uncracked
stage, the cracked stage, and the post yielding stage (Fig. 5). The
intersection points of these lines are a function of the moment capac
ity of the wall section at yielding of the reinforcement. The lines
represent the uncracked to cracked. to yield deflection to failure
stages.

5. EI Value~ Tests showed that the produce of the cracked transformed
section moment of inertia and the code modulus of elasticity was use
ful in gredicting midspan deflect10n of the panel at yield level.

·6. Residual Deflection. The panels exhibited adequate strength at and
beyond the yield point and the rebound indicated that a midpoint perma~

nent deflection can be expected for panels loaded to the yield level of
the reinforcement.

7. No hIt Limitation. The tests demonstrated that there was no valid
ity for fixed height-to-thickness limits, but revealed the need for
deflection control to limit potential residual deflection in walls
after being subjected to service loads •.

DESIGN OF TALL, SLENDER WALLS

The design of load-bearing reinforced masonry tall, slender walls
is based on the results of the research program, basic static theory,
and strength concepts.

There is no limitation for the slenderness (h/t) ratio except as
limited by maximum lateral deflection and strength of the wall~

The design shall be based on forces and moments determined by
. analysis . The procedure considers. the effects of axial load and deflec
tion in the calculation 6~ required moments.

II

Fig. 6 Loading' .and
free body diagrams of wall

'. II

p .
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Parameters of Design

For the first time~ twocouditions of design have been imposed on
wall design. Thesea~e servic:,eab'ilityand ultimate strength.

Ser:v:ic:ea.bil1ty.~··Due. to~factore,d service loads J which are the
act,ual -co,de loads.'f~:rd~.s~~.1.nc.:r\lcil~g the' P6 effect ~ the lateral
deflection of thew81:is :is:limitE!Q.' '

Maximum lateral ,deflection '-O.Olb (SEAOSC.& .ACI-SC recolDIliendations)
, . .. " . . ~O~'OO7b (apprbvedbyICBO)

Thisv81ue'w'iU'~be,les;s',than deflection at nominal or yield
strength of ,the:~al;t. '·Thustih'i.~~1numallowable aeflectionwill be
within theelastlc ~i~tand ihe wail' should rebound without permanent
set.

Strength Design. Forfactcired loads (that is loads increased by
the UBC loadfactors}t:he~alis shall h~ve a ductile strength and be
stronger than the ~uientsand 'lo'Etds .,imposed on tli~m.

The strength .of thewaii' iEi ideterm:1.Ded'basedon a liniitation on,
the amount of steel used ,andt-hus ensures a .oued.1e condition at yield
strength. This ~il1'pre";etit th~',possibi1ity of a brittle failure.

Maximum Vertical ,Load

The design procedure is liniited to walls in which the vertical' ,
l~ad stress at the locationof1ll8Ximum moment does not exceed 0.04 f m
thus

where
p =o
P =

W
.f 1 =m

A =g'

Load from tributary floor or roof area
Weight of wall 'tributa~ tosecti'on under consideration
Vid.ri:iat~ :compressive ~sonry ~tress and shall ~ot
exceed ,6000-'psi
Gross area of 'wall = bt

Maximum and Minimum: Reinforcement

The maxiul\uJl reinforcement shall not exceed the following ratio.
Pg • of reinfor'cement area of the gross masonry area; p. = A -'bt·

g s

f
Y

40,000 ,psi
6.0;000 .psi
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one

Although the steel ratio p is based on gross cross-sectional area
it applied only to steel assume~ to resist tension forces. Therefore
if steel is used on each 'face, consider only the amount of steel on

f,ce as being limited to the Pg ratio~

The minimum reinforcement shall not be less than the sum of steel
area in both directions of 0.002 bt with the minimum steel area in
either direction of 0.0007 bt.

Moment and Deflection Calculations

Generally, the moment and deflection calculations shown herein are
based on simple support conditions at top and bot tom, however, for
other support, fixity and continuity condi,tions. the moments and deflec
tions may be calculated using principles of mechanics.

Strength Design

Load Factors. The strength of the cross-section shall not be les::;
than that required from the application of factored loads. ,The factored
loads are based on U = 1.40 + 1.7L or

U ~ 0.75 (1.40 + 1.7L + 1.87E) or
U = 0.75 (1;40 ,+ 1.7L + 1.7W) or
U,= 0.90 + 1.43E or
U = 0.90 + 1.3W

where
o = Dead loads or reiate~ internal moment and forces
E Load effects of earthquakes or related internal

moments and forces
L = Live loads or related internal moments and forces
U = Required strength to resist fac.tored loads or

related internal moments and forces
W Wind load, or related internal moments and forces

Required Moment and Load Capacity. The minimum required moment
and axial load is generally determined at the mid-height of.the wall as
being the location of the most critical values and is used for design.

The required minimum moment strength, Mu. is computed as follows:

M .W~h2 + POll 0 (t) + ~wu + POll) 6u

Design Strength of Cross-Section of Wall

The design strength, ~Mn, provided by the reinforced masonry wall
cross-section in terms of axial force and moment is computed as the
nominal moment strength" Mn. multiplied by strength reduction factor.
~,i.e. M < ~ M

u' n

r-4-8



where
Minimum required moment capacity
Nominal moment .strength for cross-section
subjected to combined flexural and axial loads

= 0.8 for construction with special inspection
= 0.5 for constrUction without special inspection

Deflection Design

The mid-height deflection, ~s' under service lateral and vertical
loads (without load factors) must not exceed

~s = O.Olh (SEAOSC - ACI-SC recommendation)
~s = 0. 007h (lCBO Technical Report No. 4139)

The deflection, ~s' at mid-height is computed-as follows:

_Deflection when the service moment does no·t exceed the crackJng moment:

5 ~L h2
~s = .'5

48 Em I g

moment, i.e.Deflection when the service moment
" )

where
= Height of wall betw~en supports, simple supports
= Service moment at the mid~height of the wall
includingP~ effects

= Modulus of e!asticity of masonry = 1000 f'm;
3,000,000 psi maximum

=Gross moment of inertia of, cross-section, usually

I = bt
3

g 12

Mer = Cracking
Mn = Nominal

I cr = Cracked moment of inertia of cross-section

I cr = nAae (d - c)2+ bc
3

3
moment strength of the masonry wall
moment strength of the. 'masonry wall

S f- m r

S= bt2
m 6

are:

block masonry

= Section modulus of gross cross-section
- Modu~us of rupture of, the masonry wall

Values for f r for determining deflectin

2. 5~ for hollow brick and concrete

2.0~ for two-wythe brick masonry

The cracking moment strength of the wall is Mer =
where

S
fm

r
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rHE DYNAMIC PROPERTIES AND ASEISMIC DESIGN OF

JINLING HOTEL AND SHANGHAL GUEST HOTEL

•YU Andong' .*
JIN Ruichun

, "

SHI Yuan*
I ,.1

slM.1ARY
In the original dynamic analysis of Jinl ing H6telthe calculated

natural periods are ,wrong. The result based on' experimental formulas,

simpl if ied formula and, FEM program SAP V are' all in agreement wi th

that obtained from survering.

!tis shOlN'll by the surveying and results of SAP V that the original

dynamic design of Shanghai Guest Hotel is reasonable and reI iable.

The dynamic characteristics measured from the actual structure is'close
'. ,

to the value adopted in the design.

The choos Ing. of parameters in dynamic design and s imp 1if ied method

is discussed.

INTRJ£X..X:TICl'J

Jinl ing Hotel and Shanghai Guest Hotel are' the' highest hotels in

Nanjing and Shanghai, respectively. The structural system of Jinling

Hotel is frame-tube of ,109.85mhigh (Fig.I). Shanghai Guest Hotel

is frame-shear wall structure and 88m in height (Fig'.2).

Jinling Hotel was designed by the Palmer and Turner Architects

and Engineers, Hongkong. In its aseismic design, intensity 1 ~s taken

into account. Shanghai Guest Hot.el was designed by the Shanghai eivi 1

Bu11ding Design Institute. The authors, as staff of Tongji ,University.

were involved in the aseismic design. Considering the safety problem

. .

* Insti tu te of Structure Theory' Tongji Uni versi ty
Shanghai, China

_. Computer Centro Tongji University Shanghai, China
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Fig. 1

\: '
' .. ',

'. ' 1,_;'

"Fig. 2

c;:::::;J

l ,-f----'.

- - . ,

"
of this importantbuilii~;g~, 1ii't~ii'sltY:7-was also taken Intoac:r,C04D1,.

-"-,:,,:..' .'

After these 'twO~uildihgs,,had ,'been. cons tr:uc: ted. 'suiyey,ings~ith

surrounding eXcitat,i~~ Wa~'6ar'ried,>6~;l?Y the, Ins,tftute~fStructural
- ,"-' '- . . ;

T,heory of T,ongji Un'ivers'ity in 1983. The 1st -4thnatural modes,

periods and corresponding' damping 'ratios are obtained in the survey~ngs.

In this paper, the results of s,urveying andasei~k de,s:ign,of

both ta 11 bui Id.ings, are ccmpared. The aseismic design, of those build

ings are evaIuat~d,t.hen the method for choosing the dyn~ic properties

in aseismic design is discussed.
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DISCUSSICX'J CX'J THE ASEISMIC DESIG'J OF JINLING KJrEL

According to the document on the' static and dynamic analyses of

Jinling Hotel provided by Palmer and TUI'ner, beside, the dynamic ana

lysis, the static analysis is in accordance with Chines-e, NeW Zealand

and SEACO (Cal ifornia) C<?des. But there are sane prob1ems in the design.

It seems rather s~prising. that the natural period of this tall bUilding

is 7.877 sec. as a result of dynamic analysis. ·It is unusual and dis

agrees ~ith the result of ,static analysis.

1. The Aseismic Design of Palmer and TUrner Architects arid Engineers

(ll Dynamic Analysis:

. Respo~se' spectrum analy'sis was carded out using spectrums in £1

centro earthquake (18.5:1940/NS) and Osaka earthqua~e (27.3~1963/E.W).

The peak value of ground acceleration was assumed to be 50 em/sec z
, ,

and damping fac tor of 10% was -used.. For .des!gn purposes, if the ground

acceleration increases, the results s.hou-ld: increase linearly. 'Masses

computed fram the structural deal load plus! superimposed load were

1umped at each floor level'.

shown in Table 1.

The ccmPuted fundaqlental per iods are as

Table 1

Mode 1 2 3 " 5

Natural frequency 0.7966 2.787 5'.H9 9.405 13.76

Period 7.887 2.255 1.087 0.668 0.456

,It is obvioiJs that the designers regarped the natural frequency

as cyclic frequency (cycles/sec)., so that

21T 6.282
T1 "w '" O.796:6·~ 7.881

This result is in C:onfradiction"with ,expedence cif tall buildings of

30""" 40 stories; For ex~le,·the fundamentalperio9,s'oFBa'lyUn Guest

Hotel in Guangzhou (33 stories,) are T
1

=~'hj~40, 'T
t

= ·O~3.5:Qlnlateral·
direction and T 1 = 0.835" T.

2
,=0.273 in 1ong,itud ina 1.. In, -Earthquake,

Engineering· by L . Wiegel, aU'-stor led tall building, as discussed

by M. Newmark, has the period T
1

= 2.3.
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The designers of Jinling Hotel themselves also admitted "the cal-

cu I a ted fundamenta 1 per iod of the tower is high·. In January 1984,

T
1

= 3.5.

one rronth after the dynamic analysis, they used the Rayleigh's method

to calculate the fundamental period and obtain

( 2 ) Stat i c < Ana 1y sis

In the static analysis, Chinese Code (TJll-78), Nev.r Zealand Code

. (NZSS1900, 1965) and Cal ifornia Code (SEACO, 1966) were used. The

results' are as shown in Table 2.

Table 2

Code Formula
T I Qo

Qo
(sec) for. design

T311-78 T = o.45 + O. 001 Hi1/D 0.87 '0.0322W O.04W
, NZSS1900, 1965 T I = 0.32.rD 0'.91 O.05W O.04W,

SEAeO, 1966 T = O~05 h n/ I1f '1.77 0.041 W 0.04W

They adopted Q 0 = O. 04W' to determine' the maximum lateral force

at the base. Then, in the "TO\1Jer Block Seismic Analysis·, thi's datLUn

was also applied in frame and shear wall design.

2. Surveying:

The results of surveying with surrounding excitation in ~rch.

1983 '!ire sumna<r ized in Tables 3 and 4, which were recorded by RTP

500Band processed by 7T08S.

Table 3 Natural frequency and period

Mode 1 2 3 4

f 0.6832 2.5864 5.2704 7.1248
N-S

T 1. 464 0.387 0,.189 0.140

f 0.6832 2.5376 5.1240
E-W

T 1.464 0.394 0.195

/ f 1.1712 3.5624
Rota t ion, ,

T 0.854 0.281

Table 4 Damping < ratio ( %)
"

J>.bde 1 2 3 4

Flexure 5.85 ' 2.88 1. 79 1. 43

Rota t ion 2.08 1. 37
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fht..: t;:-ansfer function and mode are as shO'>Vl1 in Figs 3 and 4.

i i ( f )

Fig. 3

Fig. 4

J. Discussion

(1) Experiential formula

Based on surveyings, a-lot of experiential formulas for determining

the natural period of tall building exist. Usually, the results from

these formulas are shorter than the actual period. Many data acquired

in San Fernando Earthquake show that the per iod of bui 1dings increased

1.1'-Z.0 time during the Seism and 1.0 ...... 1.4 time afJer the Seism.

By choosing ten experiential -formulas applicable to Jin! ing Hotel,

the results are as shown in Table 5.
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Te simplified formula for determining the natural period of flexural

vibration of cantilever be~ is

where: H: height of the building;

g: weight per uni t height;

E: Young's 'modulus of concrete;

I : inertial momentum

The stiffness of tubes at four corners is only taken into' account

in. the co 1urnn 1 of table 6.

Table 6

W 1 2

DL + !'LL 1. 470 1.976
3

DL I'LL 1. 508 2.016+-
Z'

Result T
1

= 1.47 is reasonable.

(3) SAPV

The computer progr~ SAP V is used to check the above. resul ts
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obtained exoe,ienti.al formulas and simplified formula. DC + ,~ LL

is used and the corner tube .Is taken into account. Major computed

results are shown iriTabl~ 7.

Mode

Frequency (HZ)

Pe r i od (sec)

1

0.,6965

1.436

Table 7

2

4.378

0.228

3

12.34

a.081

4

24.30 '

0.041

5

40.18

0,025

(,4) canpar i son

If we regard t-be ;n~tural frequency as f in the dynami,c ana I ys is
, . -, ,.,", .". I

of the bUildiri~, theh"~:,l1a~~ Table 8;

Table 8

Mode 1 2 3 :, 4

Design f 0.7966 2.787 5.779' 9.405

(~dif ied), T 1.2553 0.3588 0,.1730 0.1063

f 0.6'832 2.5864 5.2704 7.1248
Surveying

T 1.464 0.3876 0.1'89 0.140,

SAP
f 0.6965 4.378 12.,34 24.30

V
T 1. 436 0.228 0.081 '0.041

Exper ien t ia I f 0.6357

formula T 1.573

Simplified f 0.6803

formula T 1.470

5

13.76

0.076

40.18

0.023

A'll the five' va I ues of t 1 are c lose to each other. The resu11s

of mode 2 "- rriode 5 f ran SAP V are not so ,goqd because the :JIlOde 1 is

over -s impl i f ied.

'It may be' coiic1uded that T 1= 7.887, is wi:'opg, but the aseismic

character Of Jinlihg Hotel is still reliable. since

(i ) The structured detai I of Jinling Hotel designed by Palmer'

and Turner: is orily based on their static analysis.

,( ii) Q 0 '= 0.04, W leads to T 1 = 0.87. so a lar,ger earthqua,ke'load-

ing is adopted. In the design spectrum, Q 0 is constant

at T 1 = 1.47 and less then 0.04 W.
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(ih) The damping ratio in surveying is 7% and it is 10% in design ..

I t has no problem because the damping ratio wi 11 increase

in the nonlinear range.

DISCUSSICN CN THE ASEISMIC DESI(]Il OF SHANGIAI QJEST l-DTEL

1. Aseismic Design

A nenber-story !nodel analysis on the dynamic responses of ,tall

buildings subjected to earthquake excitation was presented by the

authors and their collaborators. There the authors have also deriv

ed: (i.) the inelastic and geanetrically nonlinear stiffness matrix

of a member with two rigid zones at its ends, us ing one-cornponen t

model of a member. and considering axial, shear and bending deforma-

tions; (ii) the spatial stiffness matrIx with three degrees of

freedOm for every floor. corresponding to two components of displace

. me9ts and one, of rotation consider.ing the' interact ion of shear

walls and frames; and (iii) the concept of transition stiffness

pertalnfng to the turning points of hysteresis loops. According

to the model mentioned above, a progr~ MSwas developed and applied

in the design;

When the dimensions of structural st'iffness are only one 'dimen

sion, then:.

where:

w .. ' = E 1C cos2 !fl
"XX a a

Wxe = ~,. !<acos !flo.(Yxa.8~n!fla - Yyo.Cos!flo.) = Wex

Wee == &Ka (Yxo.sin!fl 0.- YyaCos!flo. ) 2

in which: K a is the lateral stiffness matrix of a tho' lateral load

resisting element and is formed by stiffness matrix of a single

member, K,cM. The stiffness matrix of single member with rigid-
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arms at. it's ends is der ived and the matr ix consid~rs both the

elastoplastic and. P-li, effects. As every member of the ta 11

bui Iding is very' laige, so it isratbei" dHf icult to deal with

the turning points 'of hysteresis 1001'S syncllron,qusl y, Those points

transit rng . fran elastic state to'pla~tic"s'~ate rmlst be made much

account and treated by the concept of transition stiffness.

By using the MS system programs, tpe dy~amicanalysis of Shang-

hai Guest Hotel was 'made by' .authors 'and coU'aborators In the

analysis the' four earthquake w,aves :were . imported, and they ar'e

El~entro, 1940 NS; T~f t 1952,EW;Tiatljin, 197band Ha i chen,

1975, while the maximum ground acceleration was taken to be 100

ga 1. The' displacement history curves .(at the top of building)

of the elastic dynamic response are shown 10 Fig.5.

em

Tianjin
Fi'S. 5

El-Centro

The elastoplastic dynamic analysis was ,also made for another project

of this bui lding and it resul ts 1-n the displacenimt history curves

in Fig.b.

The' program. "with member-story model may offer a series of
, ,

Wdata for storyW as the maximum interstory drift c5ima~' maximum
W W

absolute acceleration (U +Ue) max ·etc. Herein the Wmaximum n means

the .maximum value during. the whole range of the time history.

Same examples are shown in Fig.7 and Table 9.
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Table '.9

input

U "
.·max
a':nax. "

(U + 0)
e max

-TJU""18

13.08

. 0.965

TlanJin'

,. 8.31

0.962

·~02

i El-centro

9.58

0.851

)67

The member-story model 'can supply the -data for member B too.' Sane

moments and shear, forces in coupled walls ,and coupling beams are

obtained arid can serve for the design purpose directly. Few 'examples
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are shav.m. in Fig.S. In the design of Shanghai Guest Hotel, those

data have been used.
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The results of surveying with ~urrounding excitation, May.

1983 are shown in Tables 10 and 11.



Table 10 Natural frequency and period

M:>de 1 2 3

f 0.684 3.333
N-S

T 1.46 0.30

E-W
f 0.926 3.704 b.bb7

T 1.08 0.27 0.15

f 1.176 4.348
Rotation

T 0.85 0.23

Table 11 Damping ratio (% )

Mode 1 2 3 4

Flexure 5.85 '-2.88 1.79 1. 43

Rot.a t ion 2.08 1. 37

3. Analysis

·SAP V is us.ed to analyse the structural system of Shanghai

Hotel. . The fundamental natural periods eNS) are shown in Table

12.

Table 12

SAP V 1 2 3 4 5

f 0.7526 4. ,0()7 11. 06 21. 58 3.b.18
S-N

T 1.329 0.2459 0.0904 0.0463 0.0276

Til =.L 329 is close to T1 =.1. 46 obtained from. surveying.

Although T: i ·=. L329 is smaller tihan 1\ = 2.0 which is used

in the design;.' it seems reasonable. The non-l inear behavior of

the structural system during earthquake is considered. E is reduced

by a coefficient. However, E is not reduced for SAP V. The results

can compare with data ofsurvey-ing. It may be not iced from these

two examples that in design T r can be taken as 1.4 times of the

value obtained from sureying or the linear elastic analysis.

The comparison betwee"n the two response histories obtained
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from two programnes. in which El-Centro earthquake wave asimput.

It is as shown in Fig.9.

,'tt~

" \I ' "",,-,- l \ It... \
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I

Y -..'J,I ~"-
,

(, \ \\ I

'"\J IJ .'- ':tJ1 ~ , /, I

Y I -\ I I /
\ - 11 ' \/.' , r
'J 'J

Fig. 9,

It can be noticed that (i) E was reduced when SAP V was used

a'nd T = 1.89, it was close to the value obtained f.rom ~ program;

(ii) The response histories between two results had some difference

partly, because the different structural model had been used. The

storey roodel had a larger eror at the range where the influence,
of higher vibration mode was stronger. _But (iii) the maximum value

of displacement and its instant were close to each other.

PARAMETERS' IN ASEISMIC DESIGl

Thi:s analysis has also confirmed that the simplified computing

methoc tor the natural periods"is applicable, provided the rigidity

of the structure is properly chosen. When the system

is in its elastic stage, e.g; in surveying"a smaller load (e.g.
1"3 L) . and no~reduced Young's modulus should be adopted, while in

aseismic design it should be on the contrary.

The damping ratio reduces when w increases. The Reilaght fonn

. of damping, which is Olten used in the dynamic analysis of stru-

etures, is

C) = a [M] + [K)
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From the definition of the damping ratio,

'("")'r (c)(~.)
E;.= '+'1. .1.

1. 2w.-M.
1. 1 ,

where "'i and4J i are circular frequency and mode of vibration.
T .

Mi = (¢i) (M)(¢i)

Hence,

. The re I at i on of to given inC 7] ia as shown in Fig. 10,

so the follOW'ing l;lxperimental fortnula is. suggested:

~ = <l.25/ + 0.0005"" a =0.50, b = 0.0009.

Therefore, if b is small, then the effect of [K] is negligible.

that is,

[e) = arM]

0.10

-~-•
-- .

+ 'J iIiI ing Hotel Flexure
!Il J inl ing Hotel Rota tion

fJ. Shanghai Hotel (N-S)
0 Shanghai Hotel .(W-S)

0.05 " Shcinghai Hotel Rotation

20 40 '"

results shown in Table 13.

Table 13

Before Loading Cracking Yielding

0,027 0,034 0,055

0.016 0,043 0,061

Specimen

K 2-1

K 3-1

I,t fact, ~ increases when [K] decreases. A test on a sing Ie

fraine[91 obtains the

Although, the data in Table l3are UmUed,. the tendency suggests
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tha t b should not be taken as a constant 'and it should be a decreasing

coefficient with an increa~ing [K] when it is not n~gligible.

Both the detailed analysis and simplified calculation are worthlwhile

to continue tos.tudy, since the comparison between these two can indi

cate the applicability of, simplified methods. The surveying and analy

sis of dynamic characteristic's also provide the valueable infonnation

for the reI iabi Ii ty of the existing design as well as the gUidance for

the choosing of parameters in dynamic design.

The authors are grateful to Gu Jayang, Zhuang Meizheng, Huan Yun

qiao, sUn Yeyang ,Jian Lusheng for their help and would like to thank

prof. Zhu Boi6ng for his direction.
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REVISION OF THE CHINESE ASEIqMIC DESIGN CODE
BRICK STRijCTURE SECTION

1Gong Sili

ABSTRACT

The design philosophy, computation and certain import~nt earthquake
resistant measures for brick structures proposed .in the revision of the
code which is being .carried out are introduced in the paper. Owing to
the fact that brick structure is the main type of structures in China at
present, it plays an important role either in the current code or in-its
revised version. Performance of brick structures in the recent earth
quakes for the past two decades provides a basis for the revision of the
code, which is.also briefly mentioned in the paper.

INTRODUCTION

The current Chinese aseismic code (TJ 11-78) is the revised version
or' the, TJ 11-76 code and was put into effect in 1978, soon after the
occurrence of the great Tangshan earthquake, therefore majority of expe
rience gained from the earthquake has not yet been ' involved in the code.
Multi-storey brick structures,are'widely adopted as residential bUildings
in China. Such bUildings are 5-storey buildings generally with no rein
forcement in the masonry: In the Tangshan earthquake, most of them were
seriously damaged or even collapsed, causing heavy casualties. Thus it
is very important to incorperate! the experience .of the Tangshan earthquake
in the revised version of the aseismic code.

At present, there is a draft for the revision of the TJ 11-78 code.
Here introduced are the design specific~tion of brick structures in the
iraft and the main difference between the draft and the current 'code.

BASIC REQUIREMENT FOR EARTHQUAKE RESISTANCE

Requirement .for buildings in the curr,ent aseismic code is: "when a
building is subj ected to an earthquake with an intensitycorresponding
to the design intensity," certa.i.ri damage to the building will· allowed and
the building can still. be serviceable 'without· repairin.g or with [Dinor
repaL ing. 1I This is the req:uirement for the design intensity only, no.
requirement is given for int'ensities higher or lower than the de,sign

Senior Research Engineer, Institute of Earthquake En~ine~ring, China.
Academy of Building Research, Beij ing, China.·

1-6-1



intensity. Therefore, consideration is only taken for brick buildings
subjected to an 'earthquake of design intensity in the current code, i.e.
"cracks wJ:1ich can be repaired are allowabl.e II. While draft of the revised
version states: "buildings will be intact in minor earthquakes and ....i~ 1
not· collapse in major earthquakes II. Thus, three levels of earthquake
resistance are proposed:

First Level. When subjected to earthquakes of intensity lower t:1al
the local basic intensity, buildings will have no damage and normal ser
vice requirements should be met.

Second Level. vllien subjected to earthquaks of intensity equal to
the local basic intensity, certain extent of damage to bUildings is al
lowed, but ·not causing danger to human life and equipment for production,
and cah still be serviceable without repairing or with minor repairing.

Third Level. When subjected to earthquakes of intensity higher than
the local basic intensity which scarcely accur, collapse or serious da
mage to buildings which will affect safe of human life should be avoided,
Le. requirement for the safe of human life should be met.

·Based on the statistic analysis of historic earthquakes occurred in
more than 60 cities in China, tLere .are some relationshop between the
abovel~v~ls and. baslcintensities approximately.

Intensity, ~xceeding probability of which is about 10% within 50
years, corresponds to the basic intensity given in the current Chinese
Seismic intensity Zoning Mctp. Such intensity will be taken as the Second
Level intensity. .

Intensity, exceeding. probabil~ty of which is about 62.3% (i.e. the
expectancy of Intensity) within 50 years and which is about 1~ grade
lower than the. basic intensity will be taken as the First Level intensity,
i.e. intensity of.earthquakes.often occurred~ .

Intnesity, theexceediIig probability of which is about 2% and which
is about 1 grade higher than the basic ·intensity, will be taken as the
Third Lef~l intensity.

For brick structures, it is of significance to use ground motion
acceleration corresponding to the First Level intensity in strength chec
king the cross section of the structure. Such checking will guaran~ee

bUilding structures~ when subjected to earth4uakes commbnly occurred, to
be in an elastic state andnb repair or strengthening is reqUired.

For Second and Third Level of earthquake resistance, no' strength and
deformation checking is stipulated in the d·raft.· Under the action of an
earthquake of higher level intensity, earthquake-resistance of brick
structure is guaranteed mainly by aseismic measures.



CALCULATION OF SEISMIC ACTION

It is stipulatedin'the draft of the revised version that, for struc
tures in different conditions, different methods of calculations for
seismic action should b,e adopted, such as equivalent lateral force method,
modal analysis J time history analysis , etc. 'for brick:structures, equi
valent lateral force method should be unanimously adopted, i.e.

Overall horizontal seismic acti'on of' struct~re:

Horizontal seismic action of lumped mass i

G.H.
F. = ~'F (1 _ .r-)

l G H Q un,:,
I' I' I' ""

for brick structure, d - ro/ ,1 -l/L.max··"

'.(i = 1,2,~ .. ,n)

Table

In'tensity i 7 8 9

max, I 6.09 ' 0.18 0.36

where 0: - additional seismic, effect coefficient on the top
"n (see Table 2)

Table 2

Type of site soil

I

II

m :- IV

,0.08T
1

+ 0.07

0.08Tl + 0.01

0.08T
1

~ 0.02

G

G --' equivalent total gravity> load of ,the strUcture.
eq Geg is taken equaltoO.~~G. ,

effective total grav:fty ,load ,foi producing the seismic, n,' ',' , " "
effect, G= ~G

" r=l r

Design and Checking ,of Cross-Section

Following equation is' adopted in the draft for calctila tin-g the
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\

combination of seismic effect and other load effect •.
"

n'

S = (OCOoK + {E1 CE1 E, K + 1,'2CE2 E2K + &,'fciiQi CQi' Qik

\rIhere °K'- standard value for permanent load;

'~K standard value for horizontal seismic action;

E2K
standard value for vertical seismic, actio,n;

Q. standard value for the ith variable load;
f~k

value ,for' Ci -- a coefficient for the combination ,the ith
variable load;

CO,CE1,CE2,Cai -- effect coefficients.

Expression for Design' and Checking of Cross-Section

\rIhere R ---, resistance of member section;

~~ -- aseismic regul~·ted coefficient for resistance; for,
unreihforced aseismic wll ,rR =2; for aseismic wall, wi th
constructional column, ¥R =1 .8.

For the design, or' bric:k structure cross-section, the above formule:
is expressed as

\rIhereQ design seismic shear force ' subjected by aseismic \rIali;

(' -- inhomogeneous coefficient of shear stress in the cross-
j 'section;

()c' -- average compressive stress;

f tp -- principalterision stress,of brick mas~nry.

For brick buildings, effect of vertical seismic load'is not consi
der~d in the new revised code. No checking is need also for the earth
qua.ke resistance of foundation.

GENERAL REQUIREMENT OF THE ASEISMIC
MEASURES FOR BRICK',BUILDINGS

As mentioned before" brick structure is a kind of structure made by
brittle lilaterial.' It.' s 'def()rmability and energy absorbability are very
-sma'II'., strength arid' earthquake-resistance of such structure in the
elastic state can only be, estimated through calculation·when subjected

I~-4"



to minor earthquake • Once cracked,. 1. e ~ ,subJected to earthquake of basic
intensi ty or hi-gher than basic intensity,,' it .is· difficult to estimate the
earthquake-resistance of brick structu're through calcula. tion-.

Under the action of an earthquake of higher intensity. e~arthquake

resistance of brick structure canbeguat;an:teed mainly be aseismic,mea
;ures. In summary, these measures are 'principally:

." Adoption o£ regular c~nfiguration

,I,' , ,

Adoption of appropriate aseismic structural layout; to use trans-
versal wall or both of trans'versal and longitudinal wall as aseismic wall.'

Limitation of the space between aseismic walls

· Limitation of the overall height of bUilding

·j'Strengthening the bonding and deformabili ty of ,bUilding materials,
such as limitation ~f the minimum str~ngth of mortar, addition of trans
versal and vertical reinforcements in the brick masonry.

· Strengthening integrity of brick structure, e. g. bricklaying in
the connection of ,transversal and longitudinal wall must be overlapped.
layout of spandrel beam at each'storeyand layout of R.C. constructional
column in the conn-ec,tion of transversal -and longitudinal wall. '

· Prevention of local weakening. such as flue inside a bUilding.

• Strengthening a! associated members (parapet, canopy), strengthen
ingof the anchorage of the, cornice and the main structure.

Th'ese measures are developed based. on the experience of strong·
earthquakes.

Limi ta tion of the Overall Height of Build:iii.g

For brick structures in seismic region, limitation of overall height
'Jf building is a key measur'e :for earthquake",:,resistance, . the purpose of
which is,to prevent buildings from serious damage or collapse., It is
shown by the damage of the recent strong 'earthquakes in China that, for
the unreiuforced engineered brick structures (or unreiriforced by cons
tructional. columns), three-storey buildings would not collapse in earth
quakes of intensity IX. five-storey bUildings would not collapse in
earthquakes of, :J..ntensi ty VIII! while in earthquakes of inten'si ty VI,I,
buildings with atoreys more than five wQuldnot collapse, generally.

Based on 'this concept and' on account of safty appropriately. limi
ta tion of the height of brick bUildwgs. has been specJfied .in the cur- .
rent aseism1c design code. and 'such limitation will be relaxed, if the
effect of construc,tional coluIl1Iisis considered ~
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Limitation of buiiding height
'in the current code Table. 3

-"

":-'. '-' ,

Intehsi ty
Type of" ~alls

"
VII vm IX

-
,Without construc-, 19m 13m 10m

24cm and ,more tional columns (6 stClreys) (4 storeys) C3 storeys)
than 24 em"
solid wall-

"

Withconstr~c- 25m 19m 16m
ti'onal columns (8 storeys) (6 stof~ys (5 storeys)

:" . ,t,

Limitation of the height of rnulti
storey brick bUildings i~the

n~w ~evi~ed·code (d~~ft1 Table 4

I
Intensi ty

Type of walls
'VII vm IX

Without cOnstruc"':' 1'2m 9rn ,6m -
24cm'and more tional columns (4 storeys) (J ,storeys) (2 storeys)
than 24 em
solid wall With construc- 21 m 18m ' 12m

tional columns (7 storeys) (6 storeys) (4 storeys)

From 'the above tow tables, limitation of building height in the new
revised code is more rigorous than tl1a t 'in the curre'nt code. This is
because, 'in the new revised code, the fact that buildings would not col-

'lapse ,seriously when subj ected" to earthquak,esof intensity higher than
the local basic intensity wiil 'be~, taken into account, for example" in
the region of basic intensity .vm', no. of storeys of brick buildings'
wi th6ut constructional, columns is limited to 3. If earthquake of ,inten
sity IX ~ould qccur,' n'o collapse woula. M.v:e occurred to such bU,ildj,ngs,
b~sed on the performanceof~ecentinajorearthquak~s. '

- R. C. CONSTRUCTIONAL GOLUMN '
- ~' _. • - . ' .' ". I •• •

,.

'It is specified "in. :f,hegurren'tcode that, at .the connection of in
nt':lr andou'ter 'wllo.(.multi:'.storey brick" buildiJ:1gs, ..R~ c. constructional
columnshotild.:be.eie¢ted;bB.!;ledon the experience or' the, Tangshan earth
quake • Duririg"t,he:'ea:it.hqualce" 'bric~ buildings without any reinforcement '
seriously col1a.psed,caus:lng.heavy casualties. But, in some accidental,
cases, no" collapseocctirreti inbr~ck bUildings designed, with R. C. columns,
although damage was suffered', thus proving safety· of human ,beings ~ ,This
experience has been involved into current code (TJ 11-78), taking as 'a
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provision.
t '

Views on the above prov~s~onhavebeenunif:L~d afte:r the current
code was effective for several years • ,But different views on the fi.mc-'
tion of construction column specified iil 'the code exist., Some considered
such column as structural column, thus enlarging its cross-section to _ ,
bear 'loads. .Of cour~e~ it is not necessary:

Constructional'colulIIi1is not requir,ed in t.hecode to suffer (axial)
loads but considered .ass-kirid of vertical constraint member of walls,
such as spandral beam which is a kind of constraint member in thehori
zontal plane. . Both constraint members improve 'integrity of brick
buildings.

Therefore,' the main purpose of constructional column is to prevent
collapsing after cracking of the resistant wall.' Thus, no .requirement .
for the design of 'c;ross-secticmand structural analysiS of constructional.
90lumn is specified in the cur,rentcodeand· its revised ,version; Only
the basic cross -section: dimens{on,and :amount '. of reini'orcemen t for cons";'
tructional column, are speci.fl.ed.· .

in. the new r~vised ve'rsion" it is proposed that 'the cross-,section 'of
constructional column .·may not be too large, ,and it amount of relnforce-',
ment may be too large also, based on the :fact tl:J.a t . it I S function is on.ly
to ,constrain the masonry. The min.cros-s ...,s,ection of constructional- co
llimilis restricted to 12 x 24 cm in the' revised: version while 18 x 24 'cm
is required in the current code. But4¢t2 .of.io~g:Hudllial· reinTorcing
bars is still specified for constructional coitimninthe'revlsedversion J

according to the requirement in construction. .
, .

Sin<;eno structural. analysis is req:Uired' for constructional column
in thenewrevisedc~de, so Timitation ofovera-llheight ·of brick buil,..
dings is speciffed ~s in Table,'4. . ..,.

Strengthened with constructional columns. earthquake~resistanceof
brick building can be raised 10-1 5%.b8.sed on .experimental study. This
has not been reflected in the current code. but is considered -in the new
revised version.

MULTI-STOREY BRICK BUILDINGS WITH R.C. FRAME AND BRICK SHEAR
WALLS IN THE 1ST FLOOR (TYPE 1 ) AND FRAMED MULTI-STOREY

BRICK BUILDINGS WITHOUT OUTERR.C. COLUMNS (TYPE 2)

. These structures are .made. of two kinds of materials, L e,.R. C. and
bricks, and are unfavourable for earthquake conventionally. But 'owing
to their requirement for.special use. economics and convinience for cons
truction, they are widely, used both in cities ·and towns.

Type 1 brick building is a kind of structure with R.C. frame of lar
gerspari in the 1st floor 'for commercial us.e and brick shear walls as
lateral resisting members. Above the 1st floor. common brick structure
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, is adopted. The R. C. part of Type 1 bUilding is d'esigned based on R. C.
structure with orick shear walls while the other part is designed accor
ding to the requirement for multi-storey brick bUildings; But the limi
tation of overall"height of Type 1 building is more rigorous than tha t of
common mul ti-stor'ey. brick build'ings. '

Type 2 brick building is a kind 'of structure with outer brick wall
as lateral force resistang wall, and inher R.C. frame consisting R.C.
beams and columns. The inner span of Type 2 brick bUilding is relatively
large, so':this kind of byilding~are' often used as commerical buildings,
multi-storey plant for light industry. library and office bUildings, etc.
Based on the field ~urvey after the Tangshan earthquake, this kind of
bUildiilgwere, seriously damaged .,more than the others, thus. in the new
revised code, :r:estrictions for Type 2 buildings are more rigorous than
those of common muiti-storey brick buildings, such as limitation of ove
r,a11 height. more constructional columns are needed and control of the
inter,val of transversal ·walls.

,', Earthquake damage to Type 2 buildings were very complicated. D9.mage
to .the top storey was often more serious than the lower storeys. The
cause and mechanism for the damage are not get known. In the new revised

'.. ~ode, the 'seismic load on the' upper storey has been increased appropria
tely' for compensation of the above drouback .

.•
CONCLUSION

Brick building is one kind of s,tructures widely used in Chinese ci
ties and villages. A lot,of data anitsperformance during recent strong

\ earihq uake in China have ,be~n collected andcumula ted. which can be taken
as a basis in the revision of the aseismic_ code. In the draft of the new
re'/:2.sed code, such building plays an important role. But ifhe behaviour
or brick buildings post elastic working stage is not yet known, thus some
pr.obl':!ms not yet to be solved are nO,t irivolved in the new code. There
fore. further investigation has, to be carried on.
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AN EX PERI KINTAL S'l'UDY OF

ASEISMIC REINFORCING OF BRICK BUILDINGS
. I - II

Zbou Bing-zhang and Cben Rui

ABSTRACT

.'--;' .'

In order to investigate the aseismi~ role ~f reinforce~
concre.te columns attached on tbe exterior surface of the eiltterior,
vall, t.~ts of 14 single walls and 2 building models' (1/~' Bc~le)
ha.ve been dOlle.

To investigate the reinforcing role' of netting with a layer
of mortar OD tbe original brick vall, 33 single wa~lB bave b••n',
tested. Tbe tests show:!be two .ethode 'are effectiY.~

INTRODUCTION,

Th. 1976 Tangshan .arthquake ia ODe of the .ost,destructi ve
earthquake. quit. rare in Cbinese history. An .arthquake with'
centre focussed exactly OD a century-old induatrial city of 1.96'
million people i. the oaly instance known to us. The tr.",endous
toll it took of life and property i. a shock to .an,..

In 'our attempts to eUIi up ud analy8. ,the experieac.s· aDd .
les60n. w. learn fro. it calmly, we reali.e that one of'the,ia'
portant· factor. that accounted for the eRor.ous loss, of fife' aad'
property to people is that tbe entire cit,. and its subur.bs co.p
rise buildings whose load-bearing structures were all of,brick
construction not aseismatic. Und.er the impa~t of a higb inten-,
sity earthquake, 85-100% of these ma.sonry buildings wereseriou6~
ly destroyed and collapsed. This is the direct cause for tbe
deE! t h :and illjury of- many people 8Jld the loss of lIIuch property.

, , .

China. has a Yast territor,. with a' ~eis~ic area. ofovetz:' o~~~
third. In building up 'cities and towns in tbe past, ,brick was
the major material for laying load-bearing structures of count
less buildings which are found throughout tbecountry. Brick-',
laid structures are in themselves low in both tensile and shear
strength and poor in aseislllic performance. Thus, tbey form a
kind o.f conetructi:on destroyed the most in successive eartb
qu'akes. In view of tbis, to find s~me measure to reinforc~ ma-

I Director, Senior Research Engineer, II Rese~rch: !:#:gineer,
The Researcb Department of the Beijing Arcbitectural Design
Institute, ChiDa
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!!Jonry buildings and improve their aseismic performance is of pa
ramount importance.

The" Tangshan eartbquake taught us that in order to prevent
such a di8,~'eter t'rom recurring in other cities, the crucial point
liee, in.:'oar~Yins out the aseismic reinforcing of t~e large amount
ot brick 'bui1d'ing8 in seismic regi()ns in a planned way in batches
and iii 'stages 80 as to promot'e their ability to withstand earth
quakee. 'The main objective otsuch a move is to prevent their,
collapse iii case of encountering high intensity earthquakes(mag
ni tude ',surpassing that designed for) .. , ot course, during ordi
nary ones(ot'd.signed intensity) reinforced building.e should not
'be daiaaSed above norm •.

, Through tbe macroscopic earthquake damage survey, two reIa...
tivel,. better methods ot, rainforcing brick buildings are derived:
One i. to erect reinforced concrete columns on the exterior 8ur
t~ce 9t th~ ,exterior vall with pull rods or girts to strengthen
the ,cClnnection,ot interior ,~eJ exterior wall bodies to serve as
restraints to aseismic transverse valls from shattering and fal
lingdovn atter their damage; thereby, utilising the force of
friction'of broken brick va1ls alid the additional reinforced con
crete construction columns to resist, the horizontal shear of ear
thquakes. At the same time, vertioal load is borne by the vall
bod,. broken into ,tour large pieces(a common condition), thereby,
preventing the load~bearingwall body trom collapse. The second
is"to affix ~ netting or two OD one or both sid~s of original

, , brick vall that is of iDl3uffioient shear stre,ngth or already im
paired, and thell plaster therei~torcement vith' high grade cement
mortar.~h.se two methods have: been proved by tests done on sill
gle 'walls and ,1II0DOli~bic iIIodels. to be ettective.

'"

I. An experimentalstudl on aseismic reinforcement by

erecting reinforced concrete construction columns

externally, 011 the exterior wall

In ~rderto iDvestigatetbe aseismic role at reinforced con
crete columns attached on the exterior surtace ot the wall body
ot buildings, tests have been done on 14,single wall bodies and

, two' blo'cka ot building models. bo kinds ot mortar have been
.uSftd '''1' boD.dingb~icks to study the, 'eftect of such colulIU1B on
vall bodies ot difterent strength.

'1. "Specimens an'd tests

Singl. vall 'specimens:' 2. x 63cm; ,in 1+ groups. (seetig.1,'
and tab.1) .

The 'two ~stol7 monolithic model test specimens are made af
ter ,the 76'hotlsing standard reaidence designed by Beijing Archi
tectural.Design Institute vith geometrical,. ~iJlellsions one:-fourtb
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of the actual sizeo Model I 'baa colaans attached, exteraally"
while model II goes without. ,Its beight is 3 meters with lqoat
plan dillllensions ... showD in fitur. 2.

A girt is butl t for every .torey 0 Bar••••4 tor t t are 24J 6
and are anchored in the oolUIIUUS. Bet•••1l the co11ll!!lD &ad the wal'J.,
two pull bars are provided for each storey. '

The construction structures of the addi tioDe1 colmm and .the
girt as well as the wall body are shown in figure'.

. "2
Loading: A vertical load of compression stress '.5kg!cm ie

applied on the top ot the single wall body, aDd horizontalloadiq is
applied at.tbe ends of the concrete beam atop the test Sp8CiHIl.

Horizontal loads are repeatedly applied at ever,. layer in the
directiou of the transverse wall of the monolithic model. ire-
verse triangle appftars along the vertical distrlbution.U'ig.4).
Dynamic and static vibrationexcitatioD tests ot the 1lI0del are
carried out. Suct>. :methode as tiJ,e pulsation, tn.e tell8ion-release "
and the vibration starter excitation have ,been ••ployed. Finally"
dynamic damage tests have been done with vibration starters pla
ced on the tops of tpe models•.

2., Results and analysis

Wall'bodies bonded bl mortar above #10 and strengthened with
additional reinforced concrete columns and pull rods have gone
up 56 %in load~bearingcapacityundertest conditions de.cribea
here, ",hile t~at of those using mortar prepared from #5 grade
cemen't and lime in the ratio of 11' for bonding has only gone up
23 %. Obviously, tberesults are quite different. Table 2 8hoW8
the load-bearing capaC:ity of the test speciliena.

Comparison of load-bearing capacity of monolithic mr.dels I
and II: Models I and II are damaged at 8.9'ean~ ,.81 tons re.
pectively. After adding construction coluan8 to ~ach, the 10a4
bearing capacity is raised b1 54.~ With singl~ wall bodies &IU1d
models not reinforced, they will rapidly be destroyed once cracks
appear. But aft~r being reinforced by ezterior construction co
lumns, wall bodies are restrained b1 the., thereby, ,strengthenina
the integrity of the construction. As such, after the cracking
of wall bodies, the forc'e received by the additional construction
columns increases:' until the steel bars'"flow". The concrete Oil'

the columns- cracks or is shattered. OD.ly then test specimens ,-'
reach the limit of their load-bearing capacity.

Stress of steel bars: To measure the atress of steel bars
at the bottom of the concrete colulln of the single wall body aad
at the middle of pull rods: Underthe,actioD of horizontal 10a48,
the test specimen, Yz1' llke the suspension arm components and
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ths steel DUS of,leaded side colWllns, are all subjected to ten
sion, while those at the other end are subjected to compression.
But with test, specimen, Yz2. the common action of wall columns
is rather poor .. the grade of mortar used tor it is relatively
low.

The strain variation characteristics at additional construc
tion steel bus ot the lIIodel: (1}" Prior to the cracking of the
wall body, the 8tr~D of bars basically, presents a linear rela
tionship. Atter cracking, it will develop into a nOD-linear-one
with r.spectto the variation' of loading; (2) Strain decrease."
"ith theoincrease at the height of course. The strain at a column
along cours. height is basically'ot the same sign; and (,) When
the construction approachea~destructioB, the wall and the column
are detached at the b..e which is sUbj.'cted, to tension, and steel
bars have_almost or already ylelded.

Cbaracteriatic8, at cracking and damage: Cracka mainly occur
at the tirat storey_ Atter horizontal loading ot model II haa
reached 5.21 tons, destruction and 'collapse due to brittleness
suddeDl.y take place during the', pJ::ocess at dynamic agitated vib
ration. Bowever, although model I W1dergoesl'epeated static and
dyD8JI1C tests showing aigDB:: at wall b9cl7 damage, cracking of adOil
dition&1 columns occuravlth concrete broken. and detached tram

.' theil, &Del eYeD a nWlber ot steel bars at the base have napped,
, still the structural model does not c.llapse in spite ot the se
'rioH cracking. These phenollena<'ue shova in l'il_5.

Deformation and ductility: From the load detormation hyste
resis loop, it CaD be seen(Fig.6) that at the initial stage at
cyclic loadiDS' the growth at deformation is small. After the
cracking'_ot. the "all body. detormation grovs more rapidly. The
are. encircled by th. hysteresis loop of model II is smaller than
tbat of model I.' ~his retlects that it ,has a relatively larger
energy absorption capasdt;y. i.e.. after . the addi tion at the ex
terior construction columns, the aseismic performance of the st
rUcture is rais.ed~· On the, basis of load displacement rela.tion
ship, make. sketch shoving the risjdityand deformation varia
tion ot models I aDd II like figure 7.

Vhen lindingthe ductility factor, it is Decessary to tind
the displacement at 'the yield point ot the idealised eluCloplas
ticity system based on conditions like the energy absorption
phase, etc. The ductility tactors at the tva models are tound
to·be uI =,.4, and uII = 1.8, i.e., -the ductility tactor of
model I is 1.91 ti.es that at model II.

Dynamic ch,aracteristics z 8ee table , tor the dyDarilic Cha
racteristics at the models at ditterent stages o~ vork.

, Prom the table it can be seen that the selt-vibration fre
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quency at models vith ooluans is slightly higher thaD that of
those vithout•. This shovs that aft.r the addition of OOluaDS,
rigidity is rais.d som.vhat. From·r••ults of aotll&! d.t.rai.a.
tions, v. not. that the frequ.noy of ••od.l deor....s mark.dly
with the increase of both load anddegr•• of ......rity otth.'da- .
mage. After' the cracking of briok valls, ~h. rigidity ot the •••
del is immediat.ly lover.d, damping incr.ased and frequ.ncy dimi
nished. Th. self- vibration periodiclty of th.d.structiv. stag.,
when compared vith that of the .lutic stag."h.. prolonged 2.3
told approxim~tely. Sp.cific damping d.t.rmin.d at the .lastic
B~age is about 0.07 which is incr....d at the d••tructi'. stag••
The dynamic destruction process of tbe model approaching collap
se as revealed by dyn.-ic t.sts is like this: When .•••n fro.
the deformation at the time of oollaps•• maKi... di.plac....t
at the apex prior to the c,ollapse of model II is 2.5cm, wh.r.....
model I is still standing when it is 3.5cm; vh.n·seen from tbe'
prolongation of vibration·time, model II coliapses within a f.w.
sec.onds from the commencement of vibration. agi tat i.OI t) resonance;
when seen froll the characteristics of destruction, the collap.e
of models without columns rev.als the destruction characteristics
of brittle structures; wh~reas, with models witb colulllll.,. their
structure CaD still support them although their wall bodies are
terribly shattered - thanks to the restrictive effect, of the co.-
struction columns and the girt.. . .

,. The discussion of calculation of th., .xeriar reilltorc.4 .
concrete construction columns

Reinforcement of buildings to withstand ordinaryeqrthquak••
cal.ls for erecting columns with respect ,to structure. 'fhe method
of calculation proposed here is based OD test re~ults and m&1
serve for reterence. The working formula for shear strength ia:

R~ .
p ~ ~I -c- + 0.07 I. bhOR x 0.9 + 0(,,1: A R --( 1)

, ,a g g

in the formula, ~I - consider the'factor of wheth.r the masoDrJ
envelope is monolithic or not at.the time of reiD'forcing. It 110

nolithic, then 01, = 1; in working out, 0.9m&1 be taken when r.
duction of strength is envisaged, and 0.'+ is taken for. vall bo
dies bonded wi. tb mortar below #10. ,

I 0-0
R l' . = Rj.j 1·,+ ,-'-

j "
Rj Strength of mai~ tensile str.ssof brick :m&8onry

envelope (kg/em) .
(/0 Averag~ compression str.ss of masonrr envelope

(kg/cm ) . .' .-

~ - Non-uniform factor of shear stress at section, take
1.5 for rectangle .

A - Area of vall cross sectloD
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b - Width ot concrete column
h

O
- Etfective' height, ot concrete colu~_,_pro'tile

R -A!l.ti~compression'strength ot concrete corea . ' ,', '
ot2- Take 0 0 25&8 the factor of steel bars-i;il working

'condition
A - 'fensile s~rengtb ot column steel' bars;, take
g, 2400kg/cmtor that of #3 bar '

II. The eXperimental stud' ot using plastered steel

nettiilg to reinforce wall bodies

Comparati~. tests have been do~e on 3' single wall bodies un
derthe action otlateral torce, and ,a comparison has been made
ot their bearing 'capacity and destruction charact~ristics before'
IUld atter reinforcement. In the tests, 'V:ariable factors like th"
following havs'been considered:

. Prior to reinforcement, wall bodies are either intact or da
maged; -

Wall bodies are to be reinforced either on one or on both
'side~;

Vall body thickness to be either 12 or 24 Cll;

"Reinforcement ltqers at the point'ot tlooring are wholly or
partially continuous; the intluence of vertical pressure, erO'
vi~hin the wall bodies, etc o !he conditions tor the test speei
.ene are seen in table 4. '

1. , ~ing test specimens ,and conditioDs ot tests

#1oomacpine-made bricks'were ,used for, wall ba'dies,of test
apecimens, and #10 mixed mortar tor bonding. Vall thickness was
either 12 or 24 cm. The dimensions ot theee specimens are given
in fig.8.

!he specimens were rendered vith #100 cement mortar to give
- a reinforced lqer of about 3 cm thick. ep6 s,teel bars were used
,tor the reinforcement netting vith bars arranged, vertically and
horizontall,.and spaced 'at 20uCi 25 cm. t/J6 bars use,d tor lin
kine are s.t at SOcmintervals in aqui~cuncial tashion.

L~ading: Average pressure GO tor the mas0D.r1 envelope is 3.5
kg/cil ,.Mch corresponds roughl,. to the cOllpression stress of the
8 .•cond floor ot a 5-st.re,. residence. Then appl,. lateral force
repeatedly in ~ne 'or two directions at the eild ot the concrete.

·b... atop the wall body.

2. '1'.st results and their analysis

8•• tab~.,5 tor experimental destruction, load values. From
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the'table it can be Been that no matter whether the vall boelyi ..
damaged or ,not, the method of reinforcement with bar netting' ren
dered with Il. layer of mortar ",ill promote bearing capacit,.. It
vall bodies are not damaged (or has been restored),it will be
raised much more after reinforcement. A comparison ot the load
bearing capacity of group I test specimens before and after rein
forcement shows an increase at 2.03 fold. Wall bodies that are
intact like those of group III show • 2.84 fold increase when both
sides of the wall are reinforced•. It this 1s done on one side,
the increase is only 1.65 told. .

When the plastered layers at the lover part and the steel net
ting ot the test specimen are partially broken, the weakest part
along the bottom layer of the specimen will be destro,.ed, thereby,
lowering the load-bearing capacity. Froll. comparison ot a f.. ..,
groups of test specimens, it is possible to analyse the influence
ot the vertical compression stress ~ z Compare groups IX and I
before the specimens are reintorced-~o= o. Comparing this ~ith
0"0 = 3.5 9 v. see that destruction load is lowered by almost 7.6
tons. Also make a comparison ot the reinforced wall bod,., group
VII, with th~ test specimens, group IV. When arO = 0 is increased
to 3.5 kg/em, the load-bearing capacit,. shows a 9.9 ton increase.

Under the action othorizontal'loading, the crackstbat resul-
ted are. shown in l'ig.9. , ~"t

3. The discussion ot calculation methods
. ""

On the basis ot wall bod,. tests, an investigation is mad~on

shear strength ot walls reinforced with a layer ot steel netting
plastered with mortar. With the understanding that brick' walls,
mortar-reintorced netting layers and reinforced steel are seve
rally able to. v-ithstanA'-e&rthquake loads in couon, the tollowing
formula is proposed:

---------(2)

1athe formula, K - Vhen components are shear~re8i8tant, the sa
tet,. faotor to have is'2.;%0.8 =1.84

Q - S'.ismic shear borne b,. wall bod7

-0- 'lhe integraltaotor ot wall bod,. at reiDfor
cement(whenwall .bod7 has through cracks, 110=0; vh.,n it is integral, 110 takes 0.9)

II - Factor tor reintorcement and working condi
a tioD; Choose trom 0.5-0.9 according to 4if

ferent working' con4itions'.'

R - COllpressionstrength of cement mortar•
II-1-7



R 

A 8 .,
III -g

Compression, strength of maaoDr7

Planar area of .ortar reinforcement layer

Take 0.45 aafactor for vorking condition ot
bar.

A - Area ot'apiece of transverse steel section
g (vhea. one"tace otv8.l.l ia being reinforced)

Ri~ Tensile strength ot steel bars

B - Actual length of reinforced wall

S - Mesh spacing ot reinforced netting (horizontal
barB and vertical ones equidistantly arranged)

III. Conclusion

Through testa made on single vall bodies and monolithic bui1-
ding models, the following points are c-larified: .

. ' .. ';

1. Erecting reinforced concrete structural columns OD the ex';"
terior wall to reinforce multi-storey brick buildings vil1 promote
shear strength of wall bodies. When the grade of rr,asonry mortar!.
is above #10, bearing capacity r:Jay be raised some 5(; %. But this.
tsnot appreciable with wall bodies bonded'with lime mortar of 10"
grade even though they are also reinforced.

2. After rei,nforcement is ma~e .by erecting an exterior cons
truction column, ductility and defo~mation capacity of the struc
ture is increased: the ductility factor of the monolithic model
is raised by 1.91 times, deformation capacity by 2.15 fold. The
ductility factors u for both single walls and teet models may

. ,reach 3 - 4.

,. As the exterior ~olumn and the wall body are closely bon~

ded, it strengthens the integrity. of the structure, restrains the
shattering and collapsing of the vall body after'tts damage and
has a conspicuous effect in preventing it from falling over.

4. Reinforcing vall bodies by reiLt"orced netting plastered
with cement mortar raises their capacity to vithstand horizontal
loads. The upgrading of their load-bearing capacity is related
to whether or no~ the original vall bodies 'are damaged. Those
that are intact, bearing capacity viII be raised 1.' fold roughly
after reinforcement, while that .for damaged ones vi1l go up 55 '%.
Q_~_h_e_r flic:.t<?rsinvolved, inclucle ver~Ac~ pressure .<:ro·t the pa.8Bi~

()f ~be reinforcement layer through the flooring or not, the rate ot
.stchingbars u,sed and the height to width ratio.

S. The·tvo methods'described above are applicable to the rei
nforcing ot brick v&1l80 The tormer aims ~rimarily at-preventing t
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the collapse otbrick buildings, and the latter in promoting the
shear strength of wall bodies. Therefore, both methods mar also
be use~ in combination.

Units participating in the above tests include:

As.ismic Group ot. the Beijing Earthquake Brigade, Aseisllic
Research Institute of the China Architectural Reseuch AcadelD1,
the Engineering Mechanics Institute ot AcadeIDiaS1nica9 the De
partment of Civil Engineering of Tsinghua University, Beijing
No.1 and No.5 Construction Companies, and the Housing Adminis
tration Bureau of Bsijing ·Municipali·t1. Members of this Izisti.
tut. who also took part in the work are Fang 3ishan, Kang Su.
zing, ~iu Tinshens, WeD Guodong, GUaD Qixan and Shoa Guang.

Table 1 '.

Specincn Qty. Specimen 5ar for Grade of cement Gpodo 01' cement

No. ' feature colwnn for column. (~/cn? ) for mortar (kP./cm2 )

w1 thout /
"

YZo ' 5 eolW!lI1 / . 10

YZI :3 witb col 4. </>8 225 I 16.9 '

YZ2 3 witb col 4.48 260 ' 5.2 .

YZ:3 :3 without ) / 5.2
'column

Table 2

Specimen Destruction load 'Specific value structura11uortar grade
No. value (aver. J' T PyZl!PyZO PyZ2/Pyz:3 feature No. (kg/cm2 )

YZo 9.14 / / No column 10,

YZ1 14.3 i.!?6
. ,

/ With cols. :16.9
,.

YZ2 6.8 / 'L2~· ·Wfth' .cols ~ 5.2

Yz~ 5.5 / / No column
.,

5.~2
I
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TobIe 3

~
Elnst ie st age tElastoplastie Destructive Collaps iog

~toge
Puls":, TOIls- Hason

step.:e . ste~e st~_

Modo No
~ls- TeIls-~eson Puls- tfens-Reson-

atioI ion acee ntion ion ance atioI ion Mee Resonanco
,

Freq 25.0 20 17.6 18.6 16.2 10.8 . Abrupt fall
Mod ,.-'---

II
Spec 0.067 0.068 0.08~ 0.08€ 0.10
Damp

~,~ _..... '. ,----_ ..... _ ...•-
Freq 23.4 23 19 20 16 12.8 10 10 2 - 3

Mod . --.-.~._--".- .-
I Spec

p.076 0.08 0 0 10 O.ll b.12 . 0.068damp
-'. --,-.- -- . ...-'.-0<"'-'--

2

Note: Frequency unit - Hertz

Table 4 -
Specimer.

Q,ty
!lall steel netting i or 2 Wall cond.. Rei:lf.

group °thick. for reinforce- sides before layer cant. He:::larks
, (em) ment rei of. reint. or not at

-.... ' .... flooriM

I 5 12 ~~20 squares Both Damaged lower part ~=3.5Jr..g/';.ll1
continuous

.. ._-
II 5 12 " ft. : 'Single Uot dem- It " " "

aged' ----_._---
III 5 12 " " Both " " " " " ", .-
IV 1 12 " " Both ", " ~!ost bars " "

at lower pt.
- of rein!'d

leyer snapped

V 4 24 ~-25 squares .. " " lcni;er part It "
, continuous

~-

VI 5 24 " " " DamS8ed " " A-nong them,
tvI-5 wi thou
Isteel bars

VII 2 12 ~-20 squares " Not d8Ill- 'Uost bars ( =0. aged at low~r pt.
of refnt'd
layer snapped

v.III 3 12 .. " ." " 19 low,8r part •
cont inuous ..

~ot
' .

IX 3 12 .reinforced I I I, •
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. Table 5

2

No. Woll Rein:!' • Destruction loed (T) Aver. wlue Spec. Remarks
thick.features Eefore reinf. IAfter rein! • (T) value

Q.o 'h '.Q1/~o,

I - 1 Damaged, 12.6 24.6 '9.14 27.65 A 0"0 = 3.5kgJcm

- 2 12 both ,8.9 24:~5

3 em sides 6.3 '30.3-
4:

reinf'd 9.0 31.2-
- 5 8.9 I

II -1 I
-2 12 'Single 23.1

em ' side 9.14 25.5 24.2 fj " "-3
reinf'd

23.7 I~ ,
-5 " 24.5 -,

I,II:r-1 32.5
-2 12 Both I

eT.1 sides 9.14 ~.l A " "-3 37~7re1n:f'd
,35.2-4

-5 /
IV -1 i 12 Reinf'd

19.2 19,.2I em 2.06 " "! layor " . ,,
broken -

1

V - 1 Intbct" 39 j

- 2 24 Both 14.80 I 35 34;,25 Ii " II

:3 em sides 36.5 ~O- rein:t'd
29.5 25.~- 4

VI -1 15 ' 14 20.5 I VI-5 rendered
-2 24 'Da~'¥;ed ' 14 13.5, 21.0 20 .~ 14.S A with #180

em •Both· 23.4
::lOl'tar but

,-:3" :sides 15.3 ,14.8 21.8 '26 .,~ , , without bers,.,..

-4 relhf'd 15.2 17.0 / /C.
-5 -l~.S 14.4 I

' . " ~

~'8.:c :

VII-l 12 Reinf'd 8.6 ' 9:.3 ,6, '0'0 =0
-2 em layer 10 .".c· ;-. ~ ,. " . ".t"

bro}~en ' ',',:",

, ..: '',Both 15.4 ' ,
VIII-l 12 ' '

16~~4-.sidt~s 10.6 • "
-2 cm reihf'd /
-3 17.4-

IX -1 Well no1 / ,
-2' 12 'reinf"d 1.3 1.5e' w "
.;.3 em : 1.8 I
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Fig. 4 Diegre.'I1 showing
horizontal- loed dis
tribution of- model

-t

F1g. 1 Additional coI\L'ml of s1 ngle well
test specimens

1. Concrete beam' 2. Masonry envelope
3. Additional col~~ 4. Reinforced concrete tar
5. t:/> 12 pull bar 6. Angle steel
7. 2~8 pull bers 8. Fine stone concrete fllU!

"5~h~

+

Fig.2 General layout

©-._~.=At=====-======~-'

Fig. 3 Connection of
model and well
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Fig. 68 Model I. Hyster~sis loop of top storey of
west well

per)

:Fig. 6b.
loop
west

Model II.
of the top
v,'al1

Hysteresis
storey of
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Fig. ge Fissures of well
body not yet reinforced

Fig. 8b Fissures of wall '
body after reinforcement
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STRUCTURAL PROPEaTIES OF UNREINFORCED HOLLOW BRICK MASONRY

'Russell H. Brown l and Alan H. Yorkdale2

SUMMARY

'.A t es t i ng progr.auf was cC?n~~~te(l'by the~,Bdck lri'~t-i,tt:ite of America
for the pur.po'se o~f, d:eve 1old ng~ H:01·1 o'wb'r i:c~·ma8.otii'Y" d'e s ig n
s peci fi ca tions. i"ii.e;, f6ur-phase prog.i::am incfud~:dthete~.iing o~ prisms
~n compression, wallS. under eccentri'i::';'cdtiapre99idii~,,, wallp.aaels under
shear. and wa,Hs. nd.pi·i8~sLuo:d~rtiart~!ec~se loading. '.Wal,I "thi~knesses
of 4, 6, 8, and ,lOin.w~.r~;i!i'c~~~e4<Hoctartypes included r-'ype H, S:,
N, and organically modi;f(~,e~d,bi:gh":'h(fji:~,~ortars.Not included in 'the
program were gro~ted, or rei~fot:ced lII4sonry~'

. ., : ' , '-.

I~D(JCTION'

Recen~ d.e:v:elopment ofth~ hollow brick unit represents a potentia·l
breaktbrougp" fcir~~l~ad~ea'rin'g'~taymasonrystructures. The deve lopment
of a standa'rd: s,p~cificatfonf'o,~ .hollow, brick by the American Society
for Tel3tin'g,:a:ii,d, 'M8't~ri8'l$:; A$TMC' 652, p.rovides t·he, manufacturer and
s pec ~ f.ierr:~JJ:~,-g§id~~ce in~:r~u.e~ng and spE!cifyinghigh.-quaH ty units.
At pres.en~,to::Cdf!'~'ig~*,'wJth sucl{.uni ts is. 1 imiteci to ~mp i rica 1 and
s em i elllP'irfca:~'~~th'()ds:ratber'thal1 the rationa'l approach developed for
solid brick~mal(ODrYit': ' '

, "' :' '. ~. _ _ r • • _

Ho Uo~ brick consists- of IJtru~tural'clay, uni,tswi th cores or cells
having a'~'~.tata,iea:of·'ft().~:~5' t'().:4~%; of the bearing area·'. Cells are
s u f f ic ie'Qt~li)1: farge~ :c!'.pe.rmit 'rEdritorcinga'll1d groutiti:g thus making
single..:.wyf~~,v,l!~ttc,~irY;l;"~ihfo~~e~b1"fckmasonry walls possible. Th'e
uni ts ~.re"-~~r-e· ~c:onomic:ar't.O':manufacture and sh:ip than thei r solid
counterp~r.ts.i:9.i~~~tbey.require'le8,9:material for a given' wall
t hie knesi,:,'{~~:v,e, lower:'shfppirig: weight per unit ()f wall thickness, and
require i~~i,,~~#er.gy,:f9'r f;i'r.ingsinc~tne face' shell and web thicknesses
are gene.ralt#~:leE.:s<tha:nl:ho$e;cifso,Ud unft8. '

, • (.. r"-' , '. ~ , . ,
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Although hollow brick unl;te ,are generally, larger than solid brick,
the exposed face shells have sp'proximateiy 'the same height to width

, ra t io,and it is d if ficu It to distinguish a ,waH constructed of hollow
brick from one made of sol id brick.,Rollaw bti~kwalls 'requ i re less
mortar per, unit volume of the wa'll and gener;ally can be constructed
faster be'cause of the larger wall ar~acoveredby ~ach uni t.

Tb~;h:oll~'w ;prick unit hasal210y o.t ,tbe' 1>~nefite of the, hollow
co~cted!.'Dlllsotiq::ut1H:.~t;ladditiontc);:havi,ngtb~ap,pearance ·of a brick
wall.Wiills:ca.n ,,;be"coD.st,ructed-iU::cl,"unning ·bond or stack bond~ using a
face she'll beddin'g o;r~f~tibecfdJ1:a,iL 5~nci ..g'routi~a a8 many,cells as
required fors t ructu.ral j::'OQsj,Q~:rat1.on~. ·.Since :the cells align
vertically, reinforcing' can be 'placed vertic~lly,arid enc8-sed with,r-,04t
producing a 8in:gle-wyth~ vertically 'reinforced brick wall.'

Hollow Brick Units

The four types of br,fck ,used througho,~t thet.est ,pro~ram .are, shown
in Fig. I andtbeir compre8siv~·t1t.rengthsin'Table,t. A single
manufacturer supplieda'll.of ',t'hebollow 'brick units for the initial
phase of tbe testprogram:;-They w~r~ manuf-actured·fr..6m the .same clay
in the same plant and same kiln using the same mSnu:facturing process.

HortaI'

With the .exception :oftb.e orgtinically-modified ~r.tar~a.llmortars.
were mixtures of portlan~cemertt·.,lime;andsand in accordance 'wi·th BrA
Spec i fica t ionMl~72. '.' Tli'e~~g~Iii~at~y-';modified,iD9r'tar was ·Satabond
mixed in accordancewitb iDariu:fact'.ur~er's·recomme'ildatious. All mortar
was batched by weigbtati:d'p'~'~pE!rlyaiiJtedthrougboutfhe test p'rogr~m.
Samples for determ'inaiioQ ,of flow arid for mortar',cub'es were' taken
iDDDediately;upon diachargeprioT to addition of re~tempedng water.

'TEST :PROGRAM

Scope of Test Pr()gram'

The test program was,condu~ted i.nf.o~,rph~8:e:s -p.i;,ism testing,
wall compressive testing, shear' t'e.sti'ng:, ;:8ndflexuT'41 t~~8'ting.. Hore
detailed resu 1t so£ eacli'.pha8~' ar~'j,~~~a:tlabl~from~~e"B~t~'k'lnstitute

of, America [I, 2, 3, 41. Yotkdale {f976}:nas"8'hopreviou;sl:y reported
"-.' . .

some of the data.

Prism Pha Be The 'sco.pe ·o.ftb.e·;.ptei,sm:p)rase included, compression
testing according to ASTM ·E447.,,~pu.~·~;tl{i~~~~~:~e:~ :o:fu~it "(4.,6, 8, a~:d
10 in.), four slendernessra:ti'9s {b:t.Fi;!~':;i/3,·4, 'an'd:~n, . four TIlortar
types (Type N, S, H, anel ilBl, aild:~of';b'olih,:,f;~ce,sbetl,bedaingand fl111



bedding. Five replications of each combination of variables resul~ed

in'the testing o,f 640 compressive prisms. All were constructed In
stack bond and single Wythe in thickness.

Wall Compres~ion Pha~e The wall compre~sion phase incl~ded
compression testing according to AS,TIt ,C 72, two' wall thicknesses (6 and
8 in.) t four s lenderne s s ra t ios (approximately 10, 15, 20, 30); three
maximum end eccentricities (e/t = 0,1/6,1/3), and four curvature
conditions (eIfe2 = -It -1/2 t 0t and +0. Type S Portland cement-lime
mor,tar and full bedding of face shells and' all cross webs were used.
Th ree repl ications of each combination of variables resulted in a total
of 119 wall specimens. Additionally, five compressive prisms were
tested. I

Shear Phase The shear test program included diagonal tension
testing according to ASTM E 519, .including the effect of superimposed
compressive loads normal to the bed joints. Four" stress levels (0,
167, 335, and 500 psi) based on net bedded areas w,ere tested. Types, M,
S, and N Portland cement-lime mortars were used. Five replications of
~,ach test resulted in 60 shear tests. AdditionallYt five compressive
prisms ,were tested.,

Flexural Phase Flexural testing included flexural testing of
walls according to ASTM.E 72, including the determination of the effect
of superimposed vertical compressive ,loads (Ot 75 t lOOand 125 psi) on
the fleiural strength normal to the bed joitos. Three types of
~ortlarid cement-lime mortars (M, St and N)t and t with one exception t
five r~p.1ications of each combination of, variable resulted in testing
of 58. wall specimens. Five flexural prisms were also t~sted in
accordance with ASTM E 518-74.

Instrumentation

Test specimens were instrumented with dial gages. The
data" permitted the determination 'of axial deformat ion,
de fonnaifon, shear deformation, and lateral deflection.

resulting
flexural

Testing Equipment and Procedure

Mo~:t ~f the tests were p'erformed in a one-million pound cap'acity
lfyd'tau:H~te8tingmachine. Spec imens were capped wi th h igh-s t rength
gYP9ltl,it.~ca.pping c.ompound prior to placement in the 'testing machine.
Iilst·ru.tDerited~pecimenswere loaded in increments small enough to permit
s~ffici~~t data points tb define load-deformation characteristics.
InstYumenta t ion was removed at a load of approxima te ly 75% 0 f the
ant'icip'ated maximum Ibad. .
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TEST RESULTS

Prism Phase

Compressive strengths of prisms and mortar cubes and ,moduli of
e 1as t iei ty of pri sms are sUDnnarized in Tab Ie 11. Mode s 0 f hi I ur e for
a II prisms re.gardless of hIt was splitting of end' cross webs .. Secant
moduli of elasticity (Em) based on net bedded .area c:ompressive strength
at s,tres8 levels of 0.20 flm ranged from 1800 to 3450 ksi. with a me,an
of 2470 ksi and 15% coeffi.cient of variation. The ave,rage ratio of
modulus of elasticity to prism compressive strength was 480 with a 2l%
coeff~cient of varia~ion.

Comparison ofpri sms with face . shell bedding and full bedding
indicated nosignifi~ant differ~nce in net bedded area compressive"
st re ngth. There was no direct correlation between compressive strength
of mortar cubes and pris~ compressive '~trengt~. Th~ higher streng~h

mor tars did produce higher. s t reng.th prisms. but the coefficients. of
variation of these 'r-atios were too high to establish a meaningful
relationship.

Wall Compression Phase

The results of the .waH compression pha,se. are presented in Table,S
III-VI. Fig •.2 show~typicalne't area compre~,s'ive .stress vs. average
compressive strain for a typical series of wall specimens., Fig. 3 is s
deflection profile of a ~aH loaded in double curvature.

, Included with test results in.Tables III,.,VI are allowable wall
loads calculated according 'to theBIA Standa.rd [6J except that net
areas rath'erthan gross areas were used. Factors of safety, ratios of
ultimate test load to calculated allow,able load, sOre also presented~

They ranged from a low" of,4. 86 to a high of 11.6 with' 18% coefftcient
of variation. Atsocalculated are the probabilities that,. the ultiiilate
loa.d wiJlexceedthe ,allo.wable. load based on the assumption that:tbe'
test datawe~e distrib.tited according to Student's t distribution Ii] ~
The worstc'ase 'h'ad"a .. failureprobabil ity of l.chancein ,'60. ' ,

Eva Ius,tion 0 f thefac tOT-eo.f safe tyfortlu~ di,ffererit 'tad.ables
tested 'indicates that 'the ;procedu~eueedto calculafe'allowable :lbad
(p) pr~perly accourtts fo~ eccentricity, slendernes:8,'curv~tut~J;~nd
prism compressive strength. Hollow wallS were,fouDl:it'o:,b:e.le:ss
sensitive to eccentricity and tos lendernessthan solid.~ans.,·,The

. more efficient shape of the hollow. bi:i-ek cross s.ection(hf..gher.· r'adt'iis:'
of gyration) permits thewaire more eccentricity and slen<ierness"thari
solid walls. 'Hollow walls were affected by curvature ·inabout the same,
man~er as sol id walls.· The. effec t of . prism compres8i~e:8tr,en'g'thwas. . .' -. . .' .
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not established since only one series of five prism-s lias made for the
entire group of 90 8-in. walls, and five prism~ ~or the 29 6~in. walls.

, Stress strain curve's for the wa-lls revealed that the axial
stiffness did not vary signiflcantly with eccentricity or curvature
conditions as shown by tbe constant slope of the test d~ta (Fig. 2).

The deflection ,pro-file ,for double curvature (el/e2 = -1) shown in
Fig. 3 illustrate that'deftectfon is not symmetric as expected. Hence
double curvature does, notbenefi,ta wall as much as theoretically might
be exp~cted. Hat~inikol~s e~ ale [8] observed that mason~y-walls

loaded in double curVature bu~kled in the first mode.

Shear Phase

Results of shear testing are shown in T:able VII. Shear stress vs.
shear strain cUI'vesfor a s.ing.le series are shown ,in Fig. 4. Fig. 5
shows the relationship between shear strength and superimposed normal
s tres 90

The mode of failure was essentially tensile splitting along the
vertical dlagonal. Most specimens with 0 or l67.psi normal stress
fai led in the mortar joints in a zigzag pattern from top to bottom,
regardless of mortar type. Specimens with higher levels of normal
stress failed both in the mortar joints and by splitting of the units.

Higher strength mortars resulted i'nhigher' shear strengths,
especially liith lower normal stresses. Modulus 'of rigidity also
in~reased with mo~~ar compressive strength, with the ratio G/f'm '
averagittg lJ2 with a coefficient of variation of 9.24%.

The variability of the sheai strength results was remarkably low
compared, to the scatter or'd'ina.rily observed in diagonal tension
testing ofbrittJe 'materials •. The highest 'observed coefficient of
va,dation for any'- group, o-f five specimens was 11. 7%. The average
coefficient of vari'.g-tion o'f all groups of five specimens was 8%.
Higher normal stresses resulted in reduced scattef 'of test resu.Lts.•

The f8~tori of safety shown in Table VtI (ratio of experimental
shear strength to allowable shear stress permitted by the BIA Code [6])
ranged fr()m 3.6 to 6.3. More importantly, the probability of,a shear
failure (allowable shear ·st.ress exceeding ultimate shear stress·) .based
on Student's 't distribut·ion[7] was. very 101i •. The highest failure
probability was 1/833. ~ll specimens having superimposed compressive
s~ress h~d failure probabiliti~s less than 1/1500. '.

Tb e direc t·l on ' 0 ft b,emeasured shea.r strength for the en tire
experimental p'r.ogram wasin the plane of the wall. Shear'stresses
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resulti.ng in out-of-plane loadin:. jJudias witid load might result in
difft!rent ultimate shear strengths.' Theela8ti~ diiH:ribution of shear
stress in an "I" shaped cross secti'QD r;e8ult~ in significantly higber
shear stresses in the web portion. Tb~ usepf. face shell bedding to
resist out-of':"plane shear loads'inayre'8~h to rC!duced shear strengths·.

Flexural Phase

Results of the flexural or tranSv.~r8e loading phase are presented
in Table VIII. Fig. 6 shows a typical loa'a-deflectfon curve for one of
the wall specimens 0 Since allot.the war~s could not be io~~ed to
failure due .toairbag pressure .Fmitati~ns. a definition of failur~ ~a~
adopted for the purpose of cOUlpari~gspecimens. The lateral loea at a
0.01 in. offset deflection parallel to the'Unea.r portion of the
load-deflection curve was selected a,s' the basis of comparison for ail
axially-loaded walls. The wa Us which;,ere not axia i ly loaded were
loaded to fai lure and actual ultimate strengths were used. A typical
construction of the 0.01 In. offset· strength is shj)wo in Fig. 6.

The typical mode of failure was.abrupt tensile failure in a
horizontal ,bed joint at or near midspan. The initial onset of cracking
w~. difficult to observe and probably occurred before it was notic~d.

Specimens which could not be 'laterally load.edto failure had the normal
wall load reduced with lateral load held constant until.failure
occurred.

The effect of mortar type on flexural strength appear~(Lto.depend

on the superimposed compressive load. For wailS having 6ib:Ci 75 psi
superimposed compressive stress levels, the highest bond str~ngtb ~ai .
developed using Type S mortar. At higher compressive str~s~ le~els, '
Ty'pe M ~ortaI' was slight 1y superior, 'followed by Type S and finally
Type<N;

The effect of superimposed compressive load was to in!=rease the
calcuiated flexural tensile stress at O~Ol·in. offset deflection. The
~econdary bending moment produced by the axial load is small compared
t~ the bending moment imposed by the la~eral load, at least ip the
elastic range. As the walls' stiffness reduced in the 'inelastic range
(Ftg. 6), the bUCkling load substantially diminished and the secondarj
~6.ent caused by wall slenderness was calculate~ ~o b~ aB. much a. 9% of
the primary moment.

Moduli of elasticity (E) in fl:exu.re were calcualted from
load-d.eflection data using a linear' re'ire~sion',~~alysisfor those
points which appeared t·o be in a tCin:e,ar 'raD;ge~ Correlation

'coefficients averaged 0.996, anindicatiori..that' the 'st,ra,i:ght line fi t

the data very well. The average value:of.·iC~ion·f.lexure for all



specime.ns was L8~ xI06ps,twithcoef,ficie~tof variation of 11.25%.
EIss t ic modulus did'notapPea~to have ·ast r ong correlation with
compressive:stress lev,ei6rmo~"ta'r tY'pe.

The ratio of exp~ri~ental flexural tensile strength to allowable
flexural tensile s~ress perpend{cularto bed joi;1ts (Table VIII) ranged
form a lowol 2.17'for 0 normal stress to a high of 4.68 for maximum
normal s~re8s·.The. average safety fact9.r'increased with normal
compre~si~e.~tre.s.·Probabilities;off~~lurecould not be calculated
since actu~l iailqre ~tres~ levels ~ere not obtained in most cases due
to airbagpres8ure .limitations.

S'UMMARYAND CONCLUsioNS

A four-phase,experimenta 1 te,s t ing program was per formed by the
Biick Institute of ADierica to evaluate., the structural per.fo.rmance of
hoi low b I' i c k mas 0 n·r y. . Ext ens i vet est I'e sui t s a I'e pre sen ted f a I'

compressive prisms. eccentrically-loaded walls, walls loaded in shear,
and walls loaded in flexure.• Moduli of'elasticity in compression, in
flexure, and in shear are presented. Mortar type. wall thickness, and
face shell'vs. fuli mortar bedding are all considered. Test results
are compared .to allowable loads calculated from the BIA Standard [6]
for solid brick masonry. Some of ,the major observat'ions are as
follows:

1. Secant mod_ulus of elasticity' based on net bedded area
compressive st~Emgth at a stress level of 0.20' flm was 480 f 1 m
wit~ 21% coefficient of variation.

2. There was little difference iri prism strength for face shell
bedding compared to full bedding when strengths were based on
net bedde~ area.

3. Hollow brick· prisms ~~~e, less sensitive to slenderness ratio
than solid brick prisms.

4 •. ~igher com~~es~i~e stre~gth mortars resulted in only slightly
higher prism compressive strengths.

,., I., .

5.' The procedure presented in the,BIAStandat:'d (6) ;for the design
of solid load-bearing brick walls appears to properly account
for eccentricity, slenderness. end curvature conditions. and
prism compressive 'strengths whena,pplied to hollow brick
masonry walls.



6. Factors of 3~fety for wall compressive strength ranged from
4.86 to 11.62, and the highest prdbability of failure was
about 1 chance in 60.

i. The use' of the BlA Code (6) for a~lowable shear stress results
in factors of safety of from 3.6 to 6.3 and failure
probabilities below 1 chance in 800.

8. The effect of mortar type on flexural strength was not uniform
,and depended on the level of axial compressive stress. Axial
compr~s :ive g'treqs generally increases flexural tensile

'screnglh. Modulu~ uf elasticity in flexure averaged 1.84 x
106 with coefficient of variation of 11.25%.

9. Factor~ of safety based on allowable fl~xural stresses in the
BIA Code (6] ranged from 2.17 to 4.68 and increased with
inireased normal co~piessive stress.
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Table I r

Phys.ical IJroperties of Hollow Brick Units
Unitsa Compres8iv4!-S~rengtL

Actual Dimensions - ---- ------ . --- - ---Gross Area ---- . Net:Are's

.3 .. 9 .16,0403.2527.27
(67%)

40.7011.633.5

Radius
:of Machinefbb x fbbx ,

th .Area Area Gyration Load "d.
in. in. in. sq. in'. sq. in. _ in. kips psi psi psi psi .%

442.5 10,870 16,230
416.8 10~240 15,280
458.9 11,280 10,750 16,830
444.8. 10,930 16,310
423.7 .10,410 __ 15.540

3.5

5.3

6.1

6.3

9'.·3iO

9,060

9,470

423.7 6,470 9,250
440.2 6,120 9,610
477.6 7,290' 6,630 10,420
402.7 6,150 8,790
426 •1 6,510 ._'~3~0 --'--'__---'-~_......;.._

3.14

1.90

69.22
(62%)

45.83
(70%)

88.74

65.48

111.6511.63

11.63'

3.63

:L63 Ii .63

i~6j

animensions are averages of 5 9pecimen~.

bTested in accordance with ASTM Standarrl Methods, C 67-66.
CFigures in parentheses are the p~rcentages of gross area in the plane of loading.
dCoefficient of variation. .

458.9 5,170 8~480

475.2 5,350 8,780
54.13 2.59 496.2 5,590 5,520. 9,170
(61%) - 491.6 5,540 9~080

....... ..... 529.1 5.960 9,770 ..
692.86,210 10,010
678.2 6~070 9,800
600.3 5,380 5,790 8~670

614.9 5,510' 8,880
644.1 5,570 9.3tO _.~~

5 ..63

9.60

7.63

H
H

fu
I

\,()



Table II
Compressive Strength of 8-in'" Hollow Brick Prisms

Compressive
I Strength, fmal

Mortar
St~engthb

psI.
Mortar

Type

N

S

M

HB

Prisms

Mortar Net Area
Bedding in,. 2

FB 54.4

FS 32.6

FB 54.4

FS 32'.6

FB 54.4

FS 32.6

FB . 54.4

FS '32.6,

Gross
Area

,hlt psi
Z 2590
3 2540
4 2650
5 ~2\~0
'2 1790
3 1704
4 1'79<i
5 132b
2 3120·
3 3380
4' 2970\
5 ,3360
2 2230: .
3 2i10
4 1960
5 1840
24090
), 3810
4 3~20

5 3JiO
2242()
3 2270
4 2290
5 2oio...
2 4250
3 36>50
4, 3640 ..
5 j'740
2 2790
3 2310
4 ..~430
5 2300.

Net
Area \I

psi, %
4230' 9.4
4160 4.7
4330 7.5
3130 7.• 6,
4650 8.2
4650 10.2
4890 10.5,
3600 11.6
5090 4 •.5
5520. 5.7
~850 6.7
5490 4.4
60809.8

,5750 5.0
5350 ' 7.9
5010, 7.3
6690 2.7
6230 4.1
6080 9.3
5400 26.0
6610 6.9
6180 5.6
6240 3.4
5.660 '5.4
6950 3.6
5960 5.3
5940 .3.7

.6110 .2.2
761Q.7.1
6310 7.4
6630 4.6
6'270 6.1

1370
n:io
i3io
1430.
13·70
1376
1430
1430
3295
2295:
2195
1725
229~

2295
'1725
1725
3350
335.0
3035
3035
3350
3350
3035

. 3035
.6125

. 61Z5
68}5
6875
6125
6125
6875
6075

Sec:ant
Modulusc '
of E1as-
t icitY. ~
psi x 106

1.89

2.04

2.41

2.60

2.64'

2.94

2.40

2.90
aAverage of 5 specimens.
bAverage of 3 2-io. cubes.·
CAt o. 20 f 1 m•
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Table III
Compressive Strength of Hollow Brick Walls With
Hinged Ends Top and Bott.om ('Case l, el/e2 = -1)

Test Specimens Test Result,s Comparisons
Average b ' A~erageD~,-;-

Ulti~ate Ultimate
Load Stress

h t Pu Net Area 'J Relativec Probabi Ii ty
in. in. hit e2 kips psi %. Strength p"/pd PI! > P
40 7~6 5'.3 Oa .... ..:. - l.00
71 . 7.6 9.34 -t/6 305.2 2766 3.7 1.026.66

t/3 ·233.3 2112 9.4 0.78 6.43

H
H
I
rv
I

-

119

167

167

7.6

7.6

5.6

15.7.

22.0

29.8

t/6 316.8 2871 4.3 1.06 7.80
t13 274.4 2650 .1.1.5 '0~98 8.52
t/6 243.3' 2205 8.7 0.81 6.97
t/3' 207.0 1876 - 0.69 7.50
r/6 219.3 2480 5.7 0.68 7.43
t/3 185.3 2095 - 0.58 7.92

.999
.995
.998
.991
.995

.997'

aCompressive prisms, tested with axial load, both ends fixed.
bAver.age of 3 specimens.
cR:atio of average ultimate stress to average f'm of 2706 p$i for 8 in. walls and 3630p~ i tor

6 in. walls. '
dAllowable load P from Section 4.7.8.1 of BlA Standard [6] using net area.



Table IV
Compressive Strength of Hollow ,Brick Walls With

Hinge at Top and Fixed at Bottom (C~se' II, el/e2 = -1/2)

Test Sp~~j.mens_- - _- 1'est -Resqlts Comparisons

1.00

- AVl;!rage~, ~verageb

Ultimate U~t imate
Load Stress

Pu Net Area v Relative~ rrobSl>il ity
kips _ psi %' Strength p"/pd P" > p

.999

.999

.993

.999

.998

.999

.997

.997

'.997
.998
.996

7.76
B~03

8.53

7.06 '
8.55
9.35

4.86
6.77
6.83

8.36
9.44
7.B1

0~97

1.00
0.73

1.11
0.B4
0.74
0.90
0.75
0.46

1.2t" ",
1.08
0.86

2.6

3.0
4.0
5.9

5.1
4.7
6.8

3~7

8.4
10.2

-Oil
e

o ,\If ,- 331 .5 3004
t/6 \"" '252.2 2285
t/3~195~3 1770

o 28i;9 2627
t/6 297.9 27PO _
t/3 219.3 19S8
o ' 361.4" 3275

t/6 322.4 2922
t/3,~ 257.-2'- 2331

o 290.1 3iB1,
t/6 241.6 . 2733
t/3 146.0 "1652 5.8

5.'3

8.9

hIt

15.3

29.3

·21.6

t
in.

7.6

7.6

7~6

5.6

7.6

in~

b

40

164

164

116

68

ru

H
H

~
I

aCompreuive prisms. tested with axial load. both' ends fixed.
bAversge of 3'specimens. .'" -
cllatio of average ultimate stress to averagef'm of 2706 psi for 8 in. walls and" 3630 psi for

6 in walls.
dAllowable load P from Section 4.7.8.1 of BIA Standard (6). 'using net area.

:q
,;j



TABLE V
Compressive Strength of Holiow Brick Walls With

Hinged Ends Top and Bottom (Case III. eI/e2 =0)

Test Sp~cimen8 Test Results Comparisons

for

.996

.996

.995

.997

.998

.998

.999

.996.
.998

'.999
.999
.999

8.85
8.43
7.11

5.40
6.70
8.36

8.15
R.55

10.55

7.50
8.64

11.62

1.00

1.17
0.96
0.85
1.00
0.74
0.60
0.72
0.48
0.27

1.09
0.95
0.73

3.0
6.9
4.5

5:5
4.6
4.9
fi~ed.

6.8
6.6
8.4

3.2
4.1
4.0

ends

2602
1754
942

2710
2014
1635

3174
2593
2297

2950
2570
2113

load, bot h

230~0

155.1
86.0

with axial

325.5
283.6
233.2
350.2
286.1
253.4
299.0
222.2
180.4

Averagefi-Averageb

Ultimate Ultimate
Load ~tress

Pu Net Area v Relativec Probability
ki~ psi ~ greJ:!gtL__ ~/pd PII ) P

o
t/6
t/3
o

t/6
t/3
o

t/6
t/3

hIt" e

o
9.34, t/6.

t/3

5.3 0 8

22.0

29.8

15.7

';'6

7.6

7.6

7.6

7.6

t
in.

aCornpressive prisms, tested
bAverage of 1 specimens.
CRatio of average ultimate stress to average flm of 2706 psi for 8 in.'walls and 1630 ps,'

6 in walls.
dAllowable load P from Section 4.7.8.L of BIA St~ndarrl [6] uRing flf't :trp<1.

h
10.

71

40

119

167

167

H
H,
N
I

"Vol



Table VI
Compressive Strength of Hollow Brick Walls With
Hinged Ends Top and Bottom (Case IV, elfe2 = +1)

Test Specimens Test Results. Comparisons

h
In.

119

167

.999

.983

.999

.999
_e

8.59
9.33

11.34
6.77

oa ~ - - 1.00
t76 280.4 2541 3.1 0.92
t/3. 149.3 1353 16.8 0.50
t/6 252~9 2292 0.8 .. 0.85
t/3 75.1 681 1.7 0.25

t/696:9 - -- - ~t096 5.6 0.30
t/3 .25~9 293 14.0 0.08

t/6 188.1 1705 5.9 0.63
t/3 44.2 400 8.0 0.15

Average b Averageb

Ulti~te Ultimate
Load Stress

Pu Net Area . \I Relat ivec Probabi lity
e kips psi %~tr~~th ~Jpd Jlu > Phit

5.3
9.34"

29.8

22.0

15.7

t

7.6

7.6

5.6

In.
7~6

7.6

40
71

H
H,
rv ·167,
-'

+-

aCompressive prisms. tested wltfi~~rai'Ioad~bothends fixed.
bAverage of 3 specimens.
cRatio of average ultimate stress to average flm of 2706 psi for 8 in. ·walls and 3630 psi for
6 in. walls. .

dAilowable I6adP·from Section 4.7.8.1 of BlA Standard [6] using net area.
eMaximum slenderness ratio permhted in BlA Standard [6]" eIfe2 1:1 +1 is 20.



Shear Strength. Vim.
Table VII

of 8-inch Hollow Brick Masonry Walls

Superiinp.osed Mortar Al low-
Compressive Average Average Coeffi- Com- able

Stress Ultimate Vi cient of pressive' Shear
psi Mortar Loada net area Variation Strengthb Stressc

net ~lirea Type kips ps i % os i os i

Rat io of
Ultimate

Shear Stress
to Allowable
Shear Stres.s

Failure
Probabi lityd

%

M 105.5 339.0 5.5 2859 80
335 S 107.8 346.0 8.7 1915 80

N 86.6 '278.0 6.8 93j 56

0.11
0.08
0.12

Less than 0.7
Less than 0.7
Less than 0.7
Less than 0.7
Less than 0.7
Less than 0.7

Less than 0.7
Less "than 0.7
Less.than 0.7

3.9
3.6
3.6

5.4
5.1
6.0

6.3
5.3
3.7

4.2
4.3
5.0

M 79.4 2i5.0 4.9 235866
161 S 71.7230.0 6.6 . 1071 63

N 62.2 199.0 . 7.4- 895 56

M 134.4 431.0 8.9 2762 80
500 S 127.3 . 408.0 5.0 1524 80

N . 104.5 336.0 ~.3 890 56
aAverage of 5 specimens.
bAverageof 15 2-in • cubes.
cCaleulated from Section 4.7.12.3 of the BlA Code [6].
dprobability that" al~owable shear stress will ex~eed shear capacity.

H
. I-f

~
I-\Jl



M 125" 280 111 299 127 - .046 . t.14,- -- 3.53
S 125 ~J5 73 308 135 - .086 1.6:-;' 3.?5

" . ',", 4 68,.N, ., 125 ..,23.0 69 304 131 -.0,741,.6,9,. ,'; •
:aV81U4!S, given ar'ethe',; average of 5 tests except the M ~6r'tiit series w ,t'h fro -75 psi iit Wohich '

there' were 3te8tB.

bCalcul,ated 'ft-dmthe Equat io~ f t ... MIs - fm' where M is the bending moment produced by the
hteral load on a one fto width Over a span of 7.5 fto The section modulus is 100.0 in. per ft
,of width.

CCoefffcient of Variation is not shown for those specimens which were loaded to s predetermined
lateralpres9ure and unloaded.

dFromTable3 of the BIA Code [6].

Table VIII
Transverse Strength of 8 Inch Hollow Brick Walls

Wall Specimens I Test Resultsa
, , La'teral tenaile'

Load at Stress at Maximum Ratio of
O.Oi in. ,0.01 in. Max.imum Maximum Midspan Modulus of Experi-

',' , Normal Offset. De- Offset. De- Lat~i81 Tensiteb, ,,' De~lec-~lai;:t~c~'ty, meritalto
d

,
Mortar Stress~ flec~1on' f1ec~10n Loa~ , S~re8,;a;,... c, t~'on ln~ertd,u~f' .All?Wable.

Ty,pe •"f....,.p81p91 pS-1 , ,psl,f',tea pSl,. ;% ' ,In. ,.p.'lxl0,." ,f. tift
"M 0 - - 92' 78 ' 2() .0085 '1.57 2.17

6 0' - - 103 87 to .0084 1.91 2.42
, . N 0 - - 83 70 lA..()069 1.9,6, " . 2'•.50

M 75 ' 184 80 210102 12 .063' , L'57" 2.83
675 205 98 228 117 - .050 " 1~cj5 3.25
if 75 , 196 90 231 120' ~ '.0,54 .' ,>1..7,0 .. 4.•,29
M 100 240 102 254 114' -,' .058"2'0'1'9;; ." 3..16
S . 100 230 94 262 121 - .0,5,4 ' lA2 3.16
N, ,100,220, 85 . . 262 12L, ":"" .•062., ,,1.'18r, "'--.-."1'..<-:... 4.32,

H"
H,
N,
.....

""
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. AN INVESTIGATION OF THE' ASEISI·lATIC B:b:hAVIOR

OF PERFORATED BRICK. BUILDII-;GS

~. ,Rongguang 1

This 'Dauer TJresentsthe workd·one inresec:.rch' of the· aseismCi.tic·
char~,ci~~Is'tic:{()rrg}nf;of.ced·,perforated brick structures. Bxperi
I!!ents 8I'~( c~nd.uc't£!C1 f,or.the determination, of shear. s~ength on a
large·. number oJ·speC,~I!!\~PS,.., E;mphasie is placed on the effect of such
,f~ctors as s:,t~.:t±'c' s,tr¢,s,e,:.,·. sp,e,ar:"spa,ll: ratio, flange, amount of rein-
. (();,cei!:ent underthe:'c.o~g.ltl_otL~ofunre.stricted .flexural stre:lgth. '
Also gJven is an linifiedc inetl'l.qd' fer.. the determiD.i:i. tion of shear str
engtli 'of reinforced al'ld unre1:j}f'orced wall units·.It is believed t:-,at .
th,le IT!e~thod Yi;eld,.resul:ts·_ofc'lp$er, agreement with those by nonline-
ar analyses and exper irr.en-ts than by: most current appr.oaches. .

1 • It]'ti~od'uction

Trad-itional Chinese, houses: ar~ usually of" the unreinforced
masonry type,' usingco~oD'c:iay: br1~k.'a:s· the. main building materiaL
In order to reduce dead, load:ail.d: !=onseque!ntly to' improve tneir ec:.r
thQ1lCllte-re'sistant capa.:'Q;il±ty, the author proposes the adoption of a .
type 0'1, perfor-a. ted bricks .--, ." ,- _.' ,
(seeF1g.,1). which
p~r!!11tthe placing' of

. all'::i!DPortant. vert'ical
relrif'orceI!lents.

, ' >,fri~,.Fig:.l, KP1 is
.the:staiidar-d' unit which
cortlb-1ned' with the non
standard units KJ1, KJ2.
and KJ3 makes it P08~
si.bTe" to insert ver
tical bars at wall jun
ctions and at door or
wind ow edges , and' this
rr:aterial was used exten-
sively in dwelling ,house Fig. 1
up to about six !':torey 'in most
I1!oderate earthquake areas. These buildings ..... i11 be referred to as
"perforated 'brick bel:iring system. ·with vertical reinforcements".

The author is pesporisible for the research program "A Study of
Perforated Brick Dwelling' ~ildings in SeisIr.ic, Regions n whose
objective is' to prop,Dae methods of 1I1l1Jr0ving the aseismatic
behavior of r.:asonry construction bysul table reinforcing and .to
suggest appropr ia,te criteria for design purposes. To meet this
requirer.:ent, an considerable amount of analytica.l .work has been

1 '
Structur~l engineer, China Northwest Building Design' Institute.
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cC,;.!"=ie::' cut besides eX'hal1~tl,y:e ,~xper1rr;en't;_sC:,oncerr... ing the proc.uction
c:f the'nf'w material and relevant -consfructlor. me-:hode.

'In both experimental 'and 'tfieoretld6),.;r:ork~ c=.ttention is alwa.ys
aimed at tr-e determination of reliah~e ,v~~uesof' she<JXing strengtt.,
because ,itis 'vlell known that 6he~failure',istheprincinc.l' failure
r.:cfr.~ of- masor.rsstructU;I'es ul!der lc;;~eral load. Shear'in&; strength ex
per:ime,r:ts have' been c bnduct~d ,on 52e.b~ock -speciwtens, e.:r:ong \.ihich
335 a=e of pe!" forated tir iCKsapd 195 ,c;f'th:e's-oi~d type. 'For ....all
s~cime:n~, 14 large-size, ,uni tsand 1'5'9' srr.all-E'ize units he.vebe~n

tested, besides using onesingle-storey~ociel(Wit'h d09r or wind ow
o'!"enings) and another similer five-sto::-:eyuni t.The e:ffects of wall
:!'la!1e:e and the va.riation. of she;.;.l'str-ength vIi th the unmre= of
s-:C'rey~ nave ",1!'lO 'teen, studied.

, As' a SU"Pll1e!Tlent toexperlr-:ent~,;t wo~k-~nd'f~or the~ake ofver j
f~cation2.nr. comparison, it 1Sd~~~ed'n'~_ces'$ftr:y to e~plo, nonlinear
~in:'te e lement techniqu~s fort:he,~et~c:a:larialyses(.11

2. rie! Description ,6fExreriT!1ents

H=28lXl

All test specimens ar-e built as uniformly in quality as possible
by mc.ir,taining a contin~oU:s' C:i.nd controlled output of rn.ortar.
Lateral loads" are applieq alternatively in following manner: in
load-wise steps before appe~raric~ of diagonal cra~ks and in displa
ce~ent-wise steps after. Generally. for e~ch applied load, three
oycles are cons idereCi sufficie,nt. . . . ,

Generally thre!= identioal speciI:lens are, being tested for each
item. ' .

Therr.ain exper irner..tal works on the three types of spec iernens
include, p- ~ curv,es, reinfOrcement strain ,or P-,£ curves, tr'i-dire
ctional strain'of wall
surface, etc. Thede
velopments of cracking
is observed and record
ed in det~il. The main
properties of th,e -
spec i!"'ens are s~owed in
Tables 1, 2 and 'Fig .-2.

3. Exueri~ental Re~ults

and A.nE:.ly~es

3. i Shear s trenpth

The shear strength
(along mortar joints)
is regarded in this
country as the basic
aseis~atic design
criterion for ~asonry

structures. FraIl'! the
results of experi~ents

on 528 test specimens,
. the following results
are obtained:

In -the construc
tion of perforated

(0) tlo4el ~

Fig.2 Simple Figareot. specimens

Jio_. (1) ~ neticm o!,re1n!orced CDtlc:rew ~

'b.c..t. &ft ,'60.
(2) ''1'be eeeuerr. rd, reWaroed ooncrete ~

~.2(.. ) ui' 240 x 240

II-3-2
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aw.f'tiIciaM'lIIIIiIiIIi'd'

I...
I
~... ... r4 wall (neeJ. ocmWDt C. '1~)
I
I

~ __ I' ... f6 wall II1II ... eQpII .i (~~o.Z2d)

J •
liIIIlIIb1.e NIt , .... atwal.l (..-.J. ~, C.11~)
I I

~r ick .!r.j,sonry , B,Orne patt. of
t~e rortar is frit~ed ~rito
~!;e holes and twh~n 'iiU~d,en
ec, ac ts as "keys~~.,Thi~

,explains the s Ifgtltly'!ll'gher
R j value pf perf.ora~e4·

br icks, and ~ecan regCird,a
10% increase as being coi'l--
servative. Furthe~tr.ore:f't~~. .. . ')
reduc tion of weir;Jit 'for per-~~
fora ted rr,asonrybui1dings . ca'l'o- :"'3
over the conve·lltion&.l type ~) rG-(3)
is about 16%. Taking all: ' ......
the aboye-F.:e:nticne'd ~fa.'.•.c to:;s ~--)
into consideratioir.theJ)E!i:'- ID.., ,
fera ted brick bUi1C:i~~sc-~ ,iC~)
be re[arded as poeB.el3.f?ing .1.'
an ove!'all ase ismatlc' s:tr-' --.....;.-----~.-~--:--------.--
er.gth 25% higher 'thanthos'e l!'D'a1 '.-.:1 ..... o. fd 1IiIIIr1~1IIl1t .... a' - ..w.e
cf solid brick 'conBtr~ct1:oh.t1t'"~~ daN7 fd oc:ZiaCiifS 'rng h_aw:18ll.~

3 _2 Factors" ch1~flY··infiuencinfshear .strength,
3 . 2 . 1 Norrat ~fr~s's';O~ ,. .. ..

Statistical resulteo! ,~~per1Jnen:tson18specimensof iden'tic2-1
dimen~ions and rnor~ strengths ar,egiv:enbelow:

0. ( kglcIJi2· ) 2 ;.5 5 6.5

Qp (ultim~te lateral lac¢, ,.
1'.8 19.07 23.4 ~5.5in toris)

'wlhich sn-owsthat 'theeff'ectof normal stress on she...r strength
i~ !lot neglighb:le.·'

3.2.2 shear-.snan ratloZ

For single-ster ied units, Z 1s defined-as

Z HH
=Q:Bd .-m-

whe!'e M and Q ~e respectively the moment and shear sustained by
the sp~ci~en, and Bd its,effective width which is reduced to 13 in
the case of a rectangular section.

A tetal of 1.6 snecimens of B=225 and R2=50 are d'!vided into 5
g!'oups D,P, A, J and G, and are tested un-der' constant normal stress
Oo=5kg/cm2 and Z-values 0.3111, 0.4869, O~5778, 0.6667 and 0.8 res- .
n~~tively. Results are shown.in Table 4. To compensate for the lack.
of experirnental data corresponding to Z-values 0. =2, 3.5 and 6.5,
r.on-linea.r ~nalyses are carried out for~~2, 3.5, 5 and" 6.5,and the
c.nalytical results are also li'sted in TCi,ble 3. '

Both experi~ental and cOIr.puted results, whieh agree wi th each
other fairly closely, indica;te that the effect of shear-span re:.tio
on shear stre:1gth should not be overlooked.Accordi.~gto TJ11-78.witb
O. between 3.5, 5 'and 6.5 the term "ratio" in Table 3 remains pra-



'rnble 3

more marked differences may be expect-

lIatel WJm1:::1d'~ 'the r1L't1o fd ~1&l ortbocretiaal

nsUt lIe'CnB Uat /11-'- lIT~j 1+ :; aCl~ W

~ CIlIU '!111-78.

.
Z

1:io:'t.bcl4 0. 1_
~.3111 0.4889 0.5778 0.6667 . 0.800

Qp 25.)6 21.4 20.~ 18.45 17.10
5

iatio 1.150 0.91' 0.919 0.83'7 0.7'16

Qp . 15·96 15·223 . 13.636 11.889 9.394
ea- ..

Ba~o 0.973 0.873 0.762 0.682 0.539

.. Qp 20.516 18.618 16.678 '5.410 13.691
3.'

B&'t1o 1·096 O.m 0~891 0.823 0.732 .
:&:IIaJ.,-t1~

~3.455Qp 21.493 19.392 1;.861 15.868
5

'.064BaUo· 0.975 0.880 0.810 0.720

.. Qp ~.803 2;),351 21.589 I 19.895 17.686
6.5

B&Uo 1.074 0.972 0.899 0.828 0.736,

Experi~ental results
for large-size ~all unit~
of I,T and rectangular sec
tions (see Fig. 2.and Table
2) are shown below : .

Values .in naranthese's
are anu.lytical-results~It
IT.ay be seen that for flange
width b=124 the Qp values
for I-shaped andT-shaped
sections are respet~vely

17.5% and 10% higher than
those. for rec,tangular. sec
tions '.For larger values of
effective flange-widths,
i.e., larrer values of Bd,. even
ed.

c ticall c cr..etant for gi ,ren
Z, but with a.=2 this term
beco~es smaller than cor
responding va.lues with (5..
between 3.~ and' 6.5. This
indicates the necessity of .
intrcducing a fu.rther~educ

tion factor varying as z.

'~tlon' .
Item ________ I T Rectangle

Qp (T)

Ratio

e3.·2 ( 82 •2 6 )
'.... .

1 .175 .
77.91(75.41 )

1 .100

70.33 (c 5.42)

1 .00
. ,

3.2.4 Number ofstnreys

The exp~rimental and cozr.puted results of five corresponding pairs
of 5-storied: and single~storied m9del uni.ts are shown in Ti:l.ble 4.' r

I t is apparent fr O!!l. r...ble 4 thdot": '. . .
(1) The reductlen of Qpv~11ies·for.57storiedur-its as con:p..:.;.red

to ,Single-storied un1,ts 1s qu~te cons1der~:ble, the reduction factor
being 0.465 for exp'erir::en'ts:::and O.515fo~ analyses (the slighty]ower
experirr.ental values 'ar'e· proba-oly due to 'N'C:.rping during loading and
construction defects.). . . '., .' .

(2) Tbe bend1·ng.sti-ength. of slngl~~s't()rfed units iST'1uch higher
than 1ts shear streni:th,Bo tha:t riO ,apparent bending cro.cks have
been observed ~ The contrary is true f'or:th'eci:i.se of 5-storied units.
This fully. de!"!onst.rates that with large ve:.lues of 'Z and with insuf
fic ient strength agCi'inst bending, the sheo.r strength ca.n be greatly
reduced owing to prE!!TI~tUI,"e h~rizontal cra,cks.

(3) It is suggested tha.t sorr,e sort of ::-equirerr,ent be prOVided
for c~ses of, RIB exceeding 1.5.'
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3.2.5 Reinforce~ent,

~ta1 lUll!. ClIaIIUtell IYwltll ~ lbIal1la1ia

'1lU18'4

ZQon' . -..1 (!), I '~(")
~a- I

"'/Q~
car llI' Ratio Q~ "~Ip .Uo

.....1, >1 ~,' ."':
0~50~,~"') 10.4

'~' 12(8) 13 0.496 8~95) 14.3 0·584 0.912

.....3 I8(') 10.8 0.495 6.66) , 1\.) . 0.490 : 0.951

~ ,10(6) 1'2•2 D.439 6.89) 1).4 0.52' 0.910

.U05 . 8(4) 8 D.428 6.00)- 10.1 IC.:'6
0.794

I
D-01 - 26.1 1 10.6) 22.' 1.1~1

'11-02 " 26.2 1 1\.2) 24--4 1 1.073

&-0)'

I"
21.8 1 7.68)

1
2300 t 6.946

127•8Uo04 " 1 10.2) !~~ 1 ' 1.090

~. (6.32)
I.

.1' '18.7 1 : 19.~ 1 o.~

! I ,.

Frorr. tests on nearly.1 CO
,,;all units with various amoun
ts and arrangemEmts of rein
force~e~t, the cdnclus~Qn ia
reached th~t reinforcement is
the ~ost effectiv~ meari~ of
i~nroving the structure's
aseimatic behavior by incre~

ed ductility and limiting of
:rack develou~ent. Results
']f tests i!1.dlcate that 'for
low reinfcrce~ent and wtthout
re str ic ted bending 'Stresses,
t!"e. !'cllowing points should
preferably be borne in r:ind.

(1) Hor izontal re,inforce
~e~t a~pears to be quits ef
fective in improving tr.e "
shear strength. This is veri~fie d by the fao t that wall' __........ ~--:-...:...._.......I__..:-_...;.. ..Io_. _

ur.i t PGQ-5 gives no sign of .-. 1••* ~D-i/&-oi.
s:"ear fe::.ilure before bera-, .
king of two layers, of hori- 2. car'-t.laa4&tiZ1ti&1~~di._"'~
zor..tal bars~ But th:is is only
true when the wall unit pos
sesses sufficient'bending strength or when the (effective) shear
span ratio :1s rel~tively small. AS Z exceeds 0.6, horizontal cracks
appear at the wall bottom and thus it isadvi~able to provide ver
tical reinfcrcer.ent of type b or g to ensure the full shear str
eneth of wall combined with type a reinforement. ,

. (2) Type e consists of a horizontal R.Cbelt that is much more
rigid .and stronger tha.n masonry. This type of reinforceir:ent is ef
fective only when an am'ple b ,or g' type of reinfc;>rcerr.ent or a suf
ficient bending strength is provided,otherwise detrimental effects
such as slipping at the base may occur. As a.r.ia·tter of fact,' the
only test th~ t ,res,ults in collapse 15 ·.... i·th type e ore infcrcel'!'ent
onlv. .

~ (3) Reinforcements of type b, g and, f are rr:,ostef!.ective in
::'esiE'ting bending, and theirs:tresses increse with increase of Z,
socretimes reaching yield-point. These reinforcements prevent the.
openi!1.F; of horizontal cracks and at the s ... lTJe tiir'e ensure the full
de\~elo:pr.'ent of shear strength~ As soon as i~iti';;'l creacking occ~,

t::'e se re infcrce~en:ts start toac t as "keys" andsustain,.the· .greater
part of te!1.fiile o_r co~pressive s·tresses. Vertic'al reinforce/Tlent c
in the rr.iddle of wall issubjectedt.C? low. t~ns1dn or compression,
but its I1keying" action is obviously'more ef:t;~ctive and thus tends
to' prOVide more shear strength than that of type'b (g,f). Type. f
reinforcement' is useful in resisting both: lo'rigitud,inal and' trans-
verse earthquake forces. ' " .' " .'

(4) The: most effective mea.ns of ir.pro'Ving earthCiuake-resis
tance is by combining type, a, band c '. but the co~iloneIits,cannot'
develop their useful effect,S at the same ·titie. Under exper irr:ental
C ondi tions, ,an increC:i.se of 30~60% in she..;.r streng'th, isob,tained.
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It stonla be noted t~~t:
althouGh vertical rei~

fcrce~ents.are not as ef
fec~ive as horizcnal rein
fcr6e~ents in reEisting
s!'1eGor,' but it. hi:l.sthe
dcvantage of providing
greater ductility.
. The combination of ~ypes

a. band c ~as the rnaximu~

ca.pabili ty of energy dis
sipation, provi'ding ducti
lity and reducing ~racks '
(~ee Fig. 3). Risi of ~ol
lapse after the state no
minally refarced as failUre
is al~c le!sened.

PlTI

I~

Fig.

in .....hich
Qp

,A,o ,)

4.,' :Pr O'Poseci Method fer Calculating Shear Strength

F!-O!T1 earthquaks d~maGesurveys,.the diagonal.cra.cks observed on
var iaus wall location are re.sultSt;h~teanbe·e<.ttributedfo pr incip-

'.' al~ tensile stresses. UndercycI1c.liSc:;tdirigte5.ts"di<e.g.bn~1::crd.cking
(usually acco~panied by'h.oriz~orit~l c~acks.wi.ths<ma.l1,Z;;,value) are
also prodtic.ed, thus iI:1plying thepre'seric~,.of,cr'iticaT s'tress state
causing cracking and rBilurealong the::¢rackegsurface. ~c;:(;ordng to
calculations for Z ranging fr9m O.2toC.S, ~ndby6bservingthe

, s~rerses along cracked surfac·e<s 'and.' theCi.I'ea: .envelopedby,'the ma-
x iIll1ilt stresse~ (i.e themaxirr:um,shear Qr.'.aX' ~lorig the)3Utfac:es), the
followinec6nclusions.may ·be. drawn:. . ':. ". . ' ' ".

(1), Principal tensile stress 1s the~criticcd.l factor, 'and it in-
e-reases w{th la,rger values. of·.·Z., '>, •. . ' . '.' ..., ..'. . '

(2) The l'laximurr..prillc:ipe;.ltensiJ.,estr.ess, occUrs ,.at, 'the Eide of
loadi:lg ne9Xthe '\o.·~ll.<cerit~r \\,here .:inftialShear cra,ck.f?,appear •.

The auth6rproposes·a Ur.if~ed;f;orf:,ula of ,ctn~:ula,~'iIif;,theshe...r
strength of botnunreiriforce.d and· reJn!or:ced. wall;,uni·ts'iri· the terr.-.s
of. prlncip~li ten~'iles'tressas'givenbelqw(Z'~1f:· .

.' ~. .!t~~!t;J~:' :'. .._ i', ,.':J ,....,.: ",'.' :', .::.:
QP~. i~,' •. +0. 06R.c.~h+ml~I:;1,,~g~gA~,~".:~.•. '. ,. (1)

.. .. .:., .,. ,

Ulti!":ate5hears':tre~£th'of,waTlu..~it~. . '
.effective .·'h9rizcrital::seC:tI:'dni-l\ar.,~a':(e,ffe'ctive flange.'
area. inc lud!=!d r of ::b~.~Q.n;tY:of'~e.ll' ur':lt:. . '

RT'=Rj J1+ ~:3- .
~--- c oeffie ient of shear stress variatior:, being 1.2 for

rectanguldX section and 1.2 (-b~t:-)tior arbitrary sec
·tion.

A and t --- effective horizor'.tal sectlo!l&.l c.re~ Cl.nd thickness of
wall respectively •

.,--- coefficient of, influence of, Zon shear strer.£t~ bein'g
'I ='.22-0. 71 Z whEm·o.~3. 5 .
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and' (1.22-0.~1Z){1i{C.065+c.ee(Z-c.'11)5] ,
. / (CSo .- 3.5) } when 0".<:::3 • 5 ••...•..••,. (2)

At and Ra --- sectionG.l <JXeC:i. of R.C. core and axic..l cor;pressive
stren[th respectively ..

1 ---- index number (1-3) for reinforce:'!ent type.s aCe), b(G,f)
, and c respectively. . .,.. .

Ag .&. :R.g --.:. sectionc.l 'area Eond tensile streng";h of reinforee-
ment~ respectively. ....

ml coefficier,t· of effici,Emcy for corr:bined reinforeerr.ents,
being 0.9 for co~binationof a.C.), bCt) and c,and 1.0
for all other cases. ' . ",'

!T:g --- c oeffie ient of strength pc..rtic fpc; t;ion of reinforee!"";ent
in shear, being 0.2 for,tY.pe b;O.4for type c, 1.0 for
type a with .abc co~bin~tion, and C.& for all other cases.
For nu~ber Of layers 2-6. mg should be ~,ultiplied oya
reduction coefficient of 0.9-0 ..7.

A comparison of values of T) cOl'lputed by the propesed :retr-,od c.:;d
these obtained by various other meC:i.ns is shown in t2.bie 5.

"6.,. 0.978 I o.~ o.aoe. 0.765 t 0.687

,~ of Val~ cd 'II far Zli:t"rllMli~ &gtAod

Table 5

I' z ,
~ ' . G.

'~Cl.489 i 0.578 ! O.ur 0.800

~ 5 1 0.844 0·799 0.72& 0·515.:

~5
0·903 0.810 0.725 0.633 0.500

~as1
II 1 ~ 0.875 0.827 0.761 o.rn

'h~c"" 'I 2 0.903 i 0.780 0.711 0.629 0.488

~ h105 1 : 0.873 0.810 0.746 0.652
, (l,)

1 ~ 0~882 0.823 0.763 0.515'lI.S. Code-
: 0.547

I
2 r 0.733 i 0.492 0~448 0.395

i i.5; 0.854 : 0.707 • 0.631 I 0·592 0·530'lI.s.S.,3
, Cada(3) I ' ! 0.924 : 0.'794 0.738.! 0.576 0.61)

.T ' .:

Calo~latedand experi
~ental results of ultimate
shear strength Qp for
large-size ·wall. units and'
~odel speci!:lens. are listed
in table 6. as results for
srna'llsize'wall-units are
too numerous to be given
separately. ,

It can be seen that: .
(1) The shear streng-'

ths cG..lculated acco~din.g'

to the proposed method
~ee closely to those Jrtlm
experil!lents, the deViations
being, on the conservative
side. . .

(2) For speclrrens haVing
82'0.11 values or large Z val
ues, the propos'ed u:ethod
provides greater measure .of
safety and. clo~er ~gree!Tlent

w~th experi~ents.
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5. 30me te~t~tive conclusicns

, 'Inblo 6

I '
: IS .27 HI •• O) '~-,O'4H-76 .39)

I ZU .04 114 .07 )L23 .5I(-46.3 )

117. 03 t 1 0 .38)~J .18'(-52·39)

:21'.44 110.38 .)lzz .18 (-12 .66)

1.5.43(9.38) i-20.17I"'""'lf1'.71) ,

26.1

26~Z

21,'

21~'

18·65

JU!"-! II '
: r:~lI ...
, I'~UZ
I IIrm-oJ i
IW~41

lWB-QS;

d 'Speea-:~~ c..lClU1aWd BeRlt '"', I' ~ h'opoee4~ lW'tereD08
.u- ,"be' 'fu- (vt1-78) ,

'SG~I· 7.

SOQ-Z ,.., 9J.14 6'"
I . I

poQ~} '1·0 IS .66 3.28
\

pocr2 '2·5 86·37 I 4 '6'
l'oQ-3 fZ .5 ,87.9' r 4' OZ
l'oQ-4 88.3 03.70 ' 6·lZ

lU'fIe poQ-' 99. , IOI. LJ •.01

Bise pOl(-6 ,57.13. 55 • .2. 3.%7

J'QQ-7 58 ·13 55·26 ~ 4 ·Q4

poQ-l 70.83 71 .77, 1.33

l'oQ-' ' :/j .111 7 'J.9' ;3.77

l'OQ-1Ji 78·1l 1,9.91 J.3,

~ p0Q-IJ Sl·ZII II ~Zl. 6·0Z

Sit-I 80.35 '80.%1 ~ U.I II

"ll-"I • 8.45(9.60) I 5.6Z(ZU)

"H' l' 13 • .l?C 14 • (17)/ 2. UB (, .23 )

I'~ . u·' 11I.46tH/.38) 60JJ t.....8')
I .'

lZ·Z I3 .56 II U .38)1 1I.lI (~14 • 92 ). WIb,'4I -,' i IO 01 0 ( 9 .38 ') : Z6 .25 (17-25 )

, (1) The shear
~trength'of,per-:

:crated brick, n:a
s CDrY pr,oves :to
be 1 o,~ higher than'
that of slJlid brick
cc~struction. Buil
dinr of such con~

£-:rustion are bet~

ter suitecfor
~~is~ic resions.

(2) 'The influ
ence of st~tic nor
~al stress, shear
s~an r~tio and, f1
~;[es of wall-units
are considerable in
their shee:.r strength
and should not over
looked.
, (3 ) The pr oposed
rr.ethod of shear de
ter~ination takes '
--in t c:i ac c oun t :nB.riy
f2ctors traditionally
'igriOred ,and is b...l.sed
ont~.e results of an
eXh;:-o,ustive"study by,
anc.lytic'al and e>q:el:'i
~ental ~o~k. The
results eiven by this
~et~od appear' to be
re~sonable and saf~

to use in design. '
(4) For l::uild ings

~ithheight-width

ratio ,HIB exceeding
1 .5 'pr,ovisons are'
given tor bending strength in des,ign. ,

, ,( 5) The Most effective ~et:.ns of irrproving shear strength is by
horizontal reinforcenent, that, for improving bendingstren[th is
by vertioal reinforce~ent. Better over all aseismatic performance
can be expected by using mesh-t.JTpe reinforc,el"lent, acbe.
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THE SEISMIC SHEAR STRENGTH OF MASONRY WALL

F 'i 1eng J anguo·.

FUM11ARY

This paper disscusses shear strength of brick masor
ry walls under cyclic horizontal load •. Eighty-six speci.
mens of unreinforced masonry walls have been t~sted. The
results show that the shear strength is significantly
affecttcd by the asp~ct rtitioof the wall as well as mor
tar strength and vertical compression.

On .the basis of test data, statistical analysis of
orthogonal table and c~lculations by elastic-plasti~ ri-

. ~ .

nite element method, . the seismic shear strength fOT"1Il.\J 1e
including thr~e factors ( R,i , d. 1_: ) is proposed. Calcu
lated value by sllggested formula are compared with the
test data and they ·are shown·in good agreement.

INTRODUCTION

As to the expressi6n for shear strength,exists two'"
different opinions. in China and abroad • One is the squa
re root type (expression o'ftensile principal stress).

The other is linear type (expression of shear-friction).
The square root type formula is.proposed by Turnsek

et. ale in 1971. He supposed th~t the wall be a homoge
neous elastic body; diagonal cracking take place around
the centre of wall, when the acting tensile principal
stress exceeds the tensile strength of masonry wall.

(1)

1. Senior Lecturer

Dept. of Xi' an Institute of Metallurgy and
Construction Engineering
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Where He -~he tensile strengthot masonry,
.R ,-the compressive strength ot masonry.
The line~r type tormula is proposed by inha eta al~

in 1970. He supposed that the masonry be considered as a
plastic-triction hardening materials; horizontal shear
sliding take place along the cracking ot masonry. On the
basis ot Coulomb-Mohr's strength, is given

(2)

Where Rj-pseudo- cohesion;'
IS. -actural compression,;
r - pseudo-triction coetficient,(0.3-0.8.Hendry

1981).
Either square root or linear eXpress·iori., cont"ains on

ly two tactors: The sh~ar strength ot mortar R; aildverti
cal· compressive stress '. A 'great deal tests in apina
and abroad have shown that, the ~hear strength ot ~all is
also relate .to the aspect ratio h/b (heig~t to length).
The reasonable formula must. contain three tactors. The
expression ot. relationships as tallow:

On the basis ot this expression, the experimental
study is carried out.

nmCRIPl'ION OF TE3T

Speimens are designed according to three 'tactors,
the level ~t ea?h tactor is decided by actuality: Rj -O.2
0.4 Mpa; 6.-0.2-0.6 Mpa;~-0.6-1"6 (tor fixed ends; tor'
cantilever's multiply 0."5). The specimens organized .by
orthogonal table L2?(313). At least two or thre~ at the
same condition specimen must be made. Other specimens ·we-

ire·used to investigate .the intluence ot,single factor,
he:re only versus it's own leve],.. Eighty-six specimens
have been made in all.
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The dimensions of specimens are decided by. piers and
transverse wall in multi-story 'masonry building. All spe-

.' . mm
cimens had a thickness of 240mm , length or 1250-3500 ,
height of400-1500mm •

Specimens are made up or perforated brick, whose te
. chnical .st~dard is"' "kp-1". Strength' ot brick is· larger
thB.n10Mpa. Design strength of mortar 2.5-10 Mpa •

. Test specimen and test apparat~s.,tor' fixed ends and
cantilever' are shown in Fig.1. The vertical loading add'
to the design value at first, after st~adness, add the cy
clic horizontal loading: At the beginingunder the control
by load, the load increments are ,20-30kN.• Uritill the uli t-

, , .

mate strength is reached. change to the control by lateral
deflections, t~e deflection .ihcrement is one or half dis
placement of ultimate. loading.

At the top of centr line on wall, se~ up a displace-
. .' , .

ment guide ,t,he .signals' continuousl.y recorqed byx-y,
f'unction recorder.

THE l'1AIN RESULTS OF TEST

The cracking processes of all of test walls under re
versing actions were apprOXimately similar OD the whole.
In the curve 0 f la tera~ load- defI ec tiOD, , exi st four stages
~d five character points as' shown in Fig.2. From stat is-

. ".

tic.s or test data we obtained the point of elastic limit
'p /p g O.42 (coerricientofvariation:'o =0.14); the pointe u ' v
at horizontal flexible cracking·:p " .:whose value is deter-, , m .
mined by·aspe.ct ratioh/b, the poi,litOf diagonal cracking
p!pu·o.aa (ov...O•02), the point at ultimate load-ing Put

the point 'Work loading p /p, -0.91 .(0 -0.03). '. w' U v
Load versus deflection envelopes tor specimens' are

'shown in Fig.3. The d~tlection is that, at top at the
specimen, the evelope tor each c~rve was obtained by pas
sing lin.es· through, ,peak point ot each new maximum loading

-cycle. The lateral load-deflectiori curve is taken' from
the mean· 'value at evelope~ot .load vesus deflection on
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two directions. It',s show in 9ig.3.
Since the ultimate loading pOint is more clear ,than

any .one, ,we take t,ollowing. values to evaluate the charac-. '

teristic, of lateral resistance: The ultimate lateral loa-
ding p ; The distortion (detlection angle GIh ') at ultimate

U " "
loading and strain energy (area of load-detlection dia-
gram) at ultimate loading.

ANALYSIS OF INFLUENCE FACTORS FOR

LATERAL RESISTANCE

The influence tactor tor lateral ultimate resistance
were mortar strength (or bond str~ngth )'R j , compres~ive

stress &. and aspect, ratio hlb, as lis,ted above. In order
to obtain the influene~ ot one ta~tor,the other two are
fixed. The following conclusion,s are based on the res'ul ts
of these' tests.

As shown in Fig.4(a) with the increasing at, themor
tar strength, .the lateral resistance is in~rea8ed, ,the
distortion is decreased, the strain energy almost remain
the same.

As shown in Fig.;4 (b), with the' in.creasing of the
compressive stress. 60 ,allot the-., lateral resistance, des
tortion and strain energy are increased.

As shown in Fig.4 (c), with the increasing at 'aspect
ratio hlb, allot the lateral strength,distorting, stra
in energy are decreas~d.· .

The normal tests were -progressed according to ortho.
gonal table L

27
(313). By means ot analysis ,at variance,

deviation tor orthogonal table" the test results,'as shown
. . I .

in table 1. are obtained •.From table 1. conclusions are
as follow:.

(1) Allot the three tactors appear considerably re-
"

markable, anyone cannot be' neglected in tormula;
(2) The interactions tor either tactor- appear very

small and can be neglected;



(3) The random errors also very small, it indicats
that, the 'test is progressing successfully;

(4) The degrees or influence by factor are 6. , a, hlb
in ord,er, the degrees for the last two are equalized.

Table.1. Analysis table or variance ~~viation

~urce of Square Dt!gree Stand ~tat1s- Safety S.~a t1s-
ar1ance

Sum
of

peviation
tical 1illl1 t tical

Deviation F'reedom ~ant1ty Judge

A(blh) 51.49 2 28.15 41.9 FO. 01 Putstan
ding

B(Rj) 14.01 2 n.Dl 60.7 (2.20 .
c( 6.) 250.84 2 125.42 ·205.6 -5.85 .

A B' 2.52 4

A C ,1.96 4 0.61
~BC' 6.81 4
i
I EITor G.89 :; I
Totll !
Square 394.52 26

]Sum "

. ,

Using. the method of elastic-plastic finite 'element.
The shear strength for testing wall is calculated under

,-' - "

"Rj~0.2-0.4 Mpa,rr...0.2-0.6 Mpa, h/b.0.61~1.6.' The calcu-
lation results by computer is shown in Fig.5. It yet in
dicates that, the aspect ratio hlb connot be neglected.

THE' SESIMIC S~ STRENGTH OF MASONRY, WALL

From analysis of tactors for lateral resistance we- , ,

can see that, reasonabe formula must contains three tac-
, tors: R

j
, 6. and ,hlb. In, practice, the masonry wall bears

'the combined effector shear, ~ompression and bending
stress in earthquake.

The tests indicated that, testipg wall has ditf~rent

kinds of critical state und~r defferent l08:ding terms.
Under crack loading,. thecritical state has, type of roc
king mode. Under 'ultimate loading the critical state has,
a type ot sliding ~ode.-

In the case of rocking mode, the wall remains entire
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yet, rocked somewhat small angles. At the top and botto!t
of. wall have a segment of hdriiontal crack in opposite di':"

rection,. In this condition, vall resists extenal forces as
a strut or arch. The criticalc'r'acking' state ts shown in

Fig.6. It means that,the vall:b~ars tensile prin~iPle
stress, \lnder the, crack loading.

'In the case of sliding mode, the masonry wall has'

been separated into two parts-~up and down trilateral ,or
polygonal blocks by diagonal cracks 'd'epending upon aspect
ra.tio ifI one direction, t~~ wall have sOJllewha~ rerurned.
The critical 'sliding state is shoWn inFig.7~ It ,meB:Ils
that, the wall bears' shear-fricti~n between the up and
down blocks under ultimate loading.

Teata also show that, the up ,and doWn blocks move
with respect to each other in horizontal 'dir~'dfion under
cycle actions in ultimate loading terms. 'The crack section
of wall presents a step-shaped type. Considering that, the

, . , .

, head joints of .masonr-~ connotbe fully filled with mortar
in workships, let the, bed joints of masonry supjected to
the total lateral force on step section. From the step se- 
ction cut out an infinitely small element, accd'rding to
the theroy or Coulomb-Mhor, the strength condition on the
face of element is.

(4)

, Where"t -Nominal shear stress de,finited 't" • pIA ,
. R -Strength of grip after' crack, let R • CiIC.& R~

Y ,y ,
~!-The compressive stress.

The compressive stress ~ must contain direct compre~

saive stres~ ~ and normal stress of bending moment 6~,

which come f,rom encentricity of acting loa~. Since the 6",

can be replaced by product of nominal,shear stre~8 't and
aspect ratio h/b, then

~:I =5". + 0/. X t'
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Substituting it in express i.on (4), and the constants
- replaced by __., ~, C!l.3' respectively, then ~he expression
will· .be

The constant.s at, , "'.. , ~, ~re de,termined by test data I

uS,ing'the methqd. of statistical mathematic-.physic. The ca

lculation~can often be simplified it the factors ~'~ , R.,. ' !,
~, ~ in expression (6) can be replaced by %1' x2 , x3 , Yt

.respectively •.
Thus

(t-1 ,2, •••••. n)(7)
. ,

,Let the sumo! error square
. t

. Q = ;:, (~t - t:1 ""~ Xu ) ~ (8)

·Estimate points ~tby letting Yt approch to minimum
valu'e ~I , o'~, •••••• 04"

i.e.

Then, the coefficients
following matrixs:

1'\ . t\'

~ X1:~ "t~ )= E Y~ Xtl.t I 't·l

(i.1,2, •..•.•k)

ot regress can be
(10)

found by.

(11){ .,.~ } = (L~;rl { Li.~}"

t d == ~ Xtl Xt~
~.I "

L.L' := ~ Xtl~t.
~.J.. .

On' the basis ot ·testdata ot orthogonal table L2?( 313),

the regressive coefficients can be cal~ulated by means of
list table (neglectedl.At.last, the. expression is found
to be:

where
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. ..,..= 0·0 (
'" J+O.'31Jt Rj+~.)

b (12)
,~ecoe!ticient of corellation 2-0.9697,
The"coe,tticient ofpart1al corellation

'. r ,-0.948' r ...0.621 r -0.787"
" x Y' , x y x ~

The surplus stand deviationS.0.0915.
These i.ndicate that, it is. tull vell tor pract-ical

application.
The mean value m,stand deviations ~, and coetficie,n

, 'ts of variation c of ratio of calculated value ,'to test. v c

data are listed in table 2. For sake o~. comparison, the'

calculated value includs design cod$torDlulas (2) (3)
bf:~iies' this paper' s. T~st data com.e rro~ above three hun

dred specimens~ including. tests or another units in China.
Table.2. comparison table ot ratio fo.r calculated

value to test data

Kinds or Code 3 Code 2 '!'his pa,per

formula

Specimens m-"·.041 m.1.284 m:-O.979
..

by car~.rull;Y· ~.0.~21 0"-0.295 0'.0.:14-

chosen C -0.212 cv·0.23 c -0.43v· . v
105:' ..

Specime'ns m-1.036 m=1.2',78 m-O.947
by gene,ral. ,

,~__O~,25 C1;'0~2?3 4.0.20?.., -.. ''',

chose-il ;c,,~~o.241 c =0.214 c .0.219v v'
300 .

'CONCLUSIONS

The rollowing,con.clusions are based on the test re

Bults and e~erimen~al study.
(1). When>m:ortar strength (bond strength) is increa

sed, the iiterat'resi:stance increases'; th~ destortioD de
~rease ,the's'train .energy, remain constant.

(2). 'when the:verti~al .,compressive stress i~in-
II~ .



c.reased, all of the lateral,~es~~tance, destortion and
strain, energy decreased. "

(3). When aspe~t ratio ,is increased, all of the 1a-
j • .,•

teral resistance, destortionand strain energy decrease .
(4). Analysis of variance, deviation of orthogonal ,ta

ble indicate that,' all thre'e fact'orsappeared considerab 1y

remarkable, anyone connot be neglected in formula.
(5).Calculation by finite element, method indicate

, ,

that, the lateral resistance is significantely effected by

aspect ratio or wall, as well as mortar strength and ver
tical compression.

(G).The aseismic shear strength formula is suggested
as expression (12).

REFERENCES

1. Fang Jianguo, Be. Rongguang, Fu Shulin, "Experimen-
. ~.. .

tal Study on Shear Strength of Unreinforced Masonry Walls
. ,

Under Cyclic ActioDS tl 1985.
2. Masonry Structures Design Code (GBJ3-73).
3. Earthquake Resistant Design Code or Industrial

and people's Buildings '(TJ11-78).
4. T.P.'Tassons ItInteraction DiagrBJiune for Reinforced

and Unreinforced Masonry Walls lt 1984.'
5., CIB., "Symposium Wall Structure Warsonry" 1984~

6. R.L.Mayes and R.W. Clo\1gh "State ot the Art in
Seismic Shear strength 01' Masonry Walls" 1975.

7. Robert.R. Schneider "Relnt'orced Masonry Design"
1980.

II-4-9



The Test Appnr8tus for Contilever Wall. The Test . .Apparfltus for ·Fixed End Wall.

Fig.l. Specimen and Test Apparatus.

FiS_ 2. The Lateral Load.:oetlect1on· Curve of 'l'est1n~ Wall.
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AN INVESTIGATION INTO METHODS AND MATERIALS REQUIP~D

TO OBTAIN FLAW-FREE GROUT IN HOLLOW BRICK MASONRY

J. L. NolandI,G. R. KingsleyI, L. G. TulinII

This paper reports on a research project, recently completed, in·
which procedures and materials necessary to obtain flaw-free grout in
hollow brick masonry were evaluated. The, influence of unit absorption
properties, initial water content of grout, time~f consolidation and
reconsolidation, type of aggregate, and additives were considf·red.
It was observed that an additive containing a plasticizer, expansive
agent, water retentivity agent, and workability agent was essential
and that aggregate type and time of consolidation were significant in
obtaining quality grout in hollow brick masonry. .

".,"

1. Atkinson-Noland & Associates, Inc. , Boulder, Colorado.

II. Department of Civii, Environmental, and Architectural Engineering,
University of Colorado, Boulder.
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AN INVESTIGATION INTO METHODS AND MATERIALS REQUIRED
TO OBTAIN FLAW-FREE GROUT IN HOLLOW BRICK MASONRY

J -L N 1 d'I G R -Ki 1 I -L G -T ·1" II• -• 0 an -, • • ngs ey, . • u 1n

INTRODUCTION

Properly constructed reinforced masonry is a viable material
for construction of buildings subject to lateral loads induced by
seismic and wind forces. Reinforced masonry consists of masonry
units and mortar with reinforcement enclosed in' grout to form a
material which acts as a composite to resist imposed loads. It is~

essential, therefore, that the grout be free of voids and cracks to
be completelyb9nded to the reinforcement and masonry units.

I Grouted, reinforced masonry, particularly grouted hollow con
crete unit masonry has been used for many years in seismic-prone
areas in the United States. In recent years hollow clay unit brick
masonry has been introduced as an alternative. However, unless
proper materials are used and proper procedures followed, grout may
not bond to the masonry units and may contain voids and cracks thus
inhibiting composite behavior. Further, the presence of voids and
cracks in grout may permit moisture to reach the reinforcement and
cause corrosion.

It has been observed on various construction projects by the
first author, by others (3) (6) and in previous research (4) (5) that
flaw-free grout required very careful placement procedures and even
with such procedures success was not certain.

Recent research (4) (5) identified procedures. and materials
required to obtain flaw-free grout in hollow concrete unit (block)
masonry, however, such information was not available relevent to
hollow clay unit masonry.

This paper presents the results of work done to identify mater
ials and procedures which, if used, would reasonably assure flaw-free
grout in hollow clay unit masonry.

PROGRAM SCOPE

A s~ries of experiments were conducted to evaluate the effect
of various parameters upon grout quality. The parameters considered
included masonry unit absorption, unit size, water content of grout,
aggregate size, admixtures, and consolidation procedures as discussed

1. Atkinson-Noland & -Associates, -Inc., Boulder, Colorado
II. Department of Civil, EnviLOnmental, and Architectural Engineering,

university of Colorado,Boulder.
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below~

Masonry Absorptive Properties

Due to the poro~s nature of clay, bricks have a tendency to
absorb water from the mortar or grout in contact with them. The
magnitude of this effect depends on the absorption properties of
the particular unit, and the properties of the mortar or grout. .
The result of this 'migration of water from grout is a reduction in the
water-cement ratio of the grout, as well as significant reduction of
grout volume. The units in this study were chosen to represent a wide
range of absorption properties in order to determine the effect of
absorption on grout properties. The absorption characteristics of
each brick used are listed in Table 1.

TABLE 1- BRICK ABSORPTION PROPERTIES

Brick Type Width IRA
ImIl in kgm gm

mt(min) 30in l (min)
Buckskin 92 3-5/8 0.258 5

Buckskin 143 5-5/8 1.137 ' 22

Copper Nugget I 92 3-5/8 1.292 25

Copper Nugget 143 5-5/8 1.602 31
I
! Copper Nugge t 194 7-5/8 1.963 38
I .
: Mission Autumn. 194 7-5/8 1.137 22
i'Gold
i
I Walnut 92 3-5/8 0.620. 12
I

IBuff 194 7-5/8 0.413 8

Unit Size

Hollow clay units with nominal widths of 102, 152, and 203 ImIl

were chosen to represent the range of brick sizes used in construct
ion.

Grout Water Content

The compressive strength o'f concrete and cement mortars depends
on the quantity of water available for hydration of the cement. It is
fairly easy to control this quantity in concrete. Ingtouted masonry,
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however, the absorbent units decrease the, water content of the grout,
leaving an unknown quantity of water lor hydration. Since different
bricks absorb differing amount of water, the grout water content at
the time the cement takes it initial set remains unknown even if the
initial water content is tightly controlled'. One of the' p-rimary ob
jectives of this project was to determtnethe effect of varying ini-
tial water content on the properties,of grout.' "

The initial water content of grout controls its pourability.
Normally, water. is added to grout to attain a pourable consistency.
A slump of 203 mm, (8 inches), represents a reasonable lower bound
for the desired' consistency. The upper bound qmnot be measured
adequately by the slump test, but is recognized'as the point just
before the constituents begin to segregate. For the purposes of
this study the initial water contents for the grout were chosen to
represent these upper and lower bounds plus an additional intermediate
point. The amount of water required for each batch was varied as '
required by the presence of admixture and coarse aggregate.

Aggregate

Both fine and coarse aggregates were used in this investigation
in order to determine the influence of aggregate size on grout shrink
age and strength~

Admixtures

Grout admixt~res were considered as a possible means to elimin
ate flaws and shrinkage cracks (4). Several admixtures were in
vestigated and judged purely qualitatively by visual examination of
the grouted cavities. Since water loss is 'the source of grout. shrink
age, each admixture had some effect on the water in the grout. The
admixtures chosen for investigation were lime, bentonite, super-plast
icizer, fly ash,and a combination of aluminum- powder, plasticizer"
and a combination of ingredients known ~s Grout Aid.

Consolidation

A great deal of emphasis is placed on the ~mportance of proper
consolidation in the field, with particular attention paid to the.
practice of "reconso1idation", (i.e. a second consolidation performed
after absorption has ceased but before workability. is lost). Since
the purpose of'reconsolidation is to eliminate shrinkage cracks (4),
consolidation technique was an important parameter. , Consolidation
methods tried were rodding and mechanical vibration. The time of the
second consolidation was also varied (from 30. seconds to 60 ~nutes

after pouring), as well as the total number of consolidations, (from
o to 5 times in a 30 minutes period).
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EVALUATION PROCEDURE

Grout. was placed in thecells of 4-unit high stack-bond hollow
unit prisms. After curing, the prisms were cut vertically. through
the .,groutedcells to exPose a complete grout column. Evaluation .con
sisted of a visual examination of the grout to observe any cavities
and separation. of· the grout from the unit.

~SULTS

The results were recorded in the form of photographs and descrip
tive notes indicating the effect of each variable on the quality of the
grout (i.e. freedom from flaws and shrinkage cracks). Figure 1 shows
an example specimen. In no combination of brick-type, grout initial
water content., and co~solidati~n technique without additives was it
possible to eliminate shrinkage cracks consistently. Some important
observations were made concerning the effect of reconsolidation on
grout.

:..,; ' .. '

~.~'"';

.t\G~.. :.~
.~~ :~;-~:. ~ ..":':'

Figure 1

Specimens that were reconsolidated soon after pouring, while grout
was still fluid, invariably developed shrinkage cracks. The early
consolidation did eliminate air bubbles, and yielded a noticeably
denser grout than in unconsolidated specimens) but continued migra
tion of water after vibration caused significant grout shrinkage.

Specimens that were reconsol
idated at later times showed a
variety of results depending on the
absorption charcicteristics or' the
brick and the initial water content
of the grout. For bricks with low
IRA's or grouts with high initial
water contents, reconsolidation at
any time up·' to about fifteen minutes
had no more beneficial effect than
initial consolidation. After thi~

time, consolidation of the contiri
ually stiffening grou~ serv~d only
to disrupt the body of the grout,
leaving voids where the .vibrator
had been. In the case of .high IRA
bricks or grouts with low initial
water contents, the grout became .
too stiff to consolidate.as early
as two minutes after pouring. In
many cases, shrinkage cracks still
appeared when grout was vibrated
in a stiff condition.
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The use of grout admixtures to eliminate shrinkage cracks was
more encouraging. While lime and fly ash improved the workability
of the wet mix, they did not help to decrease shrinkage. Bentonite
caused an undesirable stiffening of the grout, ~nd as a result of the
additional water required, caused an increase in the amount of shrink
age. The addition of super-plasticizer permitted a dramatic decrease
in the initial water content of the grout, and resulted in grout that
contained fewer shrinkage cracks than in standard grout. Grout Aid
consistently reduced shrinkage cracks to. a minimu~,usually elimi
nating them entirely.

CONCLUSIONS,

Some conclusions regarding the parameters studies are listed
below. Conclusions are based only on the data collected in· this
project,and apply only to grouted hollow clay unit masonry.

1. Mechanical vibration produces'a more thoroughly co~olidated

core than rodding~

2. There appears to be no optimum time for reconsolidation,
because grout shrinkage continues after' grout ceases to be
fluid enough to vibrate. For hollow clay units with high
rates of absorption or grouts with low water contents, the
grout can become too stiff to vibrate as soon as two minutes
after pouring. Thus, not only is reconso11dation unable to
serve its intended purpose of eliminating grout shrinkage
cracks, it could potentially destroy the integrity of a grout
core if performed at the wrong time.

3. Admixtures which most successfully decreased grout shrinkage
either (a) eliminated its source by permitting a decrease
in initial water content without 'a loss of pourability, or
(b) counteracted it by causing a slight expansive action in
the grgut. Super-plasticizers were moderately successful,
and Grout Aid was extremely successful in min~izing shrink
age cracks. Admixtures that improved the water retentivity
or workability of grout had little effect on grout shrinkage~

4. Hollow clay unit size and absorption properties had little
effect on the size and number of shrinkage cracks in grout,
however, bricks with very high IRA's caused shrinkage to
occur at a quick rate, thus affecting .the amount of t~me avail
able for consolidation~

s. The amoUnt of water absorbed from grout by a particular unit
seems to be a function of the initial water content of the
grout rather then the absorptipn properties of the bricks.
The higher the initial water content of the grout, the more
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water will be absorbed from it by the surrounding masonry, and
thus more shrinkage occurred~

6. Grouts with coarse aggregates showed less shrinkage than grouts
with fine aggregates.

Based upon the results of the research it appears that the qual
ity of grout in hollow clay unit masonry may be progressively improved
by:

1. use of coarse grout if permitt'ed by the size of the grout
space with mechanical vibration,

2. use of a super plastizer to reduce initial water content,
with mechanical 'vibration,

3. use of Grout-Air with ,mechanical vibration.

Grout Aid and super plasticizer would not be used simultaneously.
Consolidation by mechanical vibration should be done before the grout
begins to stiffen particularly for option 1 above.
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In the paper te.t rHUlu offClU"'teeD peara of brick iIlUODrJ" 0.11
und.er lateral CYCl1C loP.l.l1i..Dg, up to t'ailure are described. Prom test
for the restoriJ2g Charact8rist1CII of the br10k IlUOnr,y vall "from the
initial 10adiDg 10tAe oollapee foUr stages bad been obBervedl e188t1c
staee,elasto-plaa1iio~racki.nglIItage,f'ailure Dtage< under decreuJ.Dg
loa41Dg and. lI11p stage UDcler :t'r1c1iioD. The c1ef'ormab11.1 V of masonry
vall 111 very low, tile ultlllaate shear1Bg &Dg.1e azicltb.e IDB.D.IRWD diaplaoe
meat are about 1/366 aDd. 1.9011/8 in aver&1'8 rellpect1ve17 wtlen wall
collapses.o The IIlOSt 1mpor'tan1i factoN that a1gru.f'10antly 1.Df'lwmoe
uPon the 1"&1lu.re ot bnck lIBSoDrT are 'the ult1mate 8trength(deforma-:
tlon) and the oUDllllat1ve ener'Q'0fchs.1p~:tiOD. III the paper the
cumulatl0n of the energy of' di"1ili1pa~1cm, 070110 load.i.W number veNUS
load l d.1Bplecemen't) relat10D' &regiftD.

DTRODUC'rIOB

Br10k mu0lU'7 bulld..1.D«.-~ one of' the't7P88 of atrac1;\U"8S ndely
Uiled for 'the pubhc bW.ld.iDBs in Cb,na. it.uf'f'ered. heaV7 d.amageB
dur1Dg strong earthquakes happened dur1Dg l ..t twenty 78&%'8. Brl0k
raasonr,y wall 18 the major member for tile la'teral roree rellll1t8l10e.
under earthquake 10ad.1.nB1t l.D general c1aIII.B«U at rU'8t, and th1. often
leacl8 to the collapse of the whole blUlcl1.nB. A great deal theoret1cal
and. exper11D8ntal a'tUcl.1e• .have :DeeD coDclllO'ted. on tb.e ue181l1iC' Deb.aV1our
or DnCE maaonr;y members. It .honld be DOted. tJuLt moat of' the put
yorka were focused OD the behavicnu' or the _cmry nll betore U1t1lD&te
10ad1Dg and 11tteratten~10D.b.8a beeng1V8D ~ 1t'a DehSV10ur ar1ier 'the
ultimate 10ad1Dg. ID recent ~eara W1th ibe clevelopment of the stud1ea
on' the earthquake res18tanae the concept of' 4e.igniDg aooordi..ng :to two
stages .b.aa 'De~n introduoed ill the aaei.lllic 48S1BD 1D~ oountri".
with dirterent earthquake iDteu.i,'U:ea' tRiild.1..Dg should hall ..ao01&t.
earthquake rell18tance. '!he bU11d.ulp area't c!&maBe under weak earth
quake and are not collap8e u:nder aevere eiLr'thquaka, the prinC1ple haa
been 1ntr.p4uced 111 the oh1Delle oode, of aae1alll1C deS1sn- However,
There 18n'1; a oomplete method for bnok 1IIUI0Dr7lnuld..1ng clesip

, .
y- Assoclate Rellearch pror.s80r, II Bbg1Deer1Dg, 1D8~1tUt. or ~

neering mechaniclI, S~ate sei8mOlOg1.cal BtJreau, HarDlD, Ch1.J1&.
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aga1D8~ collapee. In order to 801Y1Dg th18 problem, It 18 Deceasar,r
to have a well underatandJ..Dg about the beha.v1our o-r the Dnck masonry
vall not onq be-rore ultlJllate 10acl1JJg bUt alao atter that a& well,
the DleOhalliJllI ot col1a.-e IIDdthe goyel'D1Dg parameter eff'ect1Dg OD

the co1lapee eto•
. OIl the other haDel, .. lIDder .troag earthquake bullchngs are genera

113' 1Il the non11llear state. '!'he damage or co1iap89 liIlUIt&1Ded by
thu.1di.J:1p are dUe to, bes1deS U,nadequate of' the due t11J.ty (s trength), . .
more often, re1at1ve13' 10118 durat10n ot the 8troag sbaking, under
much the OUJIUlat1ve damage takes place iDthe structure material.

In the present paper the u:peri.menta1 1I~ on the re8tori.l1g
toree characteri.8t1cs ot the bnck 1D880nr;y vall tor l.D1 t1&1 10ad.1..Dg to
oollapse 1s desor1bed, the magnitude of deformation at oollapse 1S
given. Test.~ been oonducted for the energy oUmnlat1on of' 41881
pahon after enierJ.Dg 1:he nonlinear state ot the br10k wall.

The test results prov1ded the besis tor 1:be re11aD111~ analyBi8
l.D the ueiaJB1.c design ot the bUilcling.

SPECIJIENS ABD T!:3'l,9 PROCEDURE

The d1.menaloD8 of the 8peo1mena tested 1I8re determined OIl baai.
of tae size at piers and tranaversal walls anel the oapaoi1:7 at tbe··
te8t equipment. The climeus1on& o~ the Spe01llSD and the meohanioal
behaviour at the material used are listed 111 Tab.1.

The te.~. nre performed on & P8eu~tahc machine. There vere
ftC De.. on the top and bOttom ot the tested vall. The bottom beam
vas fixed on the plattorm, while the top o~e ... oonneoted W1th the
rour-lJ..nk I118c}:uuusm (8ee· Flg.1), throug.b. wtuOh the top DOUDC1ar7
OOD~t10n-mov1ng hor1zontal~ W1thout rotat10n under lateral 10ad1Dg
1S enaured..

Dur1ng te.t the ampl1tude or the bor~zoD~al 070110 10~Dg was
lDoreased stage Dy stage. 'l!le l.DoreuJ.ng or the load amp11'tude per
.~8B8 .... aDout 1 ton bef'ore' crac1cJ2g. Atter o:racking the appl1oat10n
of the 10ad1Dg was .oontrolled. Dy d18p1acement~

l'Or IllpeC1mena Wled ror .tud,ylDg the eUect or oWllU1atl0n ot
euss1patIV8 energy, 'U1e applIed. load approach1Dg the :uutlal oraoic.ng·
Talue(le. at vtuoh the rl1.. t orack appeara) ror 8peOllDens No.4, 9 and.
10.wu III&ll1t&1Ded nthout chaDge and oycled ntll :rrequenoy or 0.05HZ
untllape01mBn r&1led. The ampl1tude or the c.TCllClo~ng as8umed. the
value or the preC11cted. ultlmate load rorapeclDl8DJ1 NO.3, 6, 11, 12,
, j ,and. 14 and tb.e. 1D8d.J.U1 value between the pred.1cted. u~tlll&te load
and. 1.JUtial oracJong load for speOlJD8D8 :10.5, 1 and o. in Ord.er to
s1mulate the actual normal stre.a1D the walls ot the Dase rloor tor &
one to f'ive-ator,Ymaaonii- build.iDlI, there. vere two ~aulic jacks
on the top or the p1er. ~ arrangement ot the iD8truments 1s show in
!P1'go2~ The displacement meters were. used to measure the lateral
translation'of' the top ot the wall,. aDd the .train gauge. with long
base to moD1tor the appearanoe of' oraob.
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TlSTRESUlJIlS AlID A.NA LYSIS

~Pailure characteri.tlc

All specimena failed iD shear.» thehorizoDtal ,loa41BB being
,below 40-60 peroent ot the ultt..te .hear torce' (p ) the lo~-di.8plli
oement relationship 1rU e••entially liD.ar. With t;oreuiDgthe load
the displacement iDoreued IIOre tut thall the load did and the
stlffnes. o~ the wall d.ecreased. S1.gD11"10an'tq. When theapp11ed load
aBsummed 000-90' peroent o~ tu 1I.1t1l.te sbear roree 1.Dcl1.D84 cracb'
appeared. at f'1ret 1)1 tAece~U'&l portlOD or 'tile wall, ua~ u
"tended toward ~Jl. oorneI'll ot the Dli aDd. o~ec'teCl to ron. :flj.~D&l
cracks. j)J 800n as the applied load reaCh.d 'the ultillate value, ~he

loading capacity ot the wall decrealled quicltl7 and the displaoelileDt
continuowaly increued. 1he wall... d:1Tidecl iJito four triaDgu.lar
blocks of mechanism by the extenc!1.D& diagoDal craco. At that ti_,
the shear strength of the inolined Oro.B .eCiiona of the wall ...
exhausted. 'Phe residual loadiDgcapaoit7 _,. due to triction t1'Oll .
vertioal presllure. With increasing 0701•• the two lateral "loob c1:IJ
placed outwards and d~ward and rotated .. ,..11. 'PiDal17, .. the
lateral' blOOD were out ot the 1raJ.I pleD. the wall oollapa.d (...
Pig.3). 'l'het'aiiure pat,t.m of the .peotMn ....1l1ilar to that
observed duri..DB earthquake.

b) The B.Ysterelili8:En.nlop!

'l'he'typic.d~teresiscums, are .hOlm ill lI"ig.4a'o:l):l whioh Pig.1.0
for stUd1iJigthe e#.ot ;of OUIIIU.lativeenerg.r of diasip;..tion. ~t.re
s18 envelops are:.bcnni ,'!:D' J':i:g.5 ,in d11D8D11ion-l••• ooor~.1n.:t_::ph
and~/4u.Pro.t~e~'toresiB.eilv810plifour .tage. -';'be Dotea,U
the7&re

1" Theli.ne~~as:t.ic:.tap ..sooiattilg With ajapli.4 load ratio
pIp being ,belovabout-O~5.,' ,

u 2, The eluto ~pl..tiooraokiDg .:t~ ".ooiat.iD« with appli.d
load ratio being in,raQge ot 0.5-1.0. At this stage the sttttae•• of
the wall deorease. significantly an4 inclined oraokB a:ppe~ ill the ,
oentral portion otthe wall .. load ratiouBWD1Dg ·0.8-0~',.

3, Failue stap' under d.ecre••inB load which "likes plaee atter the
applied load arrives at the ulti.ate value, ' th.dilipleoelll8llt iDore....
with decre,as1Dg load. .

4, Slip stage under friotion. At ,this .tap the loa41.DCoapaoiV
ot the masonr,y nIl i. oontribute4 due to friotion betWeen blOoD for'"
ad b.Y the extend.iDg diagonal cracka.'

0) toading CapaciV aDd ])ef'ormabl~ltz

'!be te.t results of the 10ad-d.1splecelll8nt relation of the speoi
mens are sWIIIIlerized ill Tab. 1 • It oan be Been that the ratio ot the



oraoJd.Dg load to the ultiaate load i. 0.87 Q!1 aD avera.ge indicating
that there 18 11ttle streDgth petential atter t11'11t incliDed crack
appearing. Betore aaeed.1ng the ultimate load, the loading capac i ty
clecre_ed quioklJ' until l08s1nB shear atrength ot the masonry wall.
'!'he :tr1ctiOJl torce CPt) 18 lID 1J11.POriut factor. The tests reBul ts show
that the loadimB oapaciV of 1he brick 1DU01l1'7 wall depends on the
ncmul pm.lire (6") act1J2B OD the wall, the IIOrtar compressive streng
th (I) aDd the heipt-wid1iil ratio ot the speoimen (h/b)· (as. shov in
Pig.6-9 '~, R~ RJar8 shear aDd priJloiple tension strength o~ the
1II&80m'7). The cletormab1lity ot the vall 111 very low. '!'he ultimate
diaplacement 18 01117 aboUt 3-5 be !he'ultill&te shearing &DBle 1s .
1/366··in averap. The value. ot the .px1 l11um slip under triction atter
theahear rea1atanee 1D the 1Dolined cross seotion vas exhausted are
11sted in the laatoolUIID ot Tab.1. The displacement values (~t) at
the beg1..D.i.Dg sl1, 1s about 7.9Dain aver8B8, the maxilDLlm displacement
i. about 1.9 cat- 1D a"rap when' the wall collapse.. .

d) BeharlClD" ot CWIulatiV8 EDer81 Dissipation' (aIm) of The Brick
XUOJl17

!'Or 81"OUPI ot epeet_1I B-1, ~2, aDd B-3 the ampH tudes ot the
applled repeated C70110 load when .the tea ted 011 approached the
nollliDear .tate are d.itf'erent.lf8.t reiJult. show that even though
~ 1084 do•• DOt arrinat the ultimate value, the vall rill ~ail

due to exee••ive cumulation ot the dia.ipat1ve energ,. In respect ot
CD Uld the 07cle I1\IIIber 0'1 the load sU8ta1.Ded b;r the vall betore it IS

ooll~. thetcllowiDg preliJll1..Dar7 viewpoints II8i1 be 7ielded.
1, +he yalue (14) ot ,CEDtorall .tested specimens are presented in

'l'ab.2, : iD whioh tor speei_na NO.4&5 the load origi..nal.l,y applied
during te.t ... higher than the 8pecified yalue. and then desoreased
to the ..s001&te speci~ied value &lid 07018d repeatecU7 (see rig. I Db ).
'1'hua 8pecimeDB NO.4 & 5 fcr which the vall was wakened by 'the exten
.1Te ~raokB, have relative'171ow OED value oOllPariD8' with other
.pee1mens iD the 8ame group. Be.ide., for specimen No.6 the vall '
.u:f'tered .Ollle local damage duriDg erection and high strength mortar
baa been used 1D repairing thUB the 8'titf'De.8 of the wall increased
aI:lcl the mm value deoreued sllght17. Teat rellult. indicate that the
CD depends 011 the amplitude 0'1 the applied load, the strength o~ the
_onr,y vall (e.pe01al13 the mortar 8trength) and the normal stresses

. ill th.vall. DefiD:i.Dg the 'CEI) after loading c1'ole. 11 at a given load
uplitude d1viding b;r ,the CED ...ooiatiDg wi tb the W tial cracking as
the OED ratio (&),. in Fig.11 the' relationship between c:m ratio and
the load amplitude is prese~ted aDd ~ be ezpressed as

~".4(P)-4·09 (1)

Where p.p/pu var:J1.DB 1n raDp ot 0.87 to 1.0. EEpression(1) vas
obtained froID teat results ot specimens NO.7 to 12 having normal
litre•• and IIIOrtar strength nct great17 different. P\lrthermore,. ve
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CSll see that CEO l.DCrElU181l m th 1.nCNUU1g IIl!lOrtar strengt~ arid. normal
stresses by compe.r1.Dg rBpsClmen& i BOd aDd. NO.14 1n t.tl l'fo.1j.

2, The Ju.gner 18 ~e amphtud.e or the apphe'd load, 'the Isas
1.8 the 1t l g cycle DUmbar at uh1ch coll&p8e takes place. The relatlon
\MfBho'm U1 hg.12) betwaGlD t~ load &liilP1l tude liDd 1.18 cyola mDil~r

can be expressed. U

Dqu. (1) mad l2) ref'lect the oombwed e:f'fac't of ths streDgth ld.ef'onmat~

1011) and en on fultU'G or th€l metaonr,r walliJ. Vlth Iu.gh amp11 tude
of' the appl1.~d load the Ba1.D f'sotor that 1DflUel1oes upon the t&11ure
of the lDMonry wall UJ 1.t5 £ltrsDgth lor daformabl11v), nth low
amphtude of &pphed lead. 1&1 the elm UlStead., 111 lJ1termedl.ate oues,
1.8 the 00mbl.llUl.t1OD of the i!'3trength lor def'01"ll&b111ty) and CED.

e) st1t'f'11ess and DampU!g 11I.t10

JI'1.g.13 e.nd 14 are the 11lustrat101l1 of the .t1f"f'ness aDd. daDpl.Dg
rat10 of' the 1UB0Dry wall. The eqU1valent mt1.f~liIll of' the 1US0JU7
wall deCr8U81!.l nth 111Creue of' defonlat1oD. The et1ff'neslil '. at. crack
lDg 18 abOUt 40% of" the 1lUtaJ. value.

The damp1Dg ret10 1n alastlc st~ 1. abOut 5%,sta'tlli1'tlcalanaly
81S bas shown that the f'0110W1Dg ~lat10DSh1p between the eqUlvalent
dampU1g rat10· BDd the lateral def'orma:hon of wall oan De

exp1'esBf,lcl

A.,JJ. 055+0.. 009 A

.6. ,..lateral d.ef'ormat1.on of 'RJ.l, 111 I!IIJI..

Prell teat reQUIte the l"ollcnl'Ag ooDductlO1ll 01lB tNt dza1m.

1, Uhd.er honmontal 01'01io loa.d1.!Jg the clamage pattern of the
masoD17 vall. 111 i.nshear tTlEi, vh1ch ill Very lII1ai.1ar to that cbs.ned
during earlhqueke. Froll the h"vilteres1.8 envelop follZ" lIItagea raq be
noted, 81&o9t10,' eluto-plutio-oraok1Dg, .. failure tmdsr d.eoreuiJ3g
load1.ng and slip UDder .friotion... '

The ehell.1"1.Dg res1sttmce of tha muoDr,f vall depends primarily em
normal .treB8, streDgth of the ~oM7tellilpeoial17the aoriar stNDg
th) height-ndth rat10 of the wall" eli reJ..Dforcell8Dt rat10.

The def'ormab111V of' the unreJ.D:forced masonr,y wall is ftz'7 101'l.
It 'II U!~imate ~IiJPlacementand the Ultimate sheari.J3g amgls are abOUt
. 4 %10 iI and 1/366 1D average It The muillWl! mUp at collapse 1 .. ~ID/••

2, AJl. the mYonr;yn.ll enter. the DoDl.1Dear stage 1D1de1" the O7Olic
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10ad..1.Dg the cWllU1abon of the disaipation energy 1. one of the 1mpor
tat t'actOrll lead.J.ng to 1nereue the <1aDIaBe oumulat10n aDd the tailure
ertent. It should be conaidered appropriatel,y in the earthquake
res1stant dea1gD ot bu11d1Dga.

3, The oyole number ot' the repeated 10ad1ng whicJl can De suiat&iDed
, by-the ,wall bet'ore 1.'t'8 oollapse dependents on the load. (det'ormation)

amp11tude and IIIa1' be expre.sed as follovs

N~.41(P)-20.45

The oumulatl.ve energy ot d1••ipat10n relate. to the amplitude ot
repeated 10ad.J.Dg (detormahon),the -strength ot the IIUonr,r and the
normal oompression eto.

1, R.:r.. • ..,e., R.W.Clough"State-of'-the-A,r1: in Sei.1Il10 Shear stren
gth ot ...onr,y-AJl EValuation aDd ReVieY" 1~5

2, R.r..Xqea, Y.OIIIate,R.W. Clough"C;yallc Shear Teatll on ."0JU7
pire." Proe.ot WCD. '

3,Zhu BoloDg etc. "Eq)erimental StudT on BUio BehaT10ur ot Brick
MMonr,y UDder Reversed LoadiJJg"

.Tournal ot rang,,1 UlUversitT, 19l$O, l'IO.2
4, W\i Ru1f'eng etc. "The IPa11ure MechazL1.811 ot Xuonr,y Walls Under

Lateral and Vertioal toads" journal ot Dalian IDatltute ot Teohnology,
vol.20,'WO.3 -

5, Xia .T11J8Q.1&D etc. "!:ltpen.lII8ntal stu.d3' on 'BU10 xachazuoal
Properhea of B1'l.ck Bu11d.inga' "Prooeedinga,' of' US'-Pro Bilateral Worksh
op on Earthquake Eag1.neering. Harbin, Ch.J.na, 1~l:S2

6, ••TOmazevl.c etc."The Effect of' Horizontal ReiDtoroement- OD

strength and DuctJ.l1ty ot Masonry.Walls" rnat1tute tor test1Dg and
Research in Kater1als and structures. L1ubljana" YUgosIOV1a. Report
No.2, 19~~

aroup 110. ~1 ..2 B-!
9]:lelll_ 11'0. 4 b 9 10 5 7 8 .3 11 12 1J 14
C7a Ie IlUllDer 2'J 39 47 5~ 11 " 21 4 t· 1 1 1
1'o1:al· _Der J8 52 )j 7tJ 2J 40 34' 1:2 7 12 1J n
C 1) ~ {~, 46 H'5 414 J/4 50.J 171- tOtS 384 ~~.~ 1)1 174 237

7.7 10.q 9•., 7.6 4.4, 6.6 1l.2 5.5 4.6 J.1l I" 10

"o~ 1. "C7ele _tier" 111 retemct. to .. ll7I'l- or the
repea1: load Y1 th _peo1f1ed. Yal_. '

2. "Tat&! _bar" 1_ referred to .. the 1:ot&l 07\'1..
of the repeat l11M tl'lIII tile lAJ,1:1al to the nJ.l t'a11ure.
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Table I
----~--- --~------_._--_._-_ .. -_._-- -:--._-----_._ ...-- ... __ .~__ -"---- --------r--

(]rOup Spe01- Speol_a Mortar /formal Ratio ~r lIuUaJ. ~r ulU_te U beB1Jl1D« ot (fa. .u.
_D eUe etreD- etreee re1nto- orllDlI:::1DB load 10-.1 dip

gtb roe_at P &. elle_ eUp
Ro. /fo. to.) R12 6 .-4J; 10114 etren- dlllpl, load etreD- d1.8pl. . 10K etreD- 41apl. alp .Z'4

k&/oa 'qJo.2 gt.II . . g\Il g\Il u ·....1. all/_
p. .

8~ 2 lh ~) 8'_2 A..
(:~ a~2 A )(/0-3

f--:-c--j ..
(tCI Ik&/o. l-i ( t kB/OIi (lIIia) la/o_ 1_)

-----. <.'2U14)X<!4 23 1.~ b.O 1.10 1~ j.7 0.68 10.3 0.tl6 O~ 3.10 ~o2O~.70 7.0 4.'!7
2 22U145x24 ~O 2·04 14.~ l!.bb j.oo '7.7 ).25 4.62 IS.O 1.47 6.00 0.62 0.65 ).19 1.16
j 22~14'x24 45 2.04 12.0 2.21 2.01 14.8 2.7' 3.64 9.5 1.155 10.4 0.1S1· . 0.52 2.6' 1.25

A- li llb:150x24 1I.j 4.20 0 ~.1 ·1.~ 2.jO 5.1S 2.14 4.49 4.2 1.56 6.D5 o.tits 0.5' 3.00 2.70
12 112%1~0x24 11.3 4.20 ,., 2.05 2.13 '.91 2.19 2.tl2 . 4~5 1.67 8.52 0.93 0.76 1.90 2.5)

:~
11~14l:tt24 10.4 J.2O 5.' 2.05 2.48' 6.2 2.31 4.56 5.4 2.01 7.60 0.89 0.54 ).10 2.12
1 1?lrl AHT?A ltl.4 ').20 6.6 2.')j 2.~ 7.'1 2.17 3.23 'i.tl 2.16 ').57 0.91 0.70 2.16 1.31

Aven- .value 0;111 0.61 2.7) 1.9
4 11 2%14l:tt24 21 4.20 5.1 1.,0 .O.IS], 112%14ltt24 41.6 4.20 1.0 2.60 1.1b
6 11 2%1 4/:IL!4 20 4.20 ~.~ 2.2 . 0.06

B 1 11 21:1 4tta4 12.1 4.20 1I.~ 2~2'J 2.n
'11 11 ~141l:rl4 111.~ 4.20 0 ~.] 1.·JT' 1.11)

'J 11~1 4l:tt24 II.] 4.20 5.2 f..9J 2.11]
10 llb:l~4 11.j 4.20 4.Ii 1.6'1 1'.77

fl')te 1. 'l'Ie value ot lOad(d1eplaoe_at) he ted 11' \Ja. ".bl. 18 "h.
averas- value of \Ja. pueh and p~l loade(dieplao."Dt)

2. t'le e\reag\b of briok 1e 15kB/o.

tor
!
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FACTORS AFFECTING DAMAGE OF MULTISTORY BRICK BUILDINGS
AND THEIR STRmGTHENING TECHNIQUES

Ye'YaoxianI

ABSTRACT

The paper is divided into three parts. Accordtilg. to les~nB lesrt:led
from strong earthquakes which have occurred in China since 1960's, the
factors affecting damage to multistory briek buildings, such .a9 earth~
quake int9DSity~ site soil oondition, bearing wall system, floor struc
ture, building Configura~ionJ building height, ring beam system, spac
ing of transverse bearing walls, and,moderate ra.tio of wall cross sec- ,

·ti.on area to floor area, are described in the first part. The. strategy
and techniques of strengthening exilstingniultistory brick masonry' .
bUildings' are presented in the s,ecortdpartof the paper. Finally, ,some'
conclusions and comments ar~ cited for reference. .

'.
INTRODUCTION

The strong earthquakes occurredin.China and abroad show the
greatest sources of lif~ and property loss comes from highly vulnerable,
poorly designed and poor~ conatructed buildings. It has long-been
recognized that unreintorced brick masonry buildtOgsare'high1y vul~
nerable and highly hazardous.• However, because'ot s1Inplicity in struc
t.ura, convenienc~ in cortstru~tion', cheapness' in building cC)st ,fire
~:roofing, heat and cold 'proofing, durability, and easy acquirem.ent of
materials, the unreintorced brick'masonry multistory buildings are
widely used in China.~They are ma1n~ used for civil and public build
ings, such as housing, off·1cebuild1ngs~ school buildings and hospitals
etc. ..'. '.

According to-recent statistical figures, the investment of b~ild
ings covers nearly 70% of the total i~estment for construction and
installation works. The housingj industrial buildings, and public
buildings cover 60%, 1.4%, and 13% of the 'building construction' res-, '.'
pectively. In the -coming 15 years~ about 1$0 million square meters of
urban housing and 800 million square meters of rural housing are
expected to be built per year. Brick masonry bearing wall .system is.
adopted for most of the above mentioned buildings~ Therefore, identi
fying factors affecting damage and developing strengthening techniques
are urgently needed for seismic design and seismic:: strengthening.. . .

I. Director ~nd Sen,ioi"' Engineer, China Building Technology Development
Centre, 19 Che Gong Zhuang street, B~ijing" The People '.s R8J?ublic
of China .
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FACTORS AFFECTING DAMAGE

The main factors contributing to the damage or collapse of a
building have been the earthquake effects, including both physical and
sociological effects, building design, and building construction qua
lity. The phy-sical earthquake effects depend upon many paral'leters,
including intensity and duration and frequency content of ground
motion, magnitud,e of an earthquake, geologic and soil condition, loca
tion Bnddepth of focus. The sociological earthquake effects are depen-

·· .• qent upon many factors,. such as density of population, time.-of day of
the earthquake occurrence and community preparedness for the possibili
ty of such.' an .eveht.. . .

'Thedestgn must be such as insure that the bUilding has adequate'
strerfg:th, , high duc:tility, and will remain as a unit, 'even while sub
jected-'to . very large deformation. Up to now we can do 1ittle to dimi
nish . earthquake hazards, however, we can' do much to reduce risks and·'
thereby reduce disasters provided we design and build or s:'rengthen
the building~ so as to minimize the losses based on the knowledge of
the earthquake performance of di.f~ferent building types during an
earthquake. Theretore,thestuciy ·of factors affecting damage provides
an. importantst'ep i~. seismic' safety of-.s building.

Fa rthquakelnte'nsity.

The damage percentage of multistory brick buildings versus earth
quake intensity is)istedin Table 1, and shown in Fig.l. The statis
tics are pa~ed:"on ,obserVat~on of China t s destructive earthquakes
occurred s'irice '1960's.,'Itfollows that:

. . ," .-' '. .~" -

. - No 'damag~apgsiightdainageare found in the area with earthqu-
ake,intensi.ty\of·'VI, -.VII, "and VI!l. ' .
Severe Od'amage 1:5 lnost:iy fourid in .the IX intensity area.
In the ar~.a~thinterisityofX and above, most of-the unrein
.rorced~rickniasonTybutldings are expected to collapse.

Therefore, In the area With intensity IX and above, :the brick building
should be reinforced.

Site Condition

The site condition.significsntly effects on ~he building damage.
The site is know.as a wide range of strata surrounding a building. The
site effect main~.caused by the differences in its geotectonic condi
tion, soil condi ti.onand topography.

The geotectonic condition mainly-means the faults., The buildings
situated along both sides. of the causative fault are expected to be
severely damaged ,or collapsed. Non-causative fsultshave'no signifi-
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cant effect on building damage. Therefore, the current idea is that
the causative fault zones are dangerous to a building in the point of
view of earthquake resistance, and structures in or near s~ch zones

_..axe not recommended.' Fig.2 shows' the relationship between intensity
and.distance frombui1J:1ing site to fault based on the observed data
in China's earthquakes.

As regards soil condition, earthquake studies have almost invari-
ably shown that the intensity of a shock is directly related to the
type of soil layers supporting the buildings. Buildings built on solid
rock near the epicentre of an earthquake frequently fare better than
more distant buildings on- soft ground. Comparing with ordinary soil
condition, the d~msge of ~ildings built on rock or thin covering soil
is .lighter than those buiJ.;t on thick alluvil soft soil and the soil

.in the bearing layer with a soft and hard distribution. The field
observation and research w.ork show that only the' potential liquefied
sand soil with depth less than l5-2Om underground' has appreciable, .
effect on building damage~

The topography of a building site has an effect on its damage.
The building built on tlhes1te with open and even topography were.
slightly da~aged_in an earthquake. The buildings on strip-shaped hill
ridge, separated high hillok, and non-rock steep slope were severeiy
damaged. And the buildings built on the site where landslides, land
slips and cave-ins or settlement of ground might be occurred in
earthquake were usually destroyed.

Bearing Wall System

Fig.3 shows the damage percentage distribution of 81 unreinforced
brick masonry multlstory -00ildings with different bearing wall systems
based on statistical data observed in the 1915 Haicheng·earthquake•.
It follows that the tranSverse bearing wall system is much better than
either the longitudinal system or the longitUdinal and transve~se

system.

Floor.structure

The reinforced concrete, wood and brick arch floor structures
are .commonly used for brlck buildings. Fig.4 illustrates damage per
centage distribution effecting different types of floor structures
based on 1976 Wulumuqi and 1916 Tangshan earthquakes. Fig·;5 shows '
collapse percentage VB. number of story for 148 brick mas~nry
buildings with different types of reinforced concrete floor structures
in Tangshan city during the 1976 event. It folloWa that:.,

- In VIIihtensity ares, the damage percentage,distrib~tionare
indeoendent ·on the types of floor ·structure.

- In X intensity area, the buildings with wood slabs are more
vulneable than that with reinforced concrete slabs.
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- For cast-in-situ reinforced concrete 'slabs, the collapse percen
tage increase~ with the number of building story. For prefabri
cated reinforced concrete floor slabs, however; there is a smA'
change in collapse percentaee.

- For th~ buildir.ES with three story and above, collapse percen
tage for cast -in-si tu Ric floor slab buildings is higher +,ba"
that for Ric prefabricated floor slab buildings.

Building Configuration

The building configuration including building plan and building
elevation, is an important factor affecting damage to a building. The
huildingwith .round plan and less height have a good behaviour·for
earthquake resistance. The building with irregular plan may not worse
than that with regular plan, since the different parts of the building
may support each other for resistance. Therefore, for non-engineered
construction, it may be beneficial to separate a building into several

. units of simple shape in plan by seismic joints in design for mild and
moderate earthquake, since the cost for repair can be decreased. In
design for strong earthquakes, however, separating 8 building into
several units not only needs more funds but also may be disadvangeous
to hold the building during an earthqUake.

The buildings ·with simple elevation shapes have the great chance
of survival and the influence of the elevation shape on building I s
earthquake performance· is greater than that. of the plan shape.

The facade outstanding parts of .8 building, either facade setback
or penthouses, are Vulnerable in an earthquake. let WI and W2 denote
the lumped weights of the main building arid the setback respectively.
The lateral load applied to the weight W2 can be calculated by the
following formula. .

P2 • Pl' ( 1 +J.WlM2 )J 2· .

Where PI denotes the lateral load applied to the weigl1t W2 as if the
setback directly stands o~ the ground. Since WI is ~uch greater than
W2' the P2. is much higher than Pl. That is why the out~tanding part
is very apt to damage or collapse~

Building Height

The damage and collapse percentage are increased with the
bUilding height. Fig.6 shows moderate ~amage percentage vs. building
story obtained from 1975 WUlumuqiearthquake observation. The figures
5 and 6 tell us the higher building, tliegreaterdamage percentage.
Therefore, the building height of br1ck building should be limited.



Ring Beam System

"Tie the building tog~therlt is a very iinportant rule" for seismic
design. In brick buildings, they can be made safer by joining the
parts with ring beams. Almos~all structural failures during an
earthquake have occurred at weak connections, that is connections
where the members were not properly tied together.

. .
The earthquake'sexperie~ces show that:

-In the same intensity area, damage to buildings with ring beams
. is slighter than that ,without ring beams.
- The closer ring beams, the better performance of a building in

·an earthqUake. ,, " ,
- Ring beam at roof. level ,is more efficient than that at floor

level.
'- Refnfor~edconerete ring beams are better than reinforced

'~. brick 'ring beams
- For theplBce of ring beams, the clos8r to floor slab, the

betterper'fonnance of the building in an earthquake.

Spa cing of Transj"~r.se El,13aring.Wslls

'The;damage to longitudinal brick, walls is closely related tp the
spacing of :tra~ve~~e b~aririgvalls and to the' type of floor and' roof
stI1lcture. The:gre~ter spacingof'transverse, bearing Wa~ls, the smal~
ler rigidity of floor and roof, structures, the severer damage to
longitudinal w,ll~:•..F.o~ 'the bUilding with precast reiirl'orced concre:te

. floor and·-roof'slii~;·,.1n:'VlfintenSity, vhenthe spacing of transverse
walls is greaterthanI6~5m.thelongitudinal valls are expected to
be damaged. Theref6re~.the Spacing of transverse bearing walls should
be limited. '

ModerateRatioofWal:a<Cross:Sect~onArea'to ,Floor Area

Fig.7·shows the relationship between moderate ratio,of vall cross
section area to 'floor area for .first floor a.nd l;>uil,ding damage ( O{, ).

For ith story',' we have:

OC i .:( '4~j.Rj l.~' ).104
J ,"

Where .
~ --- Moderat.e ratio of, vall ,cross section area to floor area
A¥j-';-, Net cross ,s~ction area.of'jth wall in ith story
Rj ~-- She~r.~trengthen~of mortar
Ai --- ith rloorar~8,
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It follows that the greater ot, the better earthquake performance
of a building.

STRENGTHENING STRATEGY AND TECHNIQUES

Strengthening Strategy

The existing strengthening strategy is to identify:

- Critical cities or regions where strengthening 'existing
structures is urgently needed.

- Critical enterprises for which function loss due, to earthquake
damage will cause heavy life or/and'property lo'ss.

, - Critical buildings, for which damage or collapse will cause
serious life loss or/and property loss, and

- Effective and economic strengthening procedures.

strengthening Techniques

Based on the research work and practical experiences from recent
earthquakes, seismic strengthening techniques for various types of
buildings have developed and brought into practice. Especially, most
of the techniques had experience of the earthquake occurred in the
recent years. The comparison of relative earthquake performance for
strengthened"repaired and unstrengthened buildings shows that there
is great benefit ,in seismic strengthening of existing buildings.

, The aim, techniques, and elements of strengthening are shown
in Fig~9.

CONCLUSION AND' COMMENT

1. The brick'buildings situated in the area with intensity VIII
and above should be reinforced.

2. There are maqy factors affecting damage to brick buildings
including earthquake intensity, site'soil condition, bearing
wall system, floor struc1::ure, building, configuration, build
ing height, ring beam system, spacing of transverse bearing
walls, and moderate ratio of wall cross ,section area ~o

,floor area et9_ While design and strengthening a brick
building, all the above mentioned factors should be
considered.

3. To strengthen existing buildings, one has to start with
consideration of increasing earthquake resistant capacity
of the whole building, and should never just strengthen the
damaged items or even only strengthen the buildings without
comprehensive analysis.

n-7~



'4. While strengthening a building, appropriate strengthening'"
techniques should be selected.

REFERENCES
. . , '

1. Liu Dahai and el., ,Earthquake Resistant De,signofBuildings" .
1985 ( in Chinese')" ',',

2. Yang Yucheng and el., Earthquake Damage and Design of
Multistory Brick Buildings, 1981 ( in Chinese )

3.,Ye Yaoxian, project Progress Report, -MURCEP group of China IS

aide, First Joint Workshop, PRC.;.uSA Joint Research Project
on Risk Analysis and Seismic Safety of Existing Buildings,
Beijing, China, Sept., 25~27, 1985 '

"

4. Ye Yaoxian~ Earthquake Performance of Strength~ned Structures,
Proceedings of US-PRC, Bilateral Workshop on Earthquake ;"
Engineering, Vol.I, pp. c~-1--e-6-19, 1982, China

5. Ye Yaoxian, Performance of Building During Earthquake, Chapter,
2, IAEE book "Basic Concepts of Seismic Codes", Part II
"Nonengineered Construction", 1985 '

TABLE 1 DAMAGE PERCENTAGE VS. INTENSITY FOR BRICK BUILDINGS

, ,

Damage Category Earthquake ,Intensity
VI VII VIII, IX X

No damage 45.9 40.8 37.2 5.8 0.8
~S:I.ight~~a~age 42.3 37.7 19.5 9.1 2.5·

, Moderate damage 11.2 12.2 24.8 24.7 5.6
'Severe damage 0.6 8.:8 18.2 , 53.9 13.0
Collapse 0 0.5, 0.3 6.5 7,8.6

Total number of
154 1187buildings 501 613 319
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RESISTANCE OF CONCRETE MASONRY
BUILDING SYSTEMS TO ,LATERAL FORCE

by
- 1

Daniel P. Abrams

SUMMARY

A two-story test structure is constructed at full scale to study
resistance of concrete masonry building systems to lateral forces. The
specimen is reinforced and partially grouted in accordance with
provisions of th~ iecently revised 1985 Uniform Building Code. It is
planned to sUbject the structure to a series of slowly applied
reversals .of deflection until it collapses, or suffers a severe loss
of strength. In addition, low-amplitude dynamic response will be
measured under ambient and forced vibrations. Results from the study
will help (a) verify current building code provisions, (b) establish
hysteretic force-deflection relations for response evaluations of
actual buildings, and (c) examine the suitability of representing
d¥namic response with both numerical, and reduced-scale physical
models.

INTRODUCTION

The capability of. a building system to resist gravity forces is
tested with the construction of every structure. However, the
capacity of a system tb resist lateral forces remains uncertain for
nearly all buildings because severe wind 'or earthquake events seldom
occur. Labo~atory test data is avaiable on the strength and behavior
of masonry materials and subcomponents such as individual walls or
piers. However, knowledge of how the entire system reacts lateral
force is necessary for the safe and economical design of new
~onstruction as well as the strengthening ot existing structures.

1Associate Professor of Civil Engineering, University of Illinois at
Ur~ana-ChampaignJ USA.
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This paper describes a research program in which the lateral
force resistan"de of a re'inforcecf concrete' masonry buUding system is
investigated. A two-story test ,specimen is constructed within a
laboratory environme'nt ," which will be SUbjected to slowly. applied
reversals of' lateral for,ce until, fail ure occurs. ' In addition" a
series of' low':'ampli tude' dynamic tests' wll,l be done to study dynamic'
characteristics; " , , '

The research program ha~ sev~tal objectives: each with the
overall intent of understanding the 'response of a building,system to
strong lateral forces. Each o~jective is itemized below. '

Verification of Building-Code Provisions

The first objective of the test program is to question the
applicability Of present building code specifications for seismic
resistance. Recently developed code provisions conflict former ones,
yet little if any experimental data on system re~ponse is available
for verifica~ionof new or old specifications. The test structure.was
designed in accordance to the'most recent masonry code for seismic
effects, Chapt~~ 24 of the ,?85 Uniform ~uildingC6de. ..'

Identify Hysteretic Behavior of Building System

The second objectiv~ of the tesi program is to id~ntify ".
resistance mecha'nisms for a typical masonry system under large- -. "
amplitUde reversals of lateral defle:ction. KnOWledge ofhysteretic ,
behavior is essential for ,estimation of the dynamic response of a '
buiding system to excitation due to high winds or stronggr6unct'
motion. Measured force-deflection' relations are als,onecessary ,to
verify the accuracy of numerical models' Which incorporate material and
component pr~pe~ties to compute system resp~nse.

Reference for Reduced-Scale Physical Models

The third objective is to establish ~ reference for developing
reduced-scale models that ~an replica~e behavior of full-scale
construction. In the future, a counterpart specimen will be fabricated
at one-quarter scale and forced, through a similar history of lateral
deflection as the large-scale specimen. Through correlations of '
observed damage and measured relations ,of base shear and top-level
deflection, the vaiidity otred~ced-sciale physical 'models may ,be
ascertained. Modeling practices may then be altered if needed to
mimic that of the prototype. Reduced-scale test structures may then be
shaken ,at true dynamic rates using an earthquake simulator. Shaking
table testing is necessary ,to examine,re~ponse under rapidly changing
distributions of lateral force with progressive 'damage, and strain':'
rate effects.
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Reference Data for Calibration of Evaluation Techniques

The fourth objective of the test program is to provide reference
data for calibration of methods used to measure the strength or
behavior of new and existing st'ructures. Substudies include
investigations of the reliability of test methods to estimate
ultimate strength or performance under strong excitations. Such
methods which will be studied include (a) the,use of test prisms to
reflect shear and flexural strengths of walls.and systems, (b) the use
of ambient vibration tcasts to reflect modal fr,equencies and shapes for
large~amplitude vibrations, (c) the use of straln~gages applied at
selected locations to reflect the'stiffness and strength of a system,
and Cd) other methods, of nondestructive test 'evaluatIon.

CURRENT SEISMIC: CODE PROVISIONS

.The most rece,ntly revised document for structural masonry Is
Chapter 2~ ,of the UnIform Building Code (UBC, 1985) which' represents a
substantial mOdi.ffcat,ionfroDLthe earlier UBC specification. The test
,structure was designed in accordance with this document •

. '

An ,alternate set of specifications was published by the Applied
Technology Council (ATC"1978, Chapters 12 and 12A). These proviSions
were pUblish'ed, solely on a'tentative basis' and are still under review
by the profession for, ~ccep~an¢e. However, because these chapters'
rep~es~nt,the latest developments in seismic masonry construction
before 1978, they, are used to contrast those of'the recently revised
Uniform BU'ilCJlng Code,and to' help ,Ulustrate possible ~arlances in
strU<;ltvral deslg'1s~•."

A summary of selected design, specifications is shown in Table 1
for the 1985 UBCand the 1978ATC. Only those sections of each code
are shown whIch are. pertinent to the desfgn of shear wall structures
that ,are reinforced for flexure"wlth 'conventional deformed steel bars,
and fOr shear with ,jqint relnforq'ememt only. This type of
cronstructiori was' c:ihosery ,becauseofthe.hlgh cost of placing horizontal
reinforcing .bars through block and associated difficulties with
horiz~ntalgrouilng. '

,Bothco.des stat-e that'joint 'reinforcement may be used to meet
minimum relnf0J:"cingrequirements,'however,'they 'differ on its 'role in
resistIng shear. . The ATCstates that Joint 're·infor.cment "shall not
be corisideredinth~ determinatfon.ofthe :ftrength. Of the member." .
However,theUBCstateS,"Th~port.1?n.of:the.reinforcement ~quiredto
resist shear shall be unifol-mily dfstrtbutedand 'shall be joint
reinforcing, deformed. bars; or a com'hination thereof. n .



Table 1
Comparison of Code Provisions for Reinforced Walls

o.9*(f ' )0 . 5 < 40 ps i
2.0*(f,:)0.5 < 50

.~,-J.;

Item

1~ Minimum percentage of reinforcement
For shear walls:
vertical or horizontal
sum in both directions

For running bond if all shear
taken by reinforcement:
vertical or "horizontal "
sum in both directions

2.• Roie of joint reinforcement in
resisting shear

3~ Allowable shear stress
Reinf. taking no shear
For shearwaUs with inspection

M/Vd > l' "
M/Vd .. O.

ATC'

0.0015
0.0030

0.0007
0.0020

no

UBC
2

0.0007
0.0020

same

yes

1.0*(f' )0.5 < 35psimEquation 1.1

4. Boundary elements
Effective ~idth of flange
for: C-shaped walls

\
1/16 times wall height
or 8 times thickness·

6 times wall thickness

Notes:
1. Seismi~ Category "D"
2. Seismic Zones "3" and "4"
Eq. 1.1 F .. (1I3)*(4-M/Vd)(f' )0.5 < (80-45M/Vd)' psi maximumv " m



Allowable shea~ stresses are similar for USC and ATC whether
shear reinforcement is provided to resist all of the shear or not.
However, the interpretation of the role of joint reinforcement is a
key difference between code provisions. Lightly stressed walls
designed by uac may have much larger allowable shear stresses (more
than double that ~or unreinforped in shear) because all of the shear
may be assigned to joint reinforcement. For walls with amounts of
shear in excess of joint-reinforcement capacity, deformed bars must be·
added and then both codes tend to agree.

Under the ATC, if reinforcement does not resist the entire shear
(which would normally require horizontal deformed bars), then the
minimum percentage of steel 1s limited to 0.15% in both directions.
Under uac, this value is. cut in half provided that the sum in both
directions is leis th~n 0.20%. A typical desi~ with this percentage
would be No.4. bars (0.5 inch diameter) at 16-in. spacing (every other
cell) vertically, and No. 9 gage wire for joint reinfo~cement in every.
other course. With.the ATC, slightly more vertical steel is required,
but horizont~lsteelshouldbe doubled.

There is a difference in effective widths of compressive flanges
for boundary elements. The ATC limits the width to 1/16 of the height
of wall above the section under consideration. The USC has no such
limitation. For a two-story building, the width of effective flange
is limited to 15 inches by.ATC as contrasted with 48 i~ches by uac.

SPECIMEN DESCRIPTION

Layout and Design

.A sketch and a photograph of the test specimen are shown in Figs.
1 ~n~ 2. The test structure represents the lower two. stories of a
th~e~-story building. La~eral. forces are applied at th~. second (o~
top) level which is approximately Where the centroid of lateral force
would be for the prototype.

The structure is comprised of two C-shaped walls that are
connected with relatively stiff reinforced concrete slabs at each of
the two levels. The precast slabs are 6.0 inches thick and tied to the
walls with reinforcement and grout. The system is symmetrical about
each plan axes. The webs of the· walls are placed parallel to the
direction of lateral force, and are· perforated with window openings.
The layout of openings was chosen so that the central pier would be
square, and the width. of the exterior piers would be one-half that of
the central pier. The number of courses per story (14) was chosen to
have three courses above and below the opening~. The width of the
flanges is three units (4'-0") which represents the uae provision of
six times the nominal wall thickness.
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Vertical,reinforgement consists of No., 4 deformed reinforcing,
bars., at 16-inch spacing" or one bar in every other cell (percentage of
gross area equal to 0.125%). Horizontal reinforcement consists of one
No. 2 deformed bar above and below each window opening (with an
extension of 2'-0" past the ~pening)t and No.9 gage wire ladders in
alternate, bed joints. The total area of horizontal reinforcement
divided' by,the nomin~lgross sec,tion is 0.,112%. Bond-beam units are
provided for each horizontal deformed bar.

The structure is supported on a reinforced concrete grade beam
which is bolted to the test floor. Dowels 'project from the beam to
provide a 2'-0" lap with vertical wall reinforcment. Bars run
vertically through 4-in. diameter holes in the first-level, slab, and
extend 2'-0" from the top of the slab. Second-story bars extend tel ~the
top course'which is a continuous bond beam with one No.4 bar and
filled with concrete. Bolts are embeded in this course which are used
to connect the t~p slab.

Lateral forces are applied through the top-level slab whic~ acts
as a diaphr~m in distributing 'forces to each wall. Keeping with the
symmetry of the test, specimen, hydraulic actuators are mounted' to the
slab at its centroid fn the longitudinal direction. ,Steel, "shoe,"
plates are grouted within recesses in the slab for transfer' of lateral
force. The slab thickness is built up to 10~inches in this region.

Fabrication

Masonry construction was done by ~ crew of 'profession~l masons.
Block for the first story was layed in a day and'a half: 'After lifting
the first-level slab from its casting location on the, test floor, and
positioning it on the blockwall, vertical reinforcfngbars were placed
and the first story was, grouted up to midheight ,of the top cour~e. Two
weeks later, masons returned to lay second-story block which took one
day. The second story was grouted the following day 'up to the
midheight of the second course from the top.: Grout was poured from
buckets by hand, and then vibrated. The second-level sl~b was lifted
and placed on top of the walls. Concrete was placed and vibrated in
the top-course bond beam through, q-inch holes in the top slab.

Materials

, Concrete block, and mortar and grout materials were obtained
from a local supplier. Mortar was Type S. Mortar was miXed in a
paddle-type mixer which was borrowed from a masonry construction 'firm.
Grout was ,mixed using the laboratory concrete mixer with 1 part
cement, 3 parts sand an,d 1.5 parts pea gravel <318-inch, maXimum
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aggregate). Water was added until the sl,ump reached 8 to 10 inches. An
expansive agent was added to the grout to compensate for shrinkage'and
insure good bond with reinforcement .

. Sample prisms are tested as well as test cylinders ,of mortar ;
Grout samples are cast against block units and absorptive paper.E~ch

coupon is tested In uniaxial compression. Samples of reinforcing bars
are tested in uniaxial tension.

TEST APPARATUS AND EXPERIMENTAL PLAN

Force Application

Lateral forces are applied to the top-level slab using two
hydraullc actuators, each with a force capacity of 110,000 lbs.' or
500kN. Each ram is controlled electronically so that displacements may
be varied at a uniform rate. In this manner, the test structure may
be swayed back and forth, not in the precise deflection history as
would occur during some particular base motion, but with sufficient
vari~tion to depict the generalized hysteretic relation between force
and deflection.

Because of limitations with hydraulic flow capacity of the
distribution system, and servovalves, the test specimen ,Is deflected
at static rates. ' Inertial forc~s are negllble be6ause of the very
slow accelerations, however, the test is still valid 'for identifying
mechanisms intr.lnslc to the transfer of lateral force. The rams
simulate the total base she.r ~ith a crude lateral-force distribution,
however, ,the moment-to-shear ratio at the base is modeled. Once the
hysteretic properties of, the overall structure are defined and
characterlze,d numerically, then estimates of dynamfc response during
specific base excitations can ,be computed.

Each of the two rams, are based on the same displacement history
to avoid twisting about the vertical axis. ,Although this may not be
entirelyreal1sti"c, the Id~al1zatlon Is appropriate to examine planar
behavIor of the two C-:shapedwails. In acttial constructi.c)n, many
walls would support a flobrsystem much larger 1n area than that of
the test specimen. The tendency,ortwlstlng ,of the floor slab'would
be reduced substantially from that of the test structur,es.

Lateral ,force ,is transferred from each ram to the test floor
with a planar, truss (Ffg.3)' The truss consists of a vertical steel
member which is a built-:J,ipsection of channels and plates, ,and a '
pretensioned ,concrete strut member. 'Thes,trut is desigiled'to resist
forces resulting from ,the full ram capacftywhUe remaining in
compression. In thlsmanrier, the iarge stiffness of uncracked
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concrete may be relied on in addition to the large strength of the
prestressing tendons. Horizontal forces between the strut and the base
of the test structure are reacted by the top deck of the test floor., .

Instrumentation

Lateral force is measured with load cells located on each
actuator. Lateral displacements at each of the two levels is measured
with electronic transducers (LVDT's) in addition to transit readings.
Instruments are secured to a reference structure which is separate
from the reaction structure. Force application is controlied in
accordance with displacements measured from these transducers.

Axial and shear deformations of sel~cted regioni of the'
specimen are measured with displacement transducers, and checked witr
mechanical 1istance gages. Slip between walls and floor slabs is
measured with similar instruments. Mechanical dial gages are used to
augment LVDT readings. Electrical resistance strain gages are also
placed at selected locations to estimate distributions of lateral
force to each pier.

Voltage signals are digitized and stored on diskette using a
mi.crocomputer. Specific channels of data are reduced during the test,
and plotted on video screens to monitor system response. In addition,
analog signals are plotted without. digization on x-y plotters to
detect sudden changes in performance of the specimen or testing
system. Monitored relations include total applied force with late~al

deflection at the top level, and individual ram forces with
deflect ion.

Auxiliary Testing

Before the static force-reversal test to failure, a series of
low-amplitude qynamic tests are dqne to explore response
characteristics of the te~t specimen. Accelerometers are ~ounted on
the specimen at each fioor level parallel with both axes. Measured
waveforms are digitized and stored on a computer for later analysis.

Firstly, accele.ration readi.ngs a~e taken during ambient
conditions within the laboratory which often includes the drive
through of heavy trucks, the-operation of a 20-ton overhead crane, and
the operation of fork-11ft trucks. Measurements are deduced using "
stochastic processes to reveal modal frequencles~ shapes and damping
factors. Th,e validity 6f .sueh methods are examined reiati ve to
response of the damaged'structure.
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Secondly, the spe~imen i~ impacted with a mass wh~ch is hung
from the overhead crane to excite it in free vibration. Modal
frequenCies and shapes are determined from measurements of
accelerations at the first and second levels along each plan axes. The
structure is impacted at each level in an at~empt to excite different
modes of vibration. Results are.compared with those of the smaller
amplitude ambient measurements.

Thirdly, the hydraulic rams are attach6.d and the specimen is
sUbject~d to a s~rles of low-amplitude harmonic forces. The ~mplitude

of the forces is one order of magnitude lower than the base-shear
capacity of the structure because of flow limitations of the hydraulic
power supply and distribution system. Frequencies of the force are
'varied across a range of expected fundamental frequencies so that .the
relation between dynamic magnification arid input frequency may be
deduced. From this plot, frequency and damping of the structure are
estimated. Results are correlated with those of the first two tests.

ANTICIPATED RESPONSE

Testing of the specimen is scheduled for January of 1986.
According to allowable stresses set forth by UBC, the weak element of
the structure is the central pier in diagonal tension. The central
pier should crack before the longitudinal reinforcement yields in
tension whether shear is redistributed to the -external piers or not ..
This is because of the larger uncertainty and safety factors
associated with shear of masonry than for reinforcing steel in
tension.

According to tests of individual piers (Hegemier, 1982 ~nd

Schneider) the actual shear strength of the central pier should still
be less than. the flexural strength of the wall. -Diagonal tension
cracking or the.ce~tral pier should occur before yield of vertical
reinforcement. However, the combined shear ~trength of .thecentral and
external piers should be greater than the flexural strength. If the
joint reinforcement allows redistribution of shear to theexterhal
piers, the hysteretic behavior will b.e governed by inelastici ty in the
vertical reinforcement~ and thus be stable and good for many cycles of
reversed deflections. If the central pier cannot develop the
necessary inelastic shear deformations, hysteretic behavior of the
overall structure will be dominated by diagonal tension and will thus
be-unstable and poor. A severe loss of strength should be observed in
the first or second large-amplitude cycle of response.
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CONCLUDING REMARKS

A test.program has been described which examines lateral-force
resistance of masonry building systems. Objectives of the experimental
program have been outlined. Design of the specimen has been discussed
in terms of recently modified provisions of the'Uniform Building Code.
Descriptions of the specimen configuration, materials and· construction
techniques have been provided 1n addition to plans for testing.
Expected trends in behavior have been addressed. Final results of the
test program will be presented at the workshop.

ACKNOWLEDGMENTS

The research presented herein is made possible by the Illinois
Masonry Institute, the Department of .Civil Engineering of the
University of Illin01s at Urbana-Champaign, and the Campus "kesearch
Board. Appreciation is extended to the many individuals whose interest
in the project has stimulated Its progress.

REFERENCES

1. Uniform Building Code, Chapter 24, International Conference of
Building Officials, Whittier, California, 1985 Edition.'

2. Tentative Provisions for the Development of Seismic Regulations for
Buildings, Applied" Technology Council, ATC3-06, National Bureau of
Standards Special Publication 510, 1978.

3. Hegemier, G.A., R.O. Nunn, and S.K. Ayra, "Behavior of Concrete
Masonry under Biaxial Stress," Proceedings of the North American
Masonr"y Conference, Univers4ty of Colorado, Boulder,. August 1978.

4. Scihneider, R.R., "Shear in Concrete Mason~y Piers", Civil
Engineering Department, California State Polytechnic College,
Pomona, California~

111-1-13



EARTHQUAKE PROOF 'BLOCKS WITH GOOD

THERMAL PERFORMANCE

~ian Peifengl, Lo Yongkang2 Guo ZaiYU)

SUMMARY

lri earthquake catastrophie~~ brick
buildin~s are always destroyed by stepped
fractures developed along mortar joints
where shear strength is love For buildings
built of the introduced earthquake proof'
blocks, the fractures will not develop un
less the bodies of the blocks are brocken,
thus the earthquake proof capac·ity of the
buildin~s is ~atly increased. The earth
quake proof blo~ks, with their excellent
thermal performance,. also satisfactorily
settle the difficulty of heat insulation
.which is a common defect of the concrete
blocks •

. 1. Pro fessor, Departm.en t 0 f Archi tec ture Eng.,
Beijing Institute of Architecture Eng.,
China. .

2.3•. Vice Directot' and Section Chief of Laboratory
respecti vely:, DepartnLen t 0 f. Archi tec ture Eng.,
Yunan Institut~ of Techbology,China.
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INTRODUCTION

In briok buildingS, earthquakes are liable to produce
stepwise slant cracks or horizonta·l. dislocations along
mortar joints YJ,1er'9 shear st.ren~h is love In 1957, the
first author of this' paper designed a kind of earthquake
proof bricks-orblocks(~orbrevity called BP~-pieces)with a
speoial shape to give more strength during earthquakes than
the normal bricks. If the oracks keep going on, the seis
mic shear force must destroy the bodies olthe earthquake
proof brioks rather than the mortar joints. The former
are stronger .than the latter, thus buildings of this kind
of bricks possess more powe~l seismic proof ability. For
some historic reasons, unfortunately, only the compressive
strength test vas oarried out at that time at the Institute
of Rn~ineering Mechanics in Harbin. In 1982, a research
~oup was set up to oontinue this project and then the
shear strength test was done with ideal results. The Yunan
lnst itute of Technology is in oharge of this projeot and
the second author of this paper is the projeot leader. The
first a.uthor l'iesigned a new type of earthquake proof blocks
to give better eatthquake proof capacity and good thermal.
performance In 1984. Mr. Shung Huigao is in oharge of the
thermal te9tin~ work.

FORM' AND SIZB.OF THE EPB~PIECE

There are 'five kinds of the BPB-pieces.

(1) Fundamental .. piece:. Fig. 1 (8) and (b) are the. front view
and top view of it. For t he sake of bette r thermal
performance and to facilitate cqnstruction, ,there are

.. two rO'lind holes in: the block. The vertical position of
all holes is, arranged uniformlY in a line, tO,put rein
forced ooncrete in if necessary. Exoep:t the adjusting
blook, all iioss~ss holes,' the 'effeotsare all alike.
Thethickne,ss of .walls in the two experiment buildings
Is. 20em, i:r~ti~ wall thickness varies, then. the width
of block would vary a-cctrrdln~y. .

(2l A se.mi~piece~shalt o.f a fundaDientalpiece. but with
6mm less :length (the halfb·re·adtb ot a mortar j.oint).
It is used at verticalp·osition of door. orvindov~ .
Fig. 2(a) and (b.) are ·it·s front view and top vie.
respectively~. ' . .

(3) Comer piece: It is used at cotner of ext.arior wall,
the front viev,~opviev:andcorn~rplanE1r'view are
shown respeot.ive.ly in Fig•. :3 (a.)·, {bY 'and' (0). The
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upper .and lover lapping length at corner pieces is:
just the vall thickness. The lapping length varies
accordingly with the varying of vall, thickness.

(4) T-joint piece (Fig'. 4 (a) and (b» is, made from a cor
ner piece by decreasing 150mm of its right side, which
Is used in T-j oint and is located layerly alternating
with corner pieoe. T-joint pIece may also be used in
cross joint.

(5) Adjusting piece: Fi"g. 5 (a) and (b) corre.8poD~ its,
front ~iew and top view. It is to fulfill building mo
dulus so as to give facility by lncreas:t.ng the usa:~ of
the EPB-pl~ce. The thickness of adjusting piece
chan~s vith the change of wall thickness.

'8XPERIMENT OF SHEAR RIGIDITY FOR SINGLE WALL

We apply method comparative test between EPB-pieces
vall and commOn ,clay brick vall to find out the ratio r
between shear strength of EPB-pieces block RjEPB and of
clay brick

Rj ,.BPB
R,i brick (r =' ). Based op it, one may precede

Rj br·ick
seismic proof checking calcSulation according to our na
tion's contemporary seismic proof design rules for the
~P~-piece buildlngs~

Owing to restriction of condition, the EPB-pieces are
made by 200# concrete only. There are nine single walls,
made. in two groups·, six in first, 'the average length is
187 em., with height 129 em, thickness 23.8cm, built in 25#
mortar; three in second, for base beam is fairly thick" the
hei~ht is 135 cm and the other size Is the same as the
first time, built in 50# mortar. The brick block specimens
q,re twelve and also made in ty.o groups,su in first with
~vera~ length 193cm, thiokness ?4cm,·built in 75# bricks
and about 25# mortar; )5i:l _infl8con'cl .with -average length
1 gOcm height 136em built in 75'= br:1cksaridaverage 50# mor
tar. The first six specimens are, in excellent bu1ldin~
cua1ity but not so f()~ 'the second ;six.-

The experiments proceed in four comparing ~oups,
three specimens for eaohgroup (in the third group there
a.re six brick specimens) • The fourth group llsesblocks of
the first and second groups and the broken specimens to
~ive inverse loading experiments.. In plane, nine apply
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It is easily seen from. figures in List 1 that EPB
n~ece block made of 200~ concrete has it shear intensity
1JEPB stron~er than that of the Rjbrick for a block made
of 75= bricks and the same kind of mortar. The avera~e

value of r is 2.5~ i.e.
RjEPB

r =----
Rjbrick

= 2.5

More experiments On the EPB-piecesmade of-different
numher of concrete are bein~ carried out now.

~OMPARISON OF ~ARTHQUAKE PROOF INTENSITY FOR
MULTI-STOREY BUILDINGS .

According to the' experimental results based On our na
tional contemporary seismic proof design rules TJ11-78,
calculations to seismic proof intensity of two experimental
buildin~s, One residential buildin~ and a school building
in Beij ins; show evidently that the bui.ldings of EPB-pieces
have increased earthquake proof resistance. One example is
given in List 2. Analysis shows: in nine degree area fou'r
storey buildings can be built with 200# concrete EPB
pieces and the wall thickness is 20cm. If the wall thick
ness increased to 24cm and 30cm, then five or' six-storey
buil~in~s wOUld be done. But for brick buildings, if the
bottom wall has thickness 24cm plus structural columns,
ml y three-storey buildings can· be made. If four-storey
building;s must be built, the bottpmwall would have thick
ne99 )6cmtogether with supplemental structuralcolumris,
~till the seismic proof ability is lower than that of EPB
piece buildings. In eight degree area adopting 200# con
c;ete ~PB~pieces, the building would be ei~ht storied if
tt e tr~nsverse wall ,is 20cm thick and longitUdinal wall is
24cm thick in the bottom storey. Still two or three
stories could be added if wall thickness is increased to
~Ocm. But for brick buildin9;s' even if structural columns
qre supplemented with transverse wall 36cm thick and longi
tudinal wall 49cm thick, the seismic proof intensity is .
still lower than demand. ..

THE PROnUCTIONAND BUILDING SITUATIONS

The production andbu~lding situations of two experi
mental buildin~s made of RPB-pieces illustrate: The pro~uc

tion of RPB-pieces is' fairly straightfOrWard, thebuildin~

con9truct ion is also very s.1mple, without trouble, anti the
wa11 builds over twice as' fast as a brick' wall. .
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LIST 2: The residential building for colleagues of Xakung
Municipal Construction Committee (a four storey
bUilding withfield-made R. C. floors, nine degrees,
second category ground) ,
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foliovin~ anvanta~s are possessed by EPB-pieces:

(1) Increasing applicable'area 8% of the building.

(2) The wei~ht of walls decreased about 1/4 - 1/3.5, which
is advanta,~eous'f·or riiminishirig the breadth of founda
tion.

(0)). ~asy to buiIn, so as the quality being guaranteed.

(4) Less mortar bein~ used. Accompanying the realization
of machined f'lshioning technique, the breadth of mor
tar joint and fhickness of mortar or wall ~urface will
be decreased, thus t he amount of mortar is use could
be diminished a~ai'n. .

(5) With RPB~piecesbuildin~scould be built much hi~her
than brick ones,' thus several kinds of. frame or frame
shear :ltruC t1;lre~ may be substituted.

A NEW TYP~ OF ~ARTHQUAKRPROOF BLOO.KS

AnalllSis and preliminary test prove 'that the lately
improved earthquake proof blocks possess excellent thermal
performance and bett.er earthquake proof capacity. For
example, a 27 em thiqk wall of such blocks gives similar
best insulation as a 360m think one of normal clay bricks •

. Now the blocks are still under-improvement.

DISCUSSION

(1) All the a.bove experime.ntal analysis and calculat ion
riarives tram our riilt ion' s earthqua~e. resistant re~la
tions which a're based upon the traditional viewpoint
that ·horizontal seismic force is dominant • Qian P~i
feng'et aI, r ~2J t3J C4'J:.·~.) h?s poi.n~e.d out·. 310ca. 1957,
and it was proved further by·analysing earthquake da
mage induced by many .strong earthquakes in oUr country,
that this tradit ional ~.iewpoint is incorrect 0 Practi
cally the vertical seismic force- plays a leading role.
For an e~rthquake in ei~ht degree area, vertical s.eis
mic force may exceed own weight • Upon that viewpoint '.
tke EPB-pieces building may give much higher seismic
res istant capac 1ty than the above calculated result·s.

(2) A strong ea.rthquake may not occur within a hundred
years, thus building dama~ on a certain leve1 short of .
f'3.11 in.9; down 9.nd injuring people should be permitted.
If the consideration is to prevent cracks from
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extendin~ further after they have appeared, then the
~PB-pi(3ce buildin,~s possess hi~herearthquake resis
tant ability than the ab~ve calcul~ted results.

(3) The increasin~ of seismic resistant capacity for RPB
piece buildings mainly depends on increas1n~ the
strength of block pieces or bricks, other than strengt~

of mortar. Thus a further step to increase the earth
quake resistant capacity is to raise the stren~h of
block piec~ or brick.

(4) The RPB-pieces used in weak seismic areas also prevent
slant cracks appearing in walls. .

ZlB -f 21B t-
Fi~. 1 (a) . Front standing view Fi~. 1 (b) • Plane of fun-

of fundamental damental
block block

Fig. 2(a)~ Front standing view
of semi-biock
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Fi~. 3(a). Front standing
view of turnin~

corner block

I

Pi~. 3(c). Plane
of. turning
corner
~

Fig~ 4(b). Plane of T~joint

block

f=: U;:P't
Fi~. 3(b). Plane of

turning corner
block

Pig. 4(a). Front standin~

view of T-j oint
block·

.. ~

ft-
Fig. 5(b).

Plane at ad
. jU9ting

Fig. 5(a). block
Standing view
of ~dju9ting block
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STUDY 0' SEISMIC ,BEHAVIOR OF HOLLO~

CONCRETE BLOCK BUILDINGS

Xu Shanf'anI , Liu DexinII

ABSTRACT

This paper descrl.bes the f'ounaamental,meehanical
properties of' masonry constructed of' hollo~ ~oncrete

blocks, pu~ting s~ress on summing up the maJor research
achl.eVemen~3 in pseuao-sta~ic tes~ of' block w~lls.

" ..
.Lests show tha~ "the daulages of' specimens are cha~

raeterizea by shear f'riction mechanism.ihe shear
streng~h of' the specimen is ~ainly controlled by the .
shear streD.g~h .oi' the ~hrough jOl.n"ts of' tne masonry, :'the
compressive s'~ress and ~.b.e numoer 01' rein1:orced grout •

.J.n order ~o predic~ ,shear streng'th and ob~aiLo. prac
tical deSl.gn, me'thod, we proposed ~s~rength l'ormula on
~he basl.s oi' ana.lysl.s of' nume'rous ",es~ s",a'Cis'tic aa"ta.

The pa~er also discusses 'Cbe ine~as~ic behavl.or of
walls tollowea oy tne increas~ of al.spl~cemen'C, s~a~e.

tile res'toring lorce charac",eris'tl.c moael.'

INTRODVCTIOK

AS ~ar1y as 1920's, 25 two-s~ory resl.aen't~i'llibul.ld

l.ngs were con5Lruc't~u of' hollow conere~e olock&'l.~

Shanghal. l.11 Chl.na. Af''terwaras some three-sl;0Z;Y reSl.den
'tl.a1 oUl.lul.ngs ,and otner Dl:lJ.laings were compie-cea in~he

1950's. By the end of th~ 1970's, sti~s~ ~~sput ori the
technology and' machines f'or making concre-te bl9Cks "and
l;hey were put into avplicatioDs in, the low s~ism~c inten
sity regions, \oIl.tn a 1ar6e 'number of' multi-story residen
tial bUl.ldings erec ted. In GuaZ!g~hou ~hich is Ioca t,ed in
th.e ree;ion 01 7' seismic intensity, the comple,tion of' pi
lot build1ngs amo,\Ult:i.n~to over 20,000 square,ine"tres in-

I,ll Engl.neers 01 Sichuan Institute of Building Research,
C:llina.
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oica t,ed a, no table progress. From ~hen on, a ll-roulld
research work nas been carried out. Up to now concrete
ruasonry s ~ructure8 have rapidly dev,eloped in the southerm
provinces as well as some northern ~rovinces in China.

This paper pr.esents the research achievements gained
by the Sichuan Institute of Building Research, attaches
importance to summing up the test results ot' concrete
block walls subjected 'to cyclical reversed Ibteral load,
makes comments on the characteristics of load bearing
shear walls made 01 blocks and gives ~eusures de~ling

wi th cons tru'c tioD resi sting eartHquake. Tne early achi
evements (app,ly to regions of 7 intelJsitYJ Have been
brought into the "Design and Cons truction Hegu'la'tions
for Buildings Constructed of Hollow Concrete Blocks (jGJ
l4-~2", standard of the Ministry of Urban and Rural
Construction and Enviromen~.1 Protection. The recent
achieveme,nts (apply to regions of 7 and ~ intensity) are
to be included in the "Design Code of' Industrial and
cltvil Buildings Resisting Earthquake"; the state stan
dard being revised.

1. BASIC t-jECHANICAL PROPERTY OF CONCi'tETE BLOCK

The main size of the blocks is 390 x 190 x 190 mm,
taking other size as auxiliary to meet requir.ments. The
porosity ranges within 40-50% and the compressive strength,
based on gross section, falls into f'our kind~, i.e. 100 kg/
Clll, 75· kg/em, 50 kg/em and J5 kg/em.

With regard to 5tandar~ mas~nry~ the axial compres
sive strength R, axial·ten.il~strengthRl' flexura ten
sile strength R . and, shear strebgth R. are adopted aceord-
i'ng to Tables '1wabd,2'~"" ",,' J .

Table 1 Axialcompres$ive strength of ~asonry R(kg/cm2 )

Block Mortar grade No. R2 Mortar strength
g'rade No ..

Rk 100 50 25 a
100 50 44 40 30
75 40 '35 Jl 22
50 "29

,
25 22, ,15

J.5 22 19 16 10
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category of Force direction .Gr~de No. or mortar
strength 1.00 50 25

AXl.a.l tensl.le A.long teethed·
s tr.ength Rl joint sectioD 2.2 1.5 1.0

Flexure tensile Along tnrough
strength R joillLt section 2.2 ·1.5 1.0

'W Along teethed join"
sectioD 2.6 1.8 1.2

Shear strength Along through joint
R, & stepped sections 2.2 1.5 1.0

J

Note: The principal tensile strength (R ) is taken equal
to joint shear strength R.· Z

. . J .•
Modulus ot' e las tioci ty E and shear modulus G or mason

ry are employed in. the ligh' ~t' the data shown in Tab Ie J.

'Table· J E and G of mas onry

Grade No. of mar tar 100 50 25
Modulus of elasticity E bOOR 700R bOOR
Shear modulus G J20R 280R 240R

2.0BJECTIVES AND PROCEDURE OF THE
INVESTIGATION ON SEISMICBEHAVTOR

It· is desired to understand, through large riumber oT
tests, the failure mechanism and inelastic cnaracteri~tics

of· concrete block shear wall lightly reinforced, .describes
the mathematical model of the wall within~lastic features
so ,as to predict the earthquake response of concJ;'ete. block
buildings, thus ,evaluating the sat'ety of the buildings.

AS f'orthef1rs t aeries 01 tests, it is mainly in,teI:1-
'ded to, by making~~e of ex~eriences .obta±bed trom seismic
damaies .0£ bricik ma~bnry houses abd the relevant test re
sults, a~proach the shear s.treng~h·ofs1ngle s4ear wall,
pro~ose construct{6n ~ea5ure~ td t~rm the basis ror 'Working
ou~ regulations of desi,gn and construction of cODc.rete
bl.ock buildings. In' the melaJ:] time, a'ttention 'Was paid to
keep in line with the preeent seismic design code. F·or. the
second series of test, emphasis ",aegiven to the failure
mechanism and inelastic behavior of liihtly re1nforce~

walls.

J. A BRIEF ACCOUNT OF TEST

J.l Design of Test Specimen
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The .specimen va;, designed to typify the s9gJT.en t of'
vall between sto~ies having an aspect ratio of' 0.5-0.6.

, '

, The .I'ir&t series of' 44 specimens were divided into
two types in dimensions: 1 [II high x 1.6 lD.vide and .
1.4 'm x 1.6 oi. The second series of' 51 specimens had
aimensioD of 1.2.m x 208m. The tvo series covered three
types, namely, un-grouted, partially grouted and bo.th grou
ted and placed with horizontal bars in courses. All grouted
cells 'were pl~ced viith one verti'cal stud bar of' ,~l2.

J.2 Loaaing APparatus

Both series. o~ tests we~e carried out vith contraf'le
xure loading set up. Horizontal arid vertiaal loads were
imp~sed by hy1raulic jacks.

].J Load APplication

The horizontal cyclical load vas applied ~y using
load controlled jack for the tirit serie~ ~f tests in'
one way. AS regard to secotid deriee, horizont~l load was
applied in a series of cyclical reversals controlled by
load ~rior to primary crack and by displacement after
crack.

Both series O.I~ experiments were imposed wi tho a con
stant precompressive load.

).4 InstrumentatioD

The displacement at wall top was measured by provi
a~ng a ci~splacemen~ sensor and P-,A curve was, seIi'-recorded
by a function device.

4. FAI~URE MECHANISM AND SHEAR STRENGTH

4.1 Failure MeChanism

Under the above. said loading conditions, the test
specimen underwent shear deformation which predominated,
displaying snear failure 1~eatured by diagonals te,pped
cracks .•

The relation between load and sisplacement is roughly
linear prior to first crack; arid the'specimen displacement
notably increased after primary crack and the p-A curve
took turn. With the increase of load and displacement,the

.discon tinuo.us j oint 'cracks linked up to fora major cracks,
followed by se~ondary cracks. At the moment, the load rea~
ched l~mi~. '.

l'he maj or cracks in uu-grou ted specimeu. developed ap
paren t ly wi th less secondary cracks .lha limi t load va.
greatly raised and the blocks in corDer to.e were crushed
WIlen t.ne specimen' waS s·ubjec·ted .to higher. compressive
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( 4~ 1 )

s~rese, correspondingly, the failure of masonry ~a5

more serious. For the grouted specimen, the ci~gr ee of
major cross1ng step~ed ~racks ~as not as ser10US as
that of cracks emerged 1n, un-grouted specimen, but aC
companied by a lot of secondary slight cracks. Only at
the time of limit loao appearring or alter t.nat and 6}c

perienced reversal deformation, the grouted cores were
cut off'.

A~ter cr~ck, the partial assemblage of bloc~s slided
along, stepped' bed joints ra theT than pulled apart along
diagonal section. Then, a lateral load increase, of 20%
)0% was observed until limit load emerged. Under rever
sed cyclic loading" the comprehensive deterioration of
masonry was 'of the mechanism of shear 1ric ti on, damage.
Th~s indicated that the appearance of primary cracks ~as

under the elastic limit condition, characterised by los
ing the sfrengt~ of principal stress, ~hile the formation
of major stepped diagonal cracks was under the elaso
plastic l~mit condition, fea~ured by suear friction. Such
a mechanism com~s fro~ th~ fol16wing causes:

1'. The specimen had low aspect ratio.
"ii. The bonding 8t~ength o~ the mortar em~loyed was

low, hence the stepfled damage of masonry'was unavoidable.
iii. The sJ.l-'6cimen was subjected to a certain amount

of compressive etress.

~or the typical failure mode of masonry, please see
Figs. land 2,.

4.2 Shear strength

The shear strength of'masonry 'serves as the main in
dex controlling the seismic design of masonri building.
Owing to the serious heterogeni~y and aeolBtropism as
~ell as sensitivity of quality in field, indeed, the prob
lem of masonry strength 18 not one of theory but 'practice.

In case the condition of elastic limit i8 tak~D as
de~ign index, the heterogenity and aeolotropism are 19
nored ~n purp6se for 88ek~Dg ~ay out in theory, and the
following equatioDis derived from ~he stress mode at a
certain P01D t:

Rt:'= JrJ' ,+
In the equ~tiOD the undeterminable value 01 pr~ncipal

tensile intensity is replaced by the. suear strength R. 01'
through joints of the mas~nry to calculate 1n reverseJthe
shear stren.th Rt of masonry subjected to composite8tres-
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sese ~ is compressive s~rees.

In order to describe the conditio~ of elaso-plastic
limit, the equation which coinci~e8 with the failure me
chanism of shear friction will be adopt~d, generally,

R'l: ~ aRJ l' foe (4-2)
where a and f are empirical co-efficients determined

by test, the value of' a is slightly larger than· I andf
is Ir~ction co-efficient in name, approximately 0.60.
Numerous test data showed .statistically the existance of
the linear relation.

It is advisable ta u~e such ult1mate strength to de
~ermine the failur~'index, so as to apply the concept of
energ~ dissipation of structural elements UDder seismic
loading and echo with the method defining seismic force
in c~rrent seismic code. ~heref~r~, the se~smic load es
timated with elastic design me'thod can be, deducted by.a
factor and ~jJ,e requirement for duc~ility implied in the
deduction can b~ satisfied by s'etting up proper grouted
cores as ....el1 as horizo.ntal feint'orcing steel.

Experiments prove that' the compressive stress greatly
a:i:'f'ec ts the rlisin~ o'f cracking 8,trength and ul tima te
strength. In defining the strength formuta for design
purpose, we consider R. as a stren~th factor indepedent
of' <ro , and also take ii!to account the d.etriora tion of
strength due to low c~clic'fatigue of ipecimen.ln the
mean tim", owing to the, ,fact that greater'ratio of axial
pressure makes heavier damage' of specimen and the loieigh~
les sn'es s caused by vertical ground motion is disadva ta
geous to shear strength, ,we care£ully adj~sted the ~nflue

nce of compressive $tres$ on strengthi usibg lower co
el~.iicient. As a resu-l t, it iscon,:formable to the margin
01' safe ty and economic index ob-taine.d by tradi tional de
sign practice. Theform~ia to caicuiat~,the shear strength
of masonry for design purpose is expressed as follows: '

(4-J)

Considering that ~et a=l after deterioration of
s~rength, assume 1'=O.J5i'or making provisioXJs against earth
quake in regions of' 7 intensi"ty and, assUma f=O.J.O in re
gions of 8 in tensity. In, this f'ormula., 'R t is no longer
the shear stress a~ a p~in"t, btit the a~er~ge shear stress
of the ~hole specimen, ,The effect of Dou-un.i.formity' of
shear strength is neglected. The comparison of EquatioD
(4-1) ano (4-)).is shown in Fig.). ..
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The wall groU~a~par;ti.'lIilly~;toa;ly.aZ:Okedly raised
the capac1.·ty .resis ti.ng lateral ·f'o.rc8:J, but ILlao improved
dei'orma tiOll behavior. The .eD.Ii~!.))g,.~tul;tl:ti:o~~ (JGJ14
~2) a tipula.tee thas, the f'olfoviDg',(:oraau·1;.~eu.edto rep
resent the effect of mortar ,compreas1.'V," ,stress a:.nd
grouted c9re on ~hear strength.

~ =(fJ ,-to * )A T- o.osR.;AIl :( 4-4)
where A is grbs8 sectioD area of wall; R ie the

axial compressive design strength of tn. cODc¥e~e 0"

grouted core; ~ ill. sec tiOD area ox· the tot.l~~"'e-.
d1ate cores _lace~ 1D vall (except extreme cores); J 115
tne co-eff'icient ofnon-.unif'ormi ty of shear s tres IS I

let 1=1.2.. " ..
F'urther inveas tigliiti61l demons,traie:d that it ,is advi

sable to expres'8 desi~ strength ofgrou'ted wall by
mea:'J8 of shear f'riction.lllechaoi8" •. Thestrengtb is re
garded ae a linear cOlilpositioD of'R 0' troand the dowelac+

. t ioa of' core.. J .

&.= (R;+ f'6;')A+dDS"~AJ.. " (~-5.)
,'; wbere, ~,:i.8', ~or.k :f,a.c1loo:rof' di,I"t'erent ceTl~f1.Jling re-
tiop) rr~Of"or:P<-15%; "1~=l~Q 1'o'r i~ ~ P <. 25%;'1 =l.ll· '
1'0 r 25% ~-p <'50~;tt=1.15 for p ~ 50;'0.

Based 6~ -the prd~±~~on6 made Cor 8 8e1em~c in~en~ity,
. the design 6 trengtll.'calcula ted vithCormula (4 ... .5)· ie ab
out ib" higherthaDtha t calculated wi 1th 10rmula (4-4).
The s ta t18tical aver.age valux-eot' test ul tima 1;e 6 trength
1,;0 calcla.ted strengt4ratiois 1 .. 68 according to tue tes1
resul t8 o:f 4.4spec1.rn8ile ():f.v:~riou., types vb ca:A.ned oy tl~e
5i chuanIn.,ti tute of'Bui lding Resear«:<h. IDchecking. the
~ tr'ength o:f wall, in cEls" 't,be saC,e ty 'co-ef1'i.cien t K=2 i5
adopted in accordBJlce wi,t:4 the 'currentseismic code, im
plying that. the strb-~ngtbof·.ctural wall is at least J
times of' the checkings'tren'gih. .

5. INELASTIC BEHAVIOR

For the inYe~tigation ofin81aetic behaYior, emphasis
was given. to',the strength, dei'ormation and hysterestic
charac 'te.ris tic6 of' maS onry walls subj e c teo 'to hori;:.~ntal
reversed "loading and the ef'fection of' SUCh factors as cores
and compressive streBS etc. on them.

For toe typical skeleton curve"aadhysteresie curve,
see Fige~4,5 aIJ.d6.

The re,lation between shear1'orce aDd. displacement
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coincided with the hys,terestic rule of trilinear restoring
force charact~ris'tic 'model ld til. stiff'ilee.& degradation.

The skeleton ourwe turn'ec;l a,tJparently ....hen the specimen
cracked. and it began tC>· declin Q' aI'ter reaching peak limi t
load, presenting remarkable degradation of s ti:ffnes5' and
strength. The degradation for ,grouted epecimeD vas lighter
than that for un-grouted sp.ecimen. Despite that the decline
of skeleton' curve reflected the 'process of brittl'e rupture,
the de'eline was gentle arid the loading capacity 'Would no t ba
dropped sharply. The specimen' showed a trend· similar to
auctility and' was able to stand large displacement. .

Th~hYBteresis loops appeared to be $Iender prior to
.crack' and -was like a shut tIe al'ter crack. As tor the un
grouted specimen,the hysteres~s loops were still like a
shuttle even limit load was reached and gradually trended
towards rigid-plaeticbehavior, reflectiAog the characteris
tics. of' energy diss:1llPation due to friction. Al'ter the
grouted speci~en reached 1imi~Ioad, the hysteresis loops
became a opposite itS" :frOB shuttle shape, shpving the beha-
vior of sliding, see ~igs.1,~. Major strength deteriora-,
tiOD seemed to occur betweentha :first and second cycles of
each deformation amp11tude. the losses of streng~h was
about lO~. Having s~ood larg~ displacem~Dt, the grouted
specimen lias still able to k,eep a steady hysteresis loop.

ihe cracking 8 trength 6lc an.d ul timaie s,trengtll 6l« a~

liell as ioi tia1 s t~ft'D9SS /G, rose lii th the increase 01" COO1

press~ve stress cr.., and·' there exists likely a lin,ear rela-
ti.on between 1<0 and g; • -

~it~ modelling of restoring force character~stics of
specimen tsee .1'ig.9 J., ;it is poss~blet_o obtain a series of'
formula relati.qg: 'toch~racte:risj;:Lcs paramete.rs ..

cracking streDg~h

.baSed on statistical average:;. (3=u.~O£or tne un
grouted specimen; (3 =0.'15 for the grouted specimen.

i'he ini tia1' stit'fnesswas the secant stiffness a1;
cracking point. ~ t is poa,s.ibleto a:taiD toe following equa
,tion aCcorcHng to the' shear mod's of deformS. tiOA and the ei'
tection of GO on elasti.c charactsFis"tl.:cs oi' the masonry:

elastic.... ner-a L -.--

Et
kg .. ' A-

C
t,.-')-=-3+-3(-r"f-J

modulus ,refer
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1\ ---

wall ·t;l.],i ckJ:i e s s
co-e:f:f~eieD~ obtainea s 'ta~i s 'tically 1'ro m
tes't resul 'C.e ,~ =0.99 ...0.2700, \ J. 5 ~ ~o (;. 7 J
aspect ~a'tio of' maso~ry.

The :formula calcuia'tiDg 'tb~ ini'tial s'tirfness of
grou'tea specimen is a6 foll~vs:

I<oc.-=z 'Y~ (5- J J

where't=l..J.u-l..i5,. the r~1e.1ng co-e1·1'~cl.eD't deciaeo.
by d~fferent gell-rilling rat10.· .

Elaeo-plas 1;i~ s 't~1':fnese .Kl , nega'ti.ve s t 11 rDeS IS K2
and unloading st1:f:Cness K·f are obtain;ed on tll€ b3Sl.~ of"
test z:eeults.

For uo-gronted apecimeD~

K 1 = O.09Ko •

K2 = -0.o6Ko,
4c ~ .

K' :: (----) Ito the co-e;f,f'ie~t of stiffness4"" . .,

degrade. tioD 0<. = 0.6)., .where '.6<. is 'cracking
disp,lacement t . 4-i8 the "displacement corres'"
ponding to ,unloading sti1'fness.

For grouted specimen:

K1 = O.08Lc,

~2 = -O.02Koc .'
~c. rK' = ( K , 0(,.= 0.70.
.06,..,

b. MEASURES FOR EARTHQUAKE RESISTANT CONSTHUCTION

The unrein:forced or ligh.tly reint'orced masonry houses
are very porpu1ar in China. Due to their poor abilityre
sisting earthqu~ke, it is necessary to adopt reasonable

. measures agains t seismic .action, and to enhance the in te
gri ty and ductility in addi.tion to checking strength of'
walls.

in the 'seismic regulation tJGJI4-82'), toe i'ollowing
prov~5~oDe are put for~ard.•

b.1 Spacing of' C,ross 'Walls Against Eqrthguake

Spacing of cross wall should not excee~ the data
listed in Table,6.l.·
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lab1.e b.~ iiaximu.. spacing of' cross wall
treS.1.S~1n,g ear hQuake LID} .

Type of: roo%" naximum epacing of cross valls
and £l()o~ 1 iDtelJsi~y region ts .intens~1:y region

Ca8 ~-iD-'site 15 - 12
concre~e

~re1~abr1cated
l;t 'j

CODCr&~e
"

rimber 9

b.~ Height .ites1;r~ction of liuilC1ing'

Basee on the experien6e ofse1smic damages of. brick
masonry structures, the overa.!l height and tbe number of
story of block ma8on~y build~ng s~ipulatett, do not exceea
19 m \6 stories) £~r regions of 1 seismic intensity an~

16 ,iii \5 stories) for. regions of es 1ntensityrespec:tivel.y,
So as to control the total shear force on base. ¥or the
bUila1uga,W11:h less cross ~alls u~~~ as schools, hOSp11:als
and so for1;h, the height snoulC1 be reauced appropr1a1:ely.

6.J ~ett1ng up r.1.ng beams

Cast-1n-s1te re.1.n1"orced concrete rJ.ng be,ams are re
quired to pOS.1. tiOD on exterio.r wall and on iD"ter10r 10ng,1
1;uailar walls ateacb st6ry, close to floor slabs or roof
siabs. .It i.'8 necessary to arrange ring b.us. on 1oter.1.0r
cross \lail a1: each story'and ttle cross spacingvill. not be
more than '1 m .1.n regions of 7 intensity and not more than
4 m.in ~egions of 8 intensity.,

6.4 Positioning grouted cores

The grouted cores, in addition to checking seismic
strength, will meet the requirements 8tat~d in Table b.4.

CONCLUSIONS

1. on the basis of' 1'ai lure mechanism of' shear 1 ri...;'
tioD, ve pro,posed, by rule 01' thumb and theory, a formu 1a
t~ predi.c~ tha 'shear str~ngth o~ m~~onry, which serves as
a des c·ription of elaso-plas tic limi t. This corresponds
wi th the con.cept 0,1' design seiSl11ic lorce determined by
~nergy di~sipation an~ e.las~ic respons ~pectrum. Though
theca1cu1ated"strength by the form~la ~f shear friction
is a 1i ttle higher than the res ul t obtai-ned, from formula
of elas~ic iimit thaory, it ~ossesses s~f£icient strength
reser~ation proved by numerou~ test.

2.
tion on
initial

Tne bearing stress acting OIl lia11 has great effec
raising cracking. strengt;h, ultimate str'ength and

. .
S ~i1":tnes 5 of' masonry. Further investi~a_tioD should
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be made to assess and utlize the factor.

). It is possible to raise de1~orlDation capacity and
keep loading capacity incase of large d1splacemen ~f

masonry by placing proper reinforced cores, whi~h ~~ a
major meaDd of' enhancing str.ength as well aSi a. ne,cessary
seismic construction ,in assuring appropriate dUbti11ty.

4. Based on iden"tical 'est condition and"reversed
horizontal loadirig, the ~~ele.ori curve. hystere~is. loops
sho'W'ed 1'airly good regulari ty and can act as the foundatioD
of restoring ~orce characteristic modelling.

Table 0.4 ~equirelDents for positioning irouted cores

Number Const~. Eequirements
of story Loca tion. of core tior. core

7* 8+

)-4 ! J At; four corners of building L type corner:

\
and staircase J cells are :filled.

5 \ ~ Same above and also at '.r join t:
as

I joint bet ....een gable ..all 4 cells are filled.

and into long. ..a: 11 , and
join t between.int. cross
wall and ext. long. wall for

/ every otner room.

b 5, Same as above except that L type corner:
core is placed at the 5 cells are :filled.
Joint pet..een in t. cross T joint: ,

wall and ext. long. wall 4 cells are i~illed.

f'or every roola. + join .. :
4 cells are i'illed.

All the cells are fil-
led with Grade 150ft
concrete ..i th 1~12
stud inserted 1n thelll.

* Regions of 7 seismic intensity.
+ Regions 01 ti intensit:y.
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Comparison. of £q ••
,4-1) and (4-3)

Pct-J

rig.O Hys~~res~s curv~

of ~routed ~~li

P.

IfjID

,

P'~I .
10

Fi~.l Failure ,.0- .1"ig.~; .1"ailure 1II0-.tJL-...f.......lZI.-&.....-:.L-~.....L:---...;.:..-~-o

de"::. of' un - de of' grou-, Rj
grouted wall: ted wall .

.1'ig.~

o I Z Ac"''''' 0' 2 14 I 'ACmM'

Fig.4 ~kele~on Fig.5 Skele~on cu~ve

curve of of' grouted
ungrout~d wall
wall,

PQtt-CyQ,(j(fttS
:Fig.7 Hys ~teesis 100tJ 01 Wl

grouted wal!-

POS!-~'"

Fig~8 Hystere81~ loop of' grouted
watl

Fig.9 Restoring force
char.acteris tic
model.
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SIlEU. BBllAVIOIl OP tJRUIID'OIlCED COIICUT~ BLOtZ WALLS

Kyle Woodward I

An experimental investigatipn is described which has as its
primary focus the determination of the shear resistance exhibited by
unreinforced, ungrouted. hollow concrete block. masonry walls.
Forty-seven wall panel tests are reported. The parameters in the
inves t iga t ion inc 1ude t he amount of applied vertical compress ive
stress, wall aspect ratio. block strength. m~rtar type. and loading
history. One major finding of the investigation is that the relatio,n
ship between increasing amounts of applied vertical compressive stress
and the resulting increased shear resistance is significant and nearly
1inear. Another observation is that there exists a critical ,diagonal
t ens ion strain which def ines the onset of wall diagonal tension
cracking.

IIIftOD1JCTIOB

The Cent'er for Building Technology of the National Bureau of
Standards is currently·undertaking a program of experimental fesearch
on the shear resistance and behavior of .shear-dominatedmasonry
walls.•. The parameters under study are applied vertical· (axial>
compressive. str~88. wall aspect ratio (length-to-height) .• blo.ck and
mo r tar type. bo'rizontal and vert ical reinforcement •. out-of-plane

. loadings. and loading history. This paper reviews the test program on
ungrouted. unreinforced hollow concrete block masonry walls.

The investigation reported herein. involves tests on forty-seven
wall panels whose nominal dimensions are 8 in. thick. 64 in. high. and
either 48 in •• 64 in •• ' 80 in •• or 96 in •• long. The walls are
;ubjected to a vertical compressive stress in combination with
in-plane lateral displacement. In addition to the variation of aspect
rat io, the vert ical compressive stress. block strength. and mortar
type are a1&9 varied in this series of tests. The resulting data.
inc 1ude in-plane lateral load resistance. wall displacement • and
strains measured at discrete locations on the wall faces.

Materials

The concrete masonry units are two-co~e hollow block. and have
nominal dimensions of 8 in. x 8 in. x 16 in•• The block labeled as
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high strength have a gross area of 119.2 sq. in., a net sol id area of
61.5 sq. in., and a gross area compressive strength of 1813 psi bssec
on the average of six unit tests. The block labeled as low strength
have a gross area of 119.8 sq. in., a net solid area of 60.4 sq. in.,
and a gross area compressive strength of 1304 psi based on the average
of nine unit tests. The mortar is either Type S proportioned with 1
part by volume of portland cement, 3/8 part by volume of lime. and 4
parts by volume of sand or Type N proportioned with I part by volume
of portland cement, I part by volume of lime, and 5 parts by volume of
sand.

Details and Fabrication

A typical planar and corner wall panel are shown in fig. 1. The
wall panels are constructed 1n running bond using face-shell bedding
except for the two end cross-webs. The joints are struck flush, but
not tooled~ Mortar cubes and prisms are also built and later tested
as companion specimens to the .wall panels. .The mortar cubes are 2
in. x 2 in. x 2 in. and the prisms are made by ·stack bonding three
stretcher units.

The details of selected wall panels are listed. in table'l. The
wall panel identifier is a two-part mnemonic with the two parts
separated by a hyphen. That· part of the identifier preceding the
hyphen is descriptive and has the ·form mABn. The m term denotes the
wall length in inches while the n term specifies the approximate
vertical compressive stress applied to the wall. The stress is based"
on the net cross-sectional area of' the wall and is expressed in units
of psi., The A term indicates the biock strength while the B term
indicates mortar strength with A and B being replaced by either B for
higb strength or L for low strength. The terms bigh aDd low strength
are used only in a relative sense and do not imply an absolute
measure. That part' of the identifier following the hyphen is a
construction code and, provides for unique identification of each wall.

Test Setup

The test setup (fig. 2) is tbe NBS Tri-directional Test Facility
(NBS/TTl), a permanent loading apparatus designed to test building
components using three-dimensional loading histories. The NBS/TTF is
a computer-controlled loading apparatus which applies forces/displace
ments in all six degrees of freedom at one end of a test specimen.
The other end of the specim.en is fixed. All of the tea t specimens
listed in table I are laterally displaced ·while the upper cr08shead
maintains a zero rotation condition. .

Instrumentation

In the interest of brevity, only that instrumentation which
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Table 1. Wall "P,ane"lDelails

Wall Panel
'Ident if ier

Mortar Cube 18 bay
~ompressive Strengtb

( psi)

Prism
Bedding

Prism Compressive,
Strengt'h

( psD
.-_._--_._----------------~---------------------------------------------

64HH120-2104 2437 Face Shell 1839
64HH160-31.01 1825 Face Shell 1820

,64HH240-3104 2237 Face Shell '2132
64HH300-2105 2160 Face Shell 1870
64BH320-3L03 2095 Face Sh'e11 2091
64HH400-3L02 2139 Full Area 2810
64HH400-21.03 2232 'ace Shell 2074
64HH500-21.06 .2191 Face Shell 2005
48HH150-3106 1847 Full Area 2661
48HB450-3L05 2055, Full Area 2645
80HH250-3L07 1994 Face Sbell 1867

'80HH400-41.01 3254 Face ,Shell 2050
96HH200-4L03 3076 Face Shell 1917
96HBJOO-41.Ot 2746 Full Area 2615
9bHH400-4L04 2425 Full Area 2783,
64HL160-5L01 1826 Face Shell 2049
64BL240-51.02 1809
64HL320-5L03 1761

. 64BL400-51.04 1490 Face Shell 1923
64LLl70-6L07' 1987 Face Shell 1522
64L1.250-61.06 1841 Full Area 1955
64LL340-61.08 1591 Full Area 1983
64L1420-6109 1505 Face Shell 1443
64LB105-6LOI 2646. Face Shell 1630
64LH170-61.02 2657 Full Area 2033
64LR250-61.03 2772 Face Shell 1522
64LH340-6L04 3127 Full Area 2133
64L8420-61.05 3110
48LHl70-6L10 2985 Face Shell 1447
48LB450-6Ll1 2892 Full Area 2094
96LH220-6L12 2700 Face Shell 1537
96 LH320-6L13 2810 ,Full Area 2025

Note: The, mortar cube stress is based on '8][1 area of',4 sq. in. The
values 'I is ted are the average' of at least three cube t'ests.
Mortar cubes are removed frOm the molds after 24 hours and air
cured in tbe laboratory environment until tested.

The prism stress is based on the unit, net 'solid area. The values
listed are the average of at least three prism tests.
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provides data used in this paper is ~esct'ibed. The loads imposed on
the vall ·pa3els are measured by load "transducers incorporated in the
hydraulic actuators. The wall p,anel displacement (in-plane) is
measured by 'displacement transducers mounted horizontally between the
top course of the walland an extemal fixed reference.( fig. 3). Tht<
diagonal stratn referenced in future discussion is computed fr~m the
displacement measured by a displac eD1ent transducer mounted d lagonal.l Y
on the wall panel (fig. 4)., '

General Behavior

In general t the primary form of distress exhibited by the .... a11
panels was a diagonal-tension t'ype of failure as illustrated by the
typical crack pattems in fig. 4. However, there were exceptions.
Flexural distress in the form of horizontal flexural tension cracks in
the mortar bed joints occurred if the applied vertical compressive
stress was insufficient to suppress this failure mode. It should be
noted that even the walls exhibiting flexural distress did, in fact J

suffer a local diagonal-tens ion distress in a comer b lock and when
the vertical compressive stress W8S increased, the primary mode of
distress changed to a general di'agonal-tension failure. In all of the
walls tes ted, the final failure of- the wall was the result of an
inability to sustain the applied vertical compression load in combina~

tion with the imposed lateral displacement.

While the cracking pattem was relatively insen~itiv'e to the
parameters studied in the test program, it appeared that the orienta
t ion of the cracking was influenced by both the level of vert ical
compressive stress and the wall aspect ratio. The tendency of the
diagonal cracking to follow the mortar joints or to pass through the
units was affected by vert ical comp'ress ivestress, block strength J and
_mortar strength. Walls built with low strength mortar exhibited a
pronounced tendency to exhibit mortar joint cracking whi Ie the walls
built with the high strength mortar exhibited much more cracking
through the block. Incteased vertical compressive stress increased
the likelihood of block cracking, especially for the high strength
block and mortar combinations.

The 48 in •• 64 in •• and 80' in. walls tended to form a consistent
comer-to-corner - diagonal, crack pattern which essent'ially separated
the wall into two triangular segments. The shear transfer between the
two segments took place along the diagonal crack by shear frict ion.
The 96 in. long wall~ by contrast. did not form the corner-to-corner
crack. The crack pattern which formed did not separate the wall into
triangular segments but. instead. included a horizontal crack in the
high f lex\iral compression region of the wall. The .combination of
favorable crack orientation (horizont(ll) and higb normal compressive
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stress permitted a much more efficient shear friction mecbanism to
form than was possible in tbe shorter walls. In fact, 96 in. walls
were ab I e to resist' more lateral load tbrougb tbe shear frict ion
mechanism than from the diagonal-tens ion mechanism. First cracking
was not coincident witb the m8XUBum lateral load resistance.

Loading History

The effect of cycling on tbe behavior and resistance of the wall
panels depends strongly' on the maximum displacement applied to the
wall. If tbe cyc 1 ic displacements do not exceed the monotoni.c
displacement at which maximum capacity is achieved. then the effect of

"cycling is ,negligible on botb wall stiffness and resistance even for
several hundred thousand cycles. However, excursions past the
critical displacement cause severe degradation of both stiffness and
res istance. even if the ~isplacement is not incrementally . increased •

Bas ed on the five corner walls tested, there is no apparent
reseon 'to differentiate the bebavior of planar walls from corner
walls. When displacements are applied only along one leg of a corner
wall. the effect of the outstanding leg is negligible on the cracking
pattern and general wall bebavior. The behavior of a corner wall
subjected to simultaneous displacements along both legs is adequately
predicted by evaluating each leg independently of tbe other. In other
words. behavior could be considered in terms of resultant actions.

Shear Stress-Displacement Relationships

Tbe shear stress versus wall displacement curves for some of the
tests are shown in various combinatioDs in figures 5 and 6. Shear
s tress is computed. by dividing tbe measured in-plane lateral load by
the net cross-sectional area of the' wall. There appears to be a
common form to .the curves regardless of the variation in parameters.
The ,effect of the applied vertical compressive stress is much more
pronounced .on the maximum stress achieved than on the init ial st iff
ness of the wall. This observation eXcludes tbe gross differences in
tbe stress-displacement relationsb~ip for tbe waUs having flexural
distress prior to diagonal tens·ion distress. As' tbe applied vertical
compressive stress is increased, the shear stress, or co.nversely the
wa 11 d isp lacement, at wbich the curve exhibits nonli~earity also
increases. Thus, higher applied vertical c~pressive stresses delay
the onset of nonlinear behavior •.. However, the appl1edvertical
compressive stress has a negligibh impact on tbe absolute wall
displacement at wbich the vall reacht!iits maximum resistance.
Therefore, the dis,pl.8cement which caus.es. diagonal cracking is rela-

. tively independent of vertical stress. but the maximum resistaDce ad
initial stiffness are increased by vert1cal compressive stresses.

The effect of the block and mortar strengths on the initial
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stiffne88 of tbe walls, is interactive. For example, tbe effect on the
wall stiffness caused by varying tbe mortar type is significant when
tbe walls are ID8de witb bigb strengtb block as illustrated in fig.' 5.
Conversely, tbe effect on the' wallstiffne88 caused by varying the
mortar type is negligible when the valls are made with low strength
block as shown in fil. 6. The overall behavior tends to suggest that
the stiffness of the vall is strongly related to its probable final
crack patb (mortar joint or through block) and ultilD8tely its weakest
material component.

Maximum Shear Stress Resistance

The maximum sbear stresses computed from tbe,aaxilllum measured
lateral loads aloug with the other pertinent 4ata are listed in table
2 for selected wall panels. Selected maximum shear stresses for' the
48 in., 64 in., and 96 iD. long wall panels are plotted versus the
.applied vertical compre88ivestre88 in fig. ' 7 ~ Clearly, there is an
increase in maximum8hear' ,resistatlcevitb -increased vertical compres
sive streBS. 'the nature of ,the relationship between the shear stress
and the vertical stress i8 af'fectedby.the vall aspect ratio and the
combination of material streDgths~ Figure 7 illustrates the signifi
cant effect of aspect ratio, but tbeeffect becomes' ,pronounced only
fO,r' the bigber levels of vertica~ stress. Larger aspect ratios
produce higher values of maximum shear resistance. The impact of
material strengths' on themaximumshearstres8-applied vertical stress
relationship is also shoWn in fig. 7. The most advantageous combina
t ion in ,terms of maximumresis tance is" not surprisingly, high
strength block and mortar. The least advantageous is the low streugtb
block and mortar, but' as with aspect ratio, tbe effect of material
strength becomes signific8Dt only for the, higher leve1.e of applied
vertical compressive stt'ess. .. regression 8I1alysis of the data
plotted in fig. 10 producei an equation ciftbe form '

v • 70.8 + 0.313.

where v is the maximum 8b~ar stress' and a
compreBSive stress both in units 0'£ Pili.
estimate of the rqression ana~Y8is is 17.4
coefficient i80.91.

Diagonal Strain

is the applied vertical
The stalldard error of

,si and the correlation

The general mode of d~stress eZ:b~bltedb'y the teat specimens is
diagonal cracking, indicative ofa diagonal :,t'ensioD 'failure. It is
reasonable to expect that the diagoD8l.teu!Jlorl.8ttain should provide a
reasonable predictor of the onset of wall di'sfre8s. Tbe.relationships
between shear stress and the diagonaL vatfstrain computed frOID
measured ,displacementBare shown in fig. 8 for most of the 64 in. loug
wall tests. With certain exceptions~tbe curves in fig. 8 ,sUCgest the



Table 2. Wall Panel Maximum Shear Stresses

Wall Panel
'., Ident if ier -

; . ",
".~ 1 •

Wall Net: C~oss- '
S~(: tional Area
, (sq.in.)

Applied Vertical
COmpressive Stress

(psi)

Maximum Shear
Stress Resistance

(psi) "
'I __ ..:. '!'-' ~--_~_-.-----

, 64HHfio-2L04 246~0 122 113
.: 64HH160':"3LOI . , 246.0 162 123

<64811240-3104 , 246.0 243 167
64RH300-2L05 246.0 305 186
648H320~3L03 246.0 325 206
6488400-3102 246.0 ,406 205
64HH400-2L03 246.0 ' 406 227 c'

64HH500-2106 246.0 507 .260
;. 48HHI50-3106 184'.5 163 117

'48HB4S0-3LOS' 184.5 434 , 175
, 808R250-3LO'1 307.5 228 178
80HH400-4LOl 307.5 390 202

'9611H200-4103 369.0 217 157
. '968H300-4Lo2 369.0 312 208
;:,' 96HH400-4104 369.0 407 251

64HLl60-5LOI 246'.0 163 122
" --I

- '64H1.240-5102 246.0 243 151
, '.

'[ ;64HL320-SL03 246.0 316 171 { .. ,

:: -64HIA0075L04 246.0 407 190 ' -
j, :64LLl70-6L07 241 •.6 162 115 -" -
;, 64L12S0-6106 241.6 246 144
" 64LL3'40-6 L08 241.6 332 158,;
:.64LL420-6L09 241.6 413 174,- " -
. 64L8105-6101 241.6 ' 103 101

, -

:'64LHl70-6L02 241.6 161 128 .. ~.....
';64LB250-6L03 ' 24i.6 248 ,152

"

"64LB340':"6104 241.6 327 166
64LH420-6LOS 241.6 418 177
48LH170-6LI0 181.2 16S 116
48LH450-6Lll 181.2 430 162
96LH220-6Ll2 362~4 220 163

,', '96LH320-6Ll3 362.4 315 203.. ' . .

._---------------~-------------------------------------------~----~-----~-..

- .- ..- .

,~,

" " .r·:
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existence of a common diagonal tension strain. in the range of 100-150
microstrain I at "the onset of diagonal cracking. Diagonal cracking i~
indicated in the relationships by the sudden l8I:ge increase in
diagonal tension strain (displacement) with litt Ie or no increase in
load resistance. The exceptioDs are wall tests having high vertical
compressive stresses. The commonality of the threshold diagonal
strain suggest a material criterion which defines the onset of
diagonal cracking' independent of strength and vertical compressiv.e
,atres a.

COIICLDSIOBB

The following conclusions are based on 'the experime"ntal test data
obtained in the investigation described in this paper.

*

*

*

*

*

*

A nearly linear relationship existed between increased amounts of
vert {cal compres s ion and the resulting increases in maximum
in-plane shear resiStance of the wall panels when otberpara
meters are held constant.
The lateral displacement coincident with the attainment of
diagonal cracking was not sIgnificantly influenced by the amount
of vertical compression applied to the wall panel. by the wall
aspect ratio. or by the material strengths.
Tensile strain across the wall panel diagonal was the critical
determinant of diagonal cracking and there appeared to exist a
threshold strain of about 150 microstrain "above which diagonal
cracking occurred.
The maximum shear capacity of a wall was affected by its aspect
ratio and material. strengths ·for higher levels of applied
vert ical compressive stress. generally being higher for larger
aspect ratio and increased material strengths.
There is a threshold in-plane lateral displacement below which
application of repeated cycles of loading does not affect
observed wall behavior. Repeated imposed" displacements greater
than tbe threshold displacement cause both stiffness and load
capacity reductions.
Corner walls "displaced along their diagonal axis have maximum
resistances equal to the resultant of the in-plane resistance of
each leg. '

The research reported herein was performed while the author was
employed at the National Bureau of Standards.
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A REVIEW OF ASEIg.,nC TESI' FOR MASCNRY SI'RUCI'URES IN.·.QiINA

Since Tangshan Eartl'quake of 1976 many research organization pay
attmticn to study the aseisnic bel'avio..Ir of J1Bsonry structures. sane
descriptions an:] discussions on pSEUdo-static alrl dynamic tests, in
cludin;;J tl'e test design, size and strain. rate effects, conStitutive -re
lationship, model test and systen identification, are presentoo in this
paper.

Unreinforcoo mascrrry structures are widely 1::l.li.lt i:,n seisnic area
of China. D.1ring Tan;1shan E3rtl'quake of July 28, 1976, the nost' rrnl1ti
story brick wildings, .brick chimneys and other industrial CXJl1structi<ns
are sufferoo very serious damages. Since then the Chinese asedsnic
research organizations, i.I1cluding universities and acadenies, pay atten
tion to study the seiSTli.c capacity of unreinforce:l masonry structures
and to research tow to strergt.he!1 then. Accordin;;J to incarplete sta
tistics abalt 300 W3l1 specimens, including. unstrergt.hen€d and st:.reng
ttena:l, with and witlnlt~s or wing walls, under static cyclic
loadirg were testoo. Besides, a numter of m:rlel and prototype 1::uild~s

were experimental at the laootatories or on sites. In recent years, the
shaking table test and strain rate effect study have nore attention. In
spite of the fact that the masonry material l'as a very low crack strength,
the static tests slDw that it is of a certainly aseisnic capacity. .

srATIC TFSr OF MP.Samy srRucroRES~
SI'RENGI'H FRCM IDFALIZED SPEX:IMENS

It is well known that shear str~h is one of the irrpOrtant fac
tors fer the aseisnic capacity of masonry structures. There are t\\O
ki..rrls of test netl'Dd to determine the' sha3r Strength of masc::my as stown.
in Fig. 1 and Fig. 2.

1 Prof. of Civil En;;1ineeriI1J, Cl'Birman of Department of structural .
Ergineeri~~ Director of Research Institute 6f Ehgineerin;J struc
tural, TO!¥Jji University, stanghai,. China.
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~l"XJ Qin;Jlin, et al. (Xian Institute of r-1etallurgy am COnstruction
Engineeri.n;J - XAIM:E) h3.ve investigatErl a series of prisnatic (Fig. 1,
HlB =3) spe:imens with different an;;Jle of m:>rtar joints. Fran this test
it is fourrl trat failure mode deperrls up;m the an;;Jle of rrortar joints
('rable 1), a.rrl tre maximum axial load increases with iocreasirq e •
Many research organizations, S!:1Ch as: Siduan 9.1i lding Rese3rch Institute
- s:BRI,Liaooin;;J atildin;J ReSearch Institute - LNPRI, Beijirg Archi
tecture Design Institute - PADl, et al., h3.ve tested cantilever w:ill
specimens subj~ed.to diagooal load (Fig. 2) to determine the average

Failure M::lde

An;;Jle of ~rtar Joints

o < e < 45
45° < e < 60

e > 60°

Table 1.

Failure MJde

Shear
Shear -Carpression

. canpression

stear stren;rth. Test results sl'Pw that the tes:t result.s of vall speci
mens with different height-\to'eidth ratio (WB) subj a:±e::i to diagonal ked
are not very scattere::i in He rarge of alB = 0.6 - 1. 5 •

UnreinforCErl M:lsgrry wall Tests

Test set-up It is·no. any unified test set-up schane stipulated in
Crnna up to now. Therefore, accordirg to different study PJ.!'POse the
research units select tl'eir test "set-up. TlE irain set-up schemes are

. shown in Fig. 3.
. -

Test scheme sl'own in Fig. 3a is a cantilever ....ell specimen sub-
j e::ted to. vertical arid oorizontal loads. . 0WiriJ to tle fact that Fig.3a
sctere is relatively close to actual stress cOrdition, many research
units (Institute of ~:i.neerin;l Mechanics - tEM,Chinese Academy of
B.1ildirg Research - CAIR/Tongji university - TJU, Sl"anxi B.1ildirg
Research Institute - SXffiI, et al.) adopt it. Test set-up srown in
Fig .3b provides an interstory-shear meclBnical model - fixed errl at
top aId 1:Dttan of ....ell and it is a special.loadirg apparatus (s:BRI,
XAJ:M:E/ et al.) .. Test sCheme shown in Fig. 3c (Qla.nJXi tJn.iversity) is
a cantilever- vall specimeri subjected to mcrnent, vertical and h::>rizontal
loads. Test sch:me shown in Fig. 3d (TJU) 1s used for pier specimen. .
Tre latter boo sc'tenes are relatively close to actual stress corditialS.

Brief~ of Test ~ts

Fran 1978 to 1983 tre unreinforced wlils occupie::i an important
place ir:. Chinese experimental yprk of rrasonry stl:uctures. The .follow:i.n;J
main points can te amnarize3. fran .the test reSllts:

(a) Size Effect
For maronry structure the size of test specimen strorgly influen:es



" the average shear strength. Fig. 4 shows the relationship l::etween the
'~ength ratio Rr/Rj (Rr -average shear strength of masonry; Rj-pui:e
shear stra1gth of mortar joint) and cross' section of specimen A. Besides,
the height h and lergth i ratio of. wall also strorgly influences the
shear'~~h R.r ,(Fig •. 5 ( 12) ) and failure m:x1e of rrasoru:y.

(b) 'Normal Pressure Effect
Test 'results verifiEd that the average shear strength RT~

up::r1 th:! nomal canpresSive stresS 0'0 • Fig. 6 srows the relationship
betwea1 R-r(Rj and oo/Rj. It can be found trat the test data have a cer
tain regularl.ty in spite of the clifferenttest Set-up sch:mes. Besides,
in Fig. 6 four line were plotted, and their fonnulas are given in Table2.
By the .way, for Chinese ,residential l::uildin;1s the oo/Rj value ga1erally
is less t 1"an 5. . .

Table 2.

BIG 3 -73 (1 ) TJ-11-78 ( 2) TJU (3) rEM, et al.

(c) Aseismic cap:lcity , .
Fig. 7 srows tIe typical hysteresis, loops of unreinforced mas::>nry

wall (TJU( 3) ). 'In spite, of 'the, fact that the cracks of masmry \oall
occurreD due to the low ten$ile st:ren:;rth, the rnasOiuy structure has a
limited aseismic c:apaeity which 1s reflected by the ability of a1ergy
dissipatioo. due to tha certain defonrability. 3'

Unreinforced Masoru:y Bu.:L1d.i.n::J .Test

In order to investigate a blild.irK;J subjecteD to the lateral load
for the purp::>seof .studying aseiSlnic behaviour, since 1977 a number of
full-scale andITiJdel bJildin:jswet:e'testecitymany Cl1i.nese research tmits.

F\lll SCale UnreinfOrced MisonIy Building Test.on Site. Eight full
scale brick or cdicrete block 1::ui1~swere·'testedat~,. LanzlDu,
HangzhJu, Harbin (IEM)(") am S1:anghai.(S) since 1978 to 1919. Tl1e plan
and profHe of the latter one(6) ~e sb:>\oIl'l in Fig. 8 ~ besides, the
crack pattern and" relatiooship between' total h:>rizoo.tal lOOd arxl roof
displacanent are, sbJwl in Fig. 9.

MJdel Unreirifarced' M3.s:nry BUilding Test. Four sirgle--story .
(Sl"arghai Buildirq Research Institute)' and t'ftO bob-story( 12) (TJU)
rrodel wildings IN&e tested urrler lateral loading durir:g 1978 - 1981.
Because the rrodel blilclirg is cheeper than full-scale, for the purpose
of studyin;J the failure meclmlisn it was adopted by many research tmits.
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Brief SUrrmaIy of Test Results Fran the full-scale and rrodel b.lild
i.ng tests, the following view~int can be drawn:

(1) It is verified tlBt the failure rne::hmisn of single masonry
vall speci.ma'ls is close to the wildings. ,

(2) As sh:Jwn in Fig. 9, the damage of ground floor is serious arrl
it re:fuces upW3.rds story by story.

~3) It -is very difficult to say which seismic intensity can be re
sisterl by one wilding after static test, but a restoring force roodel
(Fbr exa.rrple Fig. 10C 3) ,) can be given and it can be Use:l in nonlinell
sei&nic resp:nse analysis to help us to evaluate the seisnic grade of
masonry hlilding. -

Strengthened and Reinforced M3.sonryStructure

Masonry structure strength=nerl with Reinforce:lQJncrete-Cblumns In:
order to strengthen the etisting maoonry bJilding in seisnic ~ffi, many
research organizaticns (D31ian Institute of Technolcgy ILIT(7),
CABR(8) (9) , TJU(lO)"'(16) , et al.) rave carried out their study pro-
grams far wall specimens or model BuildiIlJs strengthened with reinfcrce:l
concrete columns and tie l:::ers. Fig. 11 sh::>ws the strengttened effect
of masonry wall ( 1 5) •

M3.00 Structure Repairerl with Reinforced Columns TJU r12) ras
perfonnerl a program to study the damaged walls or model Wildings re
pairerl with reinforced colurms witlnlt grouting the cracks of vall. Fig.
14. sh::>ws- the repaired effect of the damaged valls.

_ Maoonry structure StrergthEnerl with Canent MJrtar Cover Reinforced
l::7iSteelMesh. In seiSllic area of China t1e canent rrortar cover rein
foreerl ~ steel mesh is widely;use:l to strengtl"En the walls of existing
-wilding. In generally, the caver is only 3an in thickness and the
spacing of tl'e l::ars is 20 an, l::ut the strengttene:J effect is very evi-
dent, as shJwn in Fig. 13(1"). -

Brief Stmmary of Test Results

(a) 'I'lereinforcerl concrete columns directly .contriblte treir shffir-·
ing capacity to resist the seisnic load together with brick vall, and

-tre ductility _of wall is improved.
(b) The brickbJ.ilding strengthenerl with reinforcerl concrete colum

-.had incrffise:i in aseisnic capacity rrore tl"an 100% during Tangsl'an Earth
quake, bJt 'the static test sl'Pws tlBt the aseismic capacity 'tBs in":
crffise:i only to 20%. This problem s1Puld be solve:J by sh3.k.i.n;J table
tests.

, (c) The strengthenin:;l' effect of canent rrortar reinforced with steel
mesh for trick \tall is relatively evident.

DYNAMIC TESI'

Strain Rate Effect
The autror I s research group (TJU) carrierl out a test of four 1lBs:my
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vall specimens. 3.1bj e:±ed to reversed lateral load:in:;J with different fre
quencies (0.1Hz, 1 Hz, 3 az: ) .. It is evident Hat the. strain rate ras
influence on sh9aring strength of masonry vall as well as 00 tl"e area
of loops, as srown in Fig.• · 14.

Brick Model Building Test

sane strengthened.and unstrengthened five-story brick rrodel wild
ings (scale 1: B) have tested in lal::oratory of B<\DI. The blildi.n;;r \02s
viJ:rated' by vibration generator I which'\tas located on the top of roof;
ani the walls were subjected to cyclic loadirg.

Brief SJImery of Dynamic Test

(a) The strain rate has strorgly influence on the shear strerqth of
masonry v,ell. .

(b) The rrasonry mcdel wildings stren]thened .with reinforced con
crete columns can resist stronger earth:{uake, it is also verifie:3. by
the dynamic cyclic loading.

SFW<m3 TABLE TESI'

" Brick wall Test

The autror I s research group performed a prcgram of shak:in;1 table
test for maronry \0211 with or without openings in latoratory of Tongj i
University. The additional mass has a weight of B.St. Fiq. 15 srows
the partial test results of rrascnry \\ell tested 00 the sh3.ki.ng table
excited. by an input record of El~entro Earth:Iuake (1940 NS) •

Concrete Bl~k r-rdel IllildiM Test

Unreinforcoo. Block Mcx:lel Building Test Three five-story unrein
forced amcrete bl~k rrcd.el wilding were tested on shaking table
(TJU) (15) and three sin:Jle':"story brick roodel bJildings were experi

mented on anotrer one (rEM) (17) • Besides, in order to obtain the
mathematic model of b..1i.ldiIlJ fran the sha~ table test data, ·the I1CI1-.

linear systan identification is develcperl,16) • Fig. 16 srows' the expe
riIrte1tal and identified results of the five-story blild.i.n;;J·.

Stren:;rtl'a1ed 'BlcekM:del B.1ildirp Test one block ItDdel b.1ildin;J
strergth=ned with reinforcEd coocrete columns \laS tested by autl"or 's
research group (TJU) on shaking table. The test results srow trat the

, str61gt:henEd effect is evident and it can ecplain tre additionalcalunns
row to resist the seisnic loadin;;J.

EXPLOSIVE' - FmJ) DYNN-UC TE'SI'
I

'I\o.O three-story mascnry. biildin;J with internal reinforced Columns
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and beams were tested on the field by Prof. Zhang (cau) (18) usin;J exp1c,
sive methJd. The distancefrcm the eKPlosive cE!1ter to tre bJ.i.ldin:;J's
was 132m, as slown in Fig. 17. The damage is similar to that of an
eartl"quake: therorizontal cracks aWffir'ed in· the walls atove and tmder
the wirrlows of tre third floor, and the similar cracks appeared in the
walls of seoond floor but much lighter.
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All IRYES'fiGM'ICDI OF 'l'BE SEl:SIIIC BEDVYOR AlII>
REI.iiRJRCEiiIEif ItEQUlkEliEWiS POll SDIGLE-S"J.'OR!' JmS(BIRY HOUSES

Lindsay R. Jones( 1 ), Ray W. Clough( 2), Ronald L. Mayes( 1 ':

This paper presents the results of an investigation undertaken to
determine the reinforcement requirements for single-story masonry houses
located in Uniform Building COde seismic ZOne 2 areas of the United States.
The investigation consisted of testing five masonry houses measuring 16
ft. (4.90 m) square in plan on a two-component soaking table capable of
horizontal and vertical motions. The dynamic response of each house was
measured and careful observations made. The resulting design
recommendations is that no, reinforcement is necessary for single-story
brick or concrete block residences in ZOne ~ provided minimum lengths of
masonry shear resisting elements are provided. If these minimum length
requirements cannot be met, then partial reinforcement is required anc
procedures are proposed to determine the minimum lengths of partially
reinforced walls.

Seismic design requirements specified by the U.S. Department of
Housing and Urban Development (BUD) are referenced to "seismic risk zones"
defined by the Uniform Building Code CUBC). Changes, in the UBC maps were
incorporated into HUD requirements and this resulted in the requiremen't
for partial reinforcement for masonry houses in newly specified ZOne 2
areas. These requirements were considere~ too conservative by the
construction industry in Phoenix, Arizona, one of the affected locations.
and it was decided to study the question experimentally by subject~ng

assembled components of masonry ho~ses to simulated earthquakes on the
EERC shaking table. The primary objective was to determine the maximum
earthquake intensity that could be resisted satisfactorily ~y an
unreinforced house, and to evaluate the additional resistance provided
by partial reinforcing. Results of the house.and roof to wall connection
tests are, ,given in [lJ, [2J, [3J and [4J.

(1) Principal, computechEngineering Services, Inc., Berkeley, CA
(2) Professor.of Civil Engineering, University of California, Berkeley



'l'be unique ~eature of the study was the testing of full scale
cClup:lI1en1;s of typical. masOnry' hoUses subjected to motions reCOrded· in actual
earthquakes. MaSonry walls 8 'ft,. - '8 in. (2.64 m) in height and up tp

. 16 ft. (4.90 m) long were, constructed of commercially available 6 in. wide
hol~ co~e block or hollow clay brick units. The walls were assembled
to form 16 ft. (4. 90 m) square test ··houses" built on strip footings.
Each wall unit was connected at: the top by a. standard timber roof structure.
Concrete slabs were bOlted to the roof structure to compensate for the
riduCtionof mass res~lting. from scaling the plan dimensions. The wight
o~ the slabs were chosen so that the ratio of total roof load to total
wall .peripheral. length was similar to that of a 40 x 50 ft. (12 x 15 m)
house with a specified roof 'load of 20 psf (1 kN/m2 ).

Figures 1, 2 and 3 show the details of Houses 1, 2, 3 and 4. The
first four models were designed so that transverse and in~plane respOnse
of both unreinforced "clnd Partially reinforced panels were used in a single
test. All partial' reinforcement consisted of vertic,a! bars. In the fifth
house a series of tests was. conducted when all four wall panels were
initially unr~1nfor~ed; during the subsequent phase, all walls were
partially reinforced with two No.3 (10 mm) bars.

Bouse 5 was oriented in such a way on the shaking table with respect
to the horizontal axis of table motion that its masonry walls were
simultaneously subjected to two horizontal (in-plane and out-of-plane)
,al well as to vertical input motion - Figure 4. In this way, the effect
ot the combined in-plane .and out-of-plane action of earthquake input on
the maSonry walls was investigated. ' .

The test structures were generally subjected to a series of base
motions with progressively increasing. intensity - Pigure 5. Some tests
p~rfozmed on HOuses 3 and 4 included both hor.iZonta,l. and vertical components
of motion. Three earthquake motions were used derived from the 1940 El
centro, 1952 7aft and 1971 Pa~oima Dam acceierog.rams ..

All s1mulatedearthquake records had' both one horizontal and one
vertical cOmpOrient with rio .time scaling; the simUltaneous action of two
horizontal cOmpOnents on the masonry walls of House 5 resulted from the
orientation 0'£ the walls with respect to the one axis of horizontal table
motion; walls A and B formed a 30 degree anqle aild wall~ A1 and BI a 60
degree angle (Pig .. 4).

'i"ESr~. !'OR BUUS:Es' 1.. 2. 3 BDd'"

The specimens used in, :thills~udy: WeretypicaJ. of "bOx" structures
which derive their lateral tore' resi'stance 'from "membrane" action of the
walls. The, major part ot ~he lateral force developed in these tests



:-esulted from the concrete blocks bolted to the roof, Res~stance te, thl8

force was provided bya mechanism dependent on the relative ~n-plane

rigid~ty; the out-ot-plane rigidity of the wall panels and the flexural
stiffness of their connections to' the roof were of negligible value in
resisting the roof loads., The roof structure simply provided the top
support for out-of-plane forces.

From this description, it ~s clear that the out-of-plane walls of
a masonry house must have ~uffiCient flexural strength to resist their
own inertial forces when acting as vertical beams, while the in,..plane walls
must have the capacity t,o resist the inertial forces of the entire roof
system plus the top half of the walls.

In general, the observed behavior was consistent with this
description of box structures subjected to lateral forces. During the
tests, roof displacement ~litudes were directly related to the behavior
of the in-plane walls (designated as A and B in Figs . 1 to, 3). Differential
displacements of the two in-plane walls Were accommodated by riracking"
distortions of the roof; relatively little in-plane distortion was observed
in the out-of~plane walls, so it may be concluded that the roof structure
did not rotate as a rigid unit. This is consistent with the usual deSign
assumption' that plywood diaphragms are much more flexible in shear
distortion than are masonry walls.

A significant observation made from these experiments was that
typical single-story masonry h~uses are so rigid that they do not develop
complicated seismic response mechanisms. Motions of the test structures
followed the shaking table motions very closely, with distortions generally
proportional to, and in phase With, the base acceleratio~s" The peak input
acceleration may therefore be cited as the dominant quantity controlling
response. The most significant features of the observed response of the
test structures taken as a whole may be summarized as follows:

For Unreinforced Wall Units;
.,

1 , No cracking was observed in any major unreinforced wall un.it for tests-
with peak accelerations less than 0.2g.. The lowest intensity shaking
that caused cracking of a non-bearing in-plane wall occurred during'
tests with peak accelerations of 0.21g; the minimum intensity to cause
cracking of an out-of~plane wall was 0.25g.

2. Unreinforced out-of-plane walls continued to perform satisfactorily
after cracking during seve,ral tests of increased intensity. The
displacements of these walls generally became excessive where
accelerations exceeded 0.4g. These large displacements invol~ed

hinging at the horizontal crack line and exhibited potential
instability. '
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3. Cracking of unreinforced in-plane walls was of two types: horizontal
cracks in panels without openings, and a diagonal crack extending
downward from the window corner in the wall units with window
penetrations. Permanent displacements generally were associated only
with the diagonal cracks and these became unacceptably large ,with
further testing.

For partially Reinforced Wall Units:

1. Nearly all partially reinforced wall units performed satisfactorily
in all tests. None of the partially reinforced out-of-plane components
developed any significant cracks .during any test, including several
with peak accelerations in excess of 0.5g.

2. partially reinforced in-plane walls also .performed satisfactorily
although some cracked when peak accelerations exceeded O. 3g. Cracking
in the pier units without window openings was associated with rigid
body rocking, and included' a horizontal crack due to uplift near the
base of the wall. Residual cracks were easily repairable.

3. The only partially reinforced wall which exhibited unsatisfactory
behavior was the window wall of House 4 (unit A in Pig. 3). A typical
diagonal crack extending from the window corner to the. "toe" of the
wall developed during the first phaSe of testing when this house was
unreinforced. After the addition of two undowelled bars, the wall
resisted a 0.32g test without additi~nal cracking. Bowever, in
subsequent tests with peak accelerations in the range of 0.47 to O. 68g
further cracking did develop as a result of uplift at the undowelled
corner.

TES'l" RESUL'1'S POR BOUSE 5

Pigure 6 presents th~ tests that unreinforced Bouse 5 was subjected
to. Bouse 5 was partially reinforced a~ter the completion of the eight
tests shown in this figure. The reinforcing arrangment used for the
partially reinforced Bouse is also shown in Pigure 4.

Observations from the performance of unreinforced Bouse 5:

a. The first structural crack appeared during test No ..5 (P:i-gure 6).'

This crack was at a horizontal mortar joint near the right bottom
corner of loadbearing wall B. The dynamic crack opening during test
No.5 attained the value of 0.060 in. However, the permanent
deformations were negligible.

b. The dynamic house response after the fOJ:ma.tion of this first structural
crack is dominated by large uplift displacements of wall .B at the
crack location inducing large in-plane displacements for wall B and

iIr~



larg~ out-of-plane displacements for ~l A1.

c.. All walls of Bouse Shave been· subjected to a combinati9n of
significant in~plane and out-of-plane inertial forces (Figure 6) and
developed significant in-plane and out-of-plane displacement response.

d. The first unacceptable damage for unreinforcedBouse 5 occ!-1rred during
t'est No.7 (Figure 6) in the form of partial loss of support for the
door lintel beam of wallB. The term "unacceptable dama~e" was defined
as cracking or sliding permanent deformations in excess of.~/4 in.
The performance of unreinforced Bouse 5 is depicted in Figure 6;
the abscissae in this figure represent the sequenti~ test number
and the ordinates the test intensity in terms of base accelerations.

Observations from the performance of partially reinforced Bouse 5:

a. The partially reinforced Bouse 5 was subjected to many tests. Figure
6 provides a summary of the base motions used for ten of these tests.
The observed damage of partially reinforced Bouse 5 is well within
acceptable levels even for tests of very high intensity.'

b.. The large displacement, acceleration, torsional and distortional
response observed during the tests of the unreinforced Bouse 5 after
the fOrJOation of the first s,tructural crack is well controlled by
the reinforcing arrangement of the partially reinforced Bouse 5.

c . A comparison of the earthquake performance of the partially reinforced
Houses 5 and 4, .(which are essentially the same except that th~ partial
reinforcement of the loadbearing wall A of Bouse 4 is not provided
with dowels), shows that Bouse 5 exhibited satisfactory performance,
whereas for Bouse 4 the partial reinforcement of wall A was unable
to contain the damage within acceptable levels [3J.

From the previous discussion of the test results as well as from
the tables and figures the following conclusions can be drawn:

a. The first acceptable damage (in unreinforced models) is observed for
two simultaneous horizontal cOJllPOnents of effective peak acceleration
of 0.24g·and zero for Bouse .4 or 0.24g and 0.~4g for House 5. The
corresponding input levels for the first"unacceptable damage were
0.26g and zero for Bouse 4 or 0.26g and·0.~5g for Bouse S.

b. These effective peak acceleration values for first damage (either
acceptable or unacceptable) are higher than,. the expected maximum
effective peak accelerations in any part of ZOne 2.

IYI-6-5



c.

d.

e.

g.

.. The simultaneous action of two horizontal components of seismic input
for the Zone 2 maximum expected effective peak acceleration does not
result in an increase of damage' for unteinforced House 5, compared
with the damage for unreinforced House -4.

The observed amplification fact~r at the roof level has a maximUm.
value of 2.5 for the moderately cracked house, with input effective
peak acceleration just above the ZOne 2 expected maximum value. This
value is also representative of the partially reinforced Bouse 5 but
for EPA values well above· the expected EPA for ZOne 2.

An amplification factor greater than 2.5 is obtained for the
unreinforced house in its postcracking stage at the roof level for
EPA values above the zone 2 maximum expected EPA.

The amplification factor at the top,of the walls is in the range
between I. 0 and 1.5. '!'he only exception' is for the cracked house
when the sharp spikes, of the acceleration _record are included.

~ nominal experimental shear stress value of approximately 30 psi
was found for the unreinforced masonry she.ar walls with input EPA
value.s j iJst above the EPA expected for Zone 2. A value of 60 psi
was found for the nominal shear stress for the partially reinforced
masonry shear elements and for EPA well above the Zone 2 maximum
expected EPA. These values correspond'to the first (1) definition
of the net cross-sectional area in Table 1. For the second definition
of net cross-sectional area (2) in the same table, the corresponding
values are 50 psi and 100 psi, respectively.

Simplified design recommendations have been proposed. These are
based· on the earthquake performance of :the five test structures and
extrapolation of these results to real prototype houses. This extrapolation
considered seismic input, roof loading, foundation and roof flexibility,
geometry, torsional respcinse and other loading' [ 4] ..

Definition of- Seismic ZOning

Por the purpose of design recommendations, the USC Zone 2 has been
divided into two subzone. according to. the ATC-3 estimates of expected
maximum effective peak acceleration (Figure 7). The maximum expected
effective peak acceleration for ZOne 2A is O.lg and for ZOne·2B is 0.2g.

- .
Definition of Structural Systems and;Components

For the purpose of making design recommendations, three structural
systems are defined that resist the lateral forces. The distinction between
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these systems is based on 'the use of two types of shear-resisting masonry
components (unreinforced or partially reinforced) ..

Shear-resisting masonry components:

a. An unreinforced shear panel is an unreinforced masonry wall element
of a certain length, defined by the desig~ recommendations, ,that
extends from floor to 'ceiling without any penetrations, openings.
or discontinuities.

bi A partially reinforced shear panel is a masonrY wall element of a
certain length, defined by the design recommendations, that has a
NO.4 vertical reinforcing bar ,fully grouted at each end of the panel
and dowelled to the floor (No. 4 bar). .All masonry" steel and parts
of this panel extend from floor to ceiling without any penetrations,
openings or discontinuities.

Type I: ~ structure with all the mason7Y shear resisting elements
unreinforced.

Type II: A structure with a combination of unreinforced masonry
and partially reinforced masonry shear resisting elements.

TYpe IIi: A structure with all masonry shear resisting elements
part~ally reinforced. In addition, each exterior corner is provided with
at least one fully-grouted reinforcing bar with a dowel connection to the
foundation. Moreover, all non-shear-resisting elements are prOVided with
a fully-grouted No. ~ or greater reinforcing bar ,(no dowel) at an average
spacing o~ 8 ft. and with a maximum spacing of 12 ft.

Design Recommendations

1. All exterior walls must have a shear-resisting element that can resist
the lateral se~smic forces, with the specified length as determined
by the procedure in the next section.

2. For Zone 2A the minimum length of an unreinforced she,ar-resisting
<>elements are 6 ft. and 5 ft. respectively.

3. For Zone 2B the minimum length of an unreinforced shear-resisting
element is 9 ft.; alternatively there may be two 6 ft. elements.
The minimum length of a' partially reinforced shear-resisting element
is 5 ft.

Adeguacy of the Shear-Resisting Elements

The adequacy of the sh~ar-resisting elements cane be checke~by

comparing the lateral load to be resisted with the shear force capacity
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of these elements.

1. The lateral force (LF) can be found as the product of the roof load
per wall (W) and the effective peak acceleration of the zone (EPA
= 0.1g for Zone 2A and EPA : 0.2g for Zone 2B) and an amplification
factor (AF).

LF = W 'It EPA 'It AF

2. ~e shear force resiting capacity'(SFC) of the shEar panels can be
-found as the product of the net cross-sectional arpa of the panel
(net A) and a maximum' allowable, shear stress (r).

SFC = (net ,A) 'It r'

Table 1 includes proposed values of the amplification factor and
of the maximum nomnal allowable shear stress. For the case of solid brick
masonry wall, an equivalent nominal shear stress value should be used when
the net cross sectional area from a section through the solid brick is
considered. An unreinforced shear resisting element in excess of 9 ft.
can,be replaced by two shear resisting elements each with a minimu length
of, 6 ft. To check the total length adequacy for these two shear :r-esisting
elements, the proposed shear value must be reduced by 30 percent.
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TABLE 1 PROPOSED AMPUFICATION FACTORS AflID MAXlMUM-
AUOWABLE SHEAR STRESS

Structural Unrefnforced ParUalty Reinforced
System Shear Element Shear Element

Type Amplif. Factor 2.5 --
I. Shear Stress

(psi) . 15(1) 22(2) --
Type Amplif. Factor 2.5 1.67

II. Shear Stress
(psi) 1&( 1) 22(2) 35(1) 45(2)

Type Amplil. Factor -- 1.67
III. Shear Stress

(psi) -- 35( ]) 45(2)

NOTES: 1. Based at 'the net ·cross sectional area througn the hollow
concrete' block' of the masonry wall.

2. Based at the net cross sectional area of tne horizontal
morlar jOint althe. masonry ..,.all.
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IDENI'IFICATION roR THE MP.'I'HEMATICAL MJDELS
'ID PREDIcr THE E1>.R'fiU}AI<E RFSroNSES OF THE
UNREINFORCID CCNCREI'E BUXK ·MASJNRY BUn.om:;
AND ESl'IMATIOO OF ITS ASEItMIC CAPACIT'f

tu Xilin1

Base::J on shakin;1 table experi.ma1ts am nonlinear systen identifi
cation, the mathenatical mcdels of unreinforcerl concrete block masonry·
bJildirg were developerl to pt€dict the noolinear earth::Iuake response of
the blildin;r, and the aseisnic capacity of the l::uildi.rg \\as estirnate::J.
This p:lpet'" covers four. areas as follows: ,

1. Prediction of aseisnic capacity of prototype l::uild.i..ng' fran
snaIl-scale model l::uildi.rg test on shaking table.

2. PresentatiOn and. verification of an iterative process for the
identification of ncnlinear mathematical models of shear 1:llildin:J.

3. COnfinnation of a "sani-degradinJ. tti-linear" mcrlel of restori.nJ
force for the analysis of crackinJ. buildi.rg, by usin;;r shakirg table
experiments am systan identification ..

4. Developnent an::1 fOrTIUllation of a "shear-slip" restorirg force
model for the nonl·inear identificatioo of the model blildin;r durin;r
failure stcqe.

$HllJ(!N3 TAlLE EXPERIMENI'S OF FIVE-SIORY UNREINFORCED
CDNCREI'E ELOCK~y wnpIN3

In order to study the aseisnic bel'avior of masonrY structure and
to identify the nonlinear math3natical rnod.els of the wildi.n:J durin;}
stron;}' earth::Iuake, three. model blildi.n:Js which are on the scale of one
fourth of the prototYPe wilding were tested on srak.i..rg table in Tongj i
University. Tre plan and profile of the test blildirg are shJwn in
Fig. 1 arrl Fig. 2. ·The mo:1el hlildirg and loadi.rg procerlUre rasically
satisfied the similitude requiranents. An artificial eert'l"quake acce
lerc:gram correspondi.rg to tl'e third category of soil ccn:litioo of
Chinese "Aseisnic Design Cod.e for irrlustrial and Civil Buildirg" \'2S

Use::1 as input data with the carpressed duration accord.i.nJ to the time
sacle of each model l::uilding. Accelerations at every floor· and. roof
displacement were measured durin;J test procajure.

. .

1 Dr. of En:;Jineerirg, Ton;rji university,. Shln;;Jrai, China.
2 Prof. of Civil En,1ineerirg, Ton;rj i University, S1"Brgrai, China.
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The streIlJth Of m:>rtar, normal stress of '£11 ard _nput. peeK aCC":;

leration are. sh:>wn ,in Table 1.
Table 1.

Mechmical Properties 'of M:rlel Buildin;Jsarrl Load:in;] Steps

~:;=hl:r~h ilIT(s) , T (s)

---,
Mx1el N:Jnral rbJral lr -r'ailurel
bliJd- stress stress Time I D.lra- an/s 2 cone)i-
i~ tar at ! tar at of Will aEvall inter- , tion Arrq:lli- tion,

1st :roof at 1st at roof : val Me
story le.rel story level I
(MPa) (MPa) (MPa) (MPa) I i

i

i
196 I uncrackl
546 I crack I

(I) 0.811 1.092 0.223 0.026 ! 0.0058 3.48 I I

706 ! crack
i I

I 1200 slipi j

I : 155 uncrack\i

(n) 2.903 2.892 0.231 0.336 I0;0062 1 6.20
466 crack
880 cr3CK

I
I

I

1780 -slip
I

I i I
I i I 108 I uncrackj

I

(ID) 2,903 ' 1.143 0.319 0.0471 0.0074 i 7.40 ; 686 I crack
- - j j 900 j slip :

~

The 'test res.llts of three merlel tuildirgs are as follows:
1. When the merlel b.1ildings were 9..1bjecterl to 0.11-0.2g peak acce

leration.. t~ response of the b.1i1dirgs W3.S linear, and the deformation
of b.1ildiIlJs \\as very snaIl."

2. When the roodel b.1ildirgs were eXcited at peak aceeleratioo of
0.47 -0 ~88g, the mrizootal arrl st.epperl diagonal cracks appearerl in t~

lateral \\ails of the first am secorrl 'story, as is SIDW1 in Fig. 3(mcrlel
wi1din:;r m) . ' Up to this peak value, the lorgitudinal \taIls were -with-
out visible cracks. ,

3. When the merlel wildings \\/ere excitedby' 0.9 - 1 .78g peak acce
leration at the first run, the \taUs of the first· story of merlel blild
in;1 I, II arrl fifth story. of rn:x:1el b.1i1dilld nI slipperl apparently, arrl
Partial masonry of the external lateral '\tall crusherl seriously'. The
time history of roof displacenent for model b.1ilding I is shOW'l in Fig. 4 .
Tl'e crack pattern of W3.lls far model l:uildi.n;;J II is smwn in Fig. 5.,

4. When the excitations were repeatErl at 0.9 -1.78g five or seven
. times, the merlel l:uildings collapserl carq:>letely, \thlich is similar to
the dartage during actual eartl'quake.

-ANALYSIS OF ASE1g.uC BEE¥.V1CR OF UNREINFORCED
-CC>NffiEI'E a.ocK~Y WILDIN3

By analyz'in:J the crack proce:iure, distril:ution of 'inertia force



" and defonnation of the mXl.el buildings teste:i on shaking table, the
following o:mtetlts can be drawn for the aseisnic behavior of masonry
build~.

" 1. The defonnation of masau:y structure tmder" sei311ic loading is
shear type, which can be ·verifia:i by sha.kin;J table experiments and
eartl'quake damages on the spot.. "

2. The difference bet'WeE!l'l the experimental results of distrib.Ition
of inertia force along the height of the -l:w.1ding and the theoretical
results of tl"at calculate:i- by Chinese "Ca:ie" is small in the linear
stage, b.1t very large in the cracki.n:J stage, as sOOwn in Fig. 6. The
main dif;ference is that the cal0l1atErl results overestimate "the inertia
force of upper part of the b.1ilding, and mderestimate tl"at of lower
part of the building. When the Wildings crush and the w3lls slip, the
calculate:i results can not present the actual distrib..1tion of the iner
tia force along the height of the bui1din;;J, as shown in Fig. 7. If the
static h:>rizbntal forces are applie:i according to the distrihlticn cal
culate:i by Chinese "Ca:ie", the large t6'lsile stress may appear in the
tottan ofthe b.1ildin;J, which does not agree with the results of shaking
table test and eartl"quake damages on the spot. .

3. The coefficient of structural effect define:i by the ratio of
the base sheer of nonlinear re5!XX1se and that· of linear response is not
a constant, and it changes with the intensity of input acceleration.

. 4. The peak val\le of acceleration Ap for prototype b.1ildin:;r may, be
estimate:i fran the snail-scale ITJJdel test on shakin;:J table by using the
following expression:

Ap = (l)

where Am is the peak acceleration appliErl to rcroel buildin:;J, ex, ct and
Cor are tre scaling parameters of displacanent, time and shear stren;rth
respectively, and Ks is the coefficient of size effect. The results
estirnate:i by the al::ove-rnentione:ieXpression are sh:>wn in Table 2 ..

-Table 2

Fran the relationship liste:i in Table. 2 arC sl"aking table tests,

COttErlson c£ ~isnic Qlpicity c£ r-tJdel and Prototype Blild.i.n1 .
mJdel buildin:;J ex ct Cr hn(gal}_ ' Ap(gal}

, 196 64

(I) 4 3.448 0.9rn
S46 179
706 232

1200 394

1SS 34

(II) 4 3.226 0.566 466 101
880 191

1780 387

(TIl) 4 2.702 0.506 - 108
I

30

I
686 : 190 I

0.736 900 363
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th= followin;J cor;x:lusions can be sunmarized: ,
1. W1"En. the prototype hlliding meets an eartl'qua.ke oorre5p:md~

to Chinese intensity 7, the rorizontal and diagonal crackS will appear
in th= \taIls of th= first am secood story.

2. When the prototype blild:in;J meets an earth:juake corresponding
to Chinese intensity 8, it will suffer relatively serious damages.

3. wten tl"E prototype blilding meets an ea.rtl'quake with" the inten
sity of" 360ga.l peak acceleratioo., tlE Wllls at "the first story or the
fifth story wili oollapsearrl crush ~ently.

But all the al:xJv'e conclusions only correspond to the condition of
one direction excitation.

IDENTIFICATION OF N:::'NLlNE1\R SI'RUcruRAL PARAMErERS
OF MlJLTI-DEGREE..QF-FREED:M SYSI'EM

Systen identification technique res been introduced to the earth
quake engineering since-1970, Now the linear identification for MDJF
systen has been solved by sane investigators, b.J.t nonlinear identifica
tion for MlX)F system is being studied. In this seCtion," l::asaJ on linear
systen identification a.:O:1 nonlinear eartl'quake response analysis, a new
meth:>d of iteration is deVelopej to identify the parameters .in the non
linear ~F systan. In this meth:::ld, all tre parameters of restoring
force rrodel of structure are divided into linear am nonlinear groups,
then trey can be identifiej in l:atcres. ne modifiej Sirrplex algorithn
is usej iI1 He optimization of nonlinear parameters.

The main steps of nonli..ne3.r systen identification are given as
follows:

1. To set up th= restoring force model for each story of the struc
ture, arrl to assume tl'e initial prramet.ers {$} (0), which slDuld des-
eri1::e tre "mcdels appropriately. "

" 2. To plt the restoring force models with initial parameters ( 0)

into equation

(M) {x} + (C) {x} + .(K) {xl = - (M)"{I} % (2)

and to calOllate the ~onlinearr~ {x ("S", t) l, {x (6. t)},
{ x (B; t)} which lTUlst reve s:nJe error CO'\l)aring With { y(t)} , {y (t)} ,
{ y (t) }

3. To calOllate tre error function 4> (. B~) :'
N "T '

¢ (6)= .r! .!. f{ (Xi (6, t ) -y]., (tl¥ +Wa (it]., (B, t)-Yi (t» 2_
].= T 0

+ Wb (Xi r1L t) - Yi(t) ) 2 } dt (3)

-where Xi (6, t) , Xi (a, t) and Xi (a , t) .are the response quantities
calculated fran the node! usin;;J, mitia,1 parameters {B } ( 0) and "6XCita
-tion ~: Yi' Yi' Yi are the response -quantities" e.itl'erfran tre stroc
tureEObjecte5 to the same excitation or fran tre measurej o.ltput <Eta:



va and Wb are positive scalar weightin;;J factors: tre value of T may
te the full ciuration of the acceleration or only a portion of it.

4 .Base:l: on tl'e optimization' meth:ld to check wtetler the iteration
procedure ~ identifi,cation. satisfies the criteria of convergence or
not. If it ,is unsatisfie:9., tl1en oto fonn a new set of parameters {f~} (l )
and retilril' to step.:' 2 •

illrin;;J repeating the al::ove steps, l::ecause of a great numl:er of PllO
meters in too nanlir)ear restoring force mcdels of MrOF systan, it nee::lS
a lorg t~ far iteratiop, even tre proce:9.ure of iteration may not con
verge. . In o~ to solve this problan, the pa.ra.rreters of restorinJ
force may, be identifiErl in l:atches. It means Hat all tre parameters of
restorin.;J force merlel can be diVide:9. into tw:> grOJps: (1) linear ,para
meters which are' tl'l:! first stiffnessK1 (Fig. 10): (2) nonlinear para
meters whichconsi~of cracking and yieldiIJ;Jpoints (Pz am Py) as vell
as tre second, am third stiffness (K2 and K3 ), and these tv.o groups can
be identifie:i Oli~ by one ~ Firstly, because the eart.h:Iuake resp:mse of
a structure in the initial time pericxl is relatively STall am the &ru::
ture vil:rates in the elastic stage, de initial snall resPonse can be
usejto identify the first stiffness of restorin;J force mcx:1el. fecorrlly,
on tre basis of de knOwn first stiffness of restorin;; force medel, the
otrer parameters can be identified by using the eartl'quake response of
wrole duration.

In order, to verify tl'E aoove-rnentione:i metOOd, a three lurtpEdrnass
systan \<as sele::ted as an exarrq:>le to identify tl'e nonlinear ,parameters.
The parameters of this exanple are 'shoWn in' Table 3, am the accelera
tion time history, at rOof level is shown in Fig. 8. It can be found
t hit 'there is a, gocd 'agreenent l::et\\e€l"l the true ani identified f'8:IClITIe
ters, which rneai1s trat tre method developej. aoove is feasible.

Table 3.
(U' kg )n1t: ,em, sec. The Parameters of I<y;::unnle
INumber' Before iteration After iteration

of Mass Type True In1t1a1 [)ev1at1on F1nal Tolerancestory value value (%) value (%)
First stiffness 20800 16640 20.000 10785 0.070
.Second stif,fness 14144 16640 I 17.647 13792 2.488

1 50 Third sHffness 1144 1479 29.180 1112 2.836
Cracking point 2080 1664 20.000 2095 0.729
Yielding point 4160 3328 20.000 ,3966 4.650

First stiffness 20800 16640 20.000 ' 20751 0.235 '
Second ~tiff~es., 14476 17638 21.840 14276 1.383

2 50 Third stiffness 1188 1618 36.240 1174 1.154
Cracking point " 1976 1264 36.000 1950 1.300
Yieldin2 point 3952 2529 36.000 3692 6.571

First stiffness, 20800 16640 20.000 20771 0.139
Second stIffness 14809 17804 20.220 14604 1.382

\

Not Enter' the Third Stiffness3 20 Third stiffness
.' Cracking point· 1872 1198 36.000 1852 1.071

Yielding point Not Exceed the Yielding Point
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IDENTIFICATICN FUR THE~ MA.'I'HEMATICAL
M::>DELS OF MASCNRY BUn...oIN3

Tl'e matb:m3.tical !'OCJdels of mascnry hlildin:J in every deformation
stage are obtaine:1 ~ usin:J sl"akin:J table eXperiments and systEm iden
ti£ication, the results obtained he!-e can re userlto predict the Seisnic
resp::mse of masonry st:ru:ture.

The identified re9J.lts of three model b..li.ldirgs are as follows:
.1. In uncrackin:J stage, too matlanatical rrodel of shear tYPe can

re usaJ to predict tl'e linear earUquake response of masonry blildi..n;l'.
Tl'e identified and meaSlred acceleration' resPonses of model hlildirg III
are sh:>wn in Fig. 9. .

2. In" the crackin;r stage, tle restor~ forcemcdel of interstory
is "sani-d.e:;Jrading tri-linear" type as srown in Fig. 10, which is simi
lar to t1"e rncx:iel obtained by static test l::ut with different parameters.
So it is reasonable to use tre shear type merlel as awh:>le arrl the
"seni-degradin;r trilinear" restori..n;l' force model to prerlict tre non
linear ea.rtl'quake resp::mse of concrete block masonry hlildil'XJ." The
time history of· acceleration at roof level of merlel blildiIl:J I Slbj e±.al
to t1"e peak value of O. SSg is srown in Fig. 11.

3. In the failure stage, the "sani-degrad~ tri-linear" restorirg
force merlel can not predict the na'l1inea.r rert'tiIuake reSponse of con
crete bleek rrasonry l::uildin;1, as s'hc:>Ya1 in Fig. 12. In this stage, tre
restoring force merlel of interstory is "sb:ar-slip" type (see :Fig. 13)'
which is a new concept for tre design of concrete block masonry bJ.ild- .
ing. By usirg this new model the nonlinear EBtt'h:luake resPonse can be .
prerlicted mare accurately than by usin;J the other models, as s'OOwn in
Fig. 14 which is the acceleration time history of mcdel hlildirg I sub
j a:te:l. to the peak value of 1.2g.

4. _The dampirg ratios of masonry structure cffin;;Je very apparently
. with t1"e deformation of the strucblre•. In the unerackin;J stage,

E;1 = 0.047 - 0.05, E;z = 0.0497 - 0.053: after cracking, the darnpi.n;}
ratios are increased greatly: ~l = 0.194 .- 0.198, E;2 = 0.323 - 0.358:
in the failure stage, E;;l = 0.296 - 0.303,E;2 = 0.4 - 0.52. These damp-

. ing ratios can l::e userl to predict tte nonlinEBr eartlquake responSe of·
masonry structure.

REFERENCES

1. Z}u B:>long, Iii Xilin~ Shlk.irg Table stlrly of a Five-st.ary Unr:ein
forcoo Concrete Bleck Masonry MJdel l;llildi.r:g, . Free. of Internation
w:>rkshcp on E.E., VoL 2, March, 1984, ~hai, China.

2. Lii Xilin, Z}U Iblorg,- Lu W9irnin, Identification of Nonlinear Struc
tural Parameters of ~lt:i-Degree~-FreErlanSystems, Proc. of Inter
natiO'lal \\brksb:>p on E.E., VoL 2, March, 1984,· ShmgreL China.

3. Zlu !Olang, LU Xilin, Earth::lUake Simulation. 00 an Unreinforcerl M3..s:nry
Blild~, ''Clcserl I.Dcp" Tte Magazine of SirroJ.latioo Technol<:x;1Y, Feb.1985.

ITI-1a06



!
"

I'f'-. ~. -f'jmm:::tZzzzzzZZZ:ZZ:Z~
~Jk-

J)"O ~.~,..
Units: am

Fig. 1

I I

I I I I
1

·1 1 1 1
, 1 1

.1 1 1
1 1 1

,I
I I. I 1

I I 1 I

1-;'
.,

I 1

1.-
1 -I, I

•
I I I

I I I I
I .... 1

--. -. •

Axis No.3

Fig. 3

7T
rr~

rr
rr ~

If
r 1

Units: am

Fig. 2

I

I

1 , I
I

I· ,
I

I

I
1

I
1

1 1 L
I L I

I -- 1
I •I

I

I 1 I I

I. I
II

..I
I

Axis No. 1



C
11

18.00B0

5.eoooo ........------+-......,.-----+--------11---J.'--4--.;,j

-5.BOOB 1------~~--......;....;....-4------_I_------~

6.6Z36e4.79660
aecond..

3~eB31B

-lB. B0B L..o. ~ ~ ~ '_'_ ..L. ~ _J<_J

. Z.96959

Fig. 4 (Mddel Building I)

Fig. 5



tN
2020

2

1

5

4-
stories

Model I Model II

- test value· ----- calculated value (code)

Fig. 6 (Cracking Stage)

stories
3

KN
o""'-~~-2~O

Model I

---- .test value ----- calculated value (code)

F1g. 7 (Failure Stage)



Identified ---:- True

.00
seconds

-

~J~
, ,

I~;~
,J

',{\ A 'A ~ ),) ~\: ~, A lAJ 11 b
o~V W

1'\ IY\J"I.; ~I
,

~ ~
,.

~'tI

\
,

.00 2.40 4.BO 1.20 " ,.60 1:[

9.BBBBB

-leB.Bra
o

z

C
1'1 too.BOO

"5
E
C SB.ooea...

- "True---.- Identified

e. ooooe ~~Rjl

C
P'l SBB.0Ba r-----.------r-"'"'------r---------
.I
S
E
C Z5!J. eoo t------t'"7""-:---'""""':"'-+---~-_+_----_J

Z

-25B.BB

-5D.J. "'" ~-......--~-==~......-._~~~~~ ......-~~~- ............-.........J
).1888 4.e~8 "0. _.. , ~.00d8 1.1181 8.128.

Fig. 9 (Model Bui!ding III) secOnds

p

" ,'t' 0 ',:, ..
, ", ','1 J ~

" ~'~ /" I, :~. ", " ' . '
~ , , , I,' I"" ,

, , ,.' #'" , .,t
" .'"., J, , J!' - .........,j:'. ~_ .. - - .-

Fig. 10



I dent i fied
,

- Measured
C
r1 2S00.00 r------,..-------,-------,.----_--..:.
"5
E
C 1000.00 I--------+--------t------n------~....
2

-Ieee. B I---:------t-------t------+--...----~

.6.4496
seconds .

5.57964.7096

Fig. 11 (Model Building I)

3.8396
-2WB. B L...o.....L-.........................."""-''-oL'"'-'-'-'"'-'..................--''-.L.......L-........................''''''-'>-1..---....~........--''-..........-J

2.9696

- -" - - Identi fied --Measured
C
"'~.B0

"
S
E:
C 1000.00 1----.,.--+------+~---4-~--~r_~-_¥r___t

-1008. B ...-.-----t------':....--+-

ri

-Z000. B L...:-o...........................-.,....-J.:-o,-':-':-...........-..~~t_":_'O-"":'~~~~-, ...................,.";_"_'~~ ...................~
2.9696 3.3176 3.6656 4~0136-4.36l6 4.7096

C
11 20OO.OB

"5
E
C 1000.00 1----r---~:__1r----ht-H~-r----r--t----_t
....
2

. -Ieee. B 1--+----f------+--O'+.....I+-....:--+---if-:--~----__1

6.44966.10165.7536
-2B0B.0 L............-................................................ _. _

4.7096 5.0576 5.4056

seconds
Fig. 12 (Model Building I)

nr-7-:11 :



pi
c

Fig. 13

C
M 20<10.00

Identified. --Measured.

s
~
C laa0.00 ~----""'+----r--4-+""T-'----r--+--------l
"

-11300. 0 L----""~-:-.--+---~~~-----+_-.,....f.--~

3.8396
. --

4.7096 5.5796' 6.4496

Fig~ 14 (Model auilding I)
seconds

IIr-7-12



DIRECT SHALL SCALE HODELING OF GROUTED CONCRETE BLOCK MASONRY·

Ahmad A. HamidI, Bechara E. Abboud 2 and Barry G. Harris 3

SUHKARY

A better understanding of the complex behavior of masonry structures is
necessary to embrace,the more appropriate concept of limit ,states design. 'Due
to the prohibitive cost of full scale' testing of mas~nry systems, particularly
under dynamic loading, a more economical method utilizing direct modeling
techniques is propose'd. This paper describes the first phase of an ongoing
comprehensive small scale test program of concrete masonry at Drexel University
since 1982. ' Information about the scale effect and the model properties of the
blocks, mortar and grout were obtained. Hodel specimens duplicating prototype
test specimens were tested under axial compression, shear and in-plane splitting
tension. The study includes the effects of different deformation and geometric
characteristics of the unit's, mortar and grout. Correlations between model

'results and available prototype tests have been performed. The results indi
cate that direct modeling is feasible and is capable of predicting the behavior
of concrete masonry. Phase two of the program will include direct modeling of

, reinforced masonry walls. '

INTRODUCTION

The widespread use of reinforc~d masonry .structures in the 'past de~ade

substantl'ates an, urge for e~perimental studies to evaluate their complex be-

havior under different' types of loading. especi811y under seismic loading.

However. due to the high cost of full scale testing, only a limited number of

experimental studi.es have been ,performed to evaluate basic strength under

monotonic' static loading. These studies did not fully utilize the performance

l,2·.3As8ociate Professor. Graduate Student and Professor, respectively, Depart
ment of Civil Engineering, Drexel University, Philadelphia, PAt U.S .A.

*previously p'resented in The First Joint Technical Coordination COlDlllittee
, on Hasonry Research Meeting. Tokyo, Japan,' August 1985.



charac teris t l'es 0 f mason ry sys tems • Therefore, a more econo~cal method is

needed to study the complete structural behavior of masonry structures UDder

any type of loading. With this objective in mind, a direct small scale modeling

technique is proposed as an economical alternative to full scale testing. This

has been successfully applied to linear and nonlinear problems of reinforced

and prestressed concrete structures at the Structural Model Laboratory of

Drexel University [1,2,3].

The methodology for direct small scale modeling of hollow concrete masonry

was developed at Drexel University in the late seventies by Harris and Becica

[4,5]. A follow up study was conducted by Hamid and'Abboud [6] in 1983 to

further evaluate the feasibility of small scale modeling for concrete masonry

and to include grouted construction. The results were very encouragi.ng and as,

~'result, a comprehensive test program has been developed at Drexel Unive,:slty

to evaluate, in detail, the use of small scale models for UDreinforced,and rein-,

forced concrete block masonry.

This paper presents the results .from the first phase of the program which

deals with basic strength and deformational characteristics of grouted concrete

masonry assemblages. The second phase of the program will !Delude direct model-

ingof reinforced masonry walls.

OBJECTIVE AND SCOPE

It is -the objective of this study to evaluate the use of direct modeling of

grouted concrete block masonry und~r axial compression, shear along th~ bed joins

and splitting tension of d,ifferentorientations from I:he bed joint direction.

The experimental study includes the effect o~ unit properties and mortar and

grout strengths on the deformational and strength characteristics of the assem-

blages. The validity and adequacy of the small scale modeling in determining

the strength and deformational characteristics of masonry are investigated by

di,rect' carre 1.1:: iens <11 th prototype tests_of specimens having similar properties.

nI~



MODELING TECHNIQUE

The approach adopted in thb study was to achieve -true- modeling; that

is. to produce models which can predict the elastic as well as the inelastic

behavior including failure. This necessitates obeying all similitude requi~e-

ments for geometry. materials. and loading [3]. Using the theory of dimensional

analysis"(3). the similitude requirements can be derived for masonry (see Table

1). A more extensive discussion of the similitude requirements for masonry can

be fo'und in Refs. 3 and S.

The geometric relationship between the model and prototype is provided by

the scale factor. In this study a scale factor of four was used. The choice

of this scale factor is primarily based upon two important considerations: (a)

The Masonry'Laboratory at Drexel Univesity houses a masonry block-making mac~ine

that provides units having 1/4 the nominal size of the prototype 8x8x16-in.

(200x200x400 mm) nominal blocks. and (b) an early study [5] at Drexel University

indicated that the usage of scale factors greater than four would prob2bly ree

sult in problems in the fabrication of, joints. This has an added significance

in view of the importance of mortar joints in affecting the overall masonry

behavior [6].

EXPERIMENTAL PROGRAM

Materials
, ,

The constituent materials selected for the masonry model, are scaled-down

materials satisfying the similitude requirements for direct modeling [6].

1. Nodel Masonry Units - Thl'ee different quarter scale conUgurat ions of

hollow concrete masonrj units shown in Fig. 1 were used thrl;lughout the test

program. These quarteracale blocks represent full scale. nominal 8 inch (200

mm) blocks. The model block units. were manufactured in-house using 8 block

making machine at the Masonry Laboratory of Drexel University.

III-8-)
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Table 1 - Predlctlon and design equations for direct .odeiln~

of masonry under static loading.

Equations

6m - 6p /SL

"a. - !'I.p/Sl

Pm - Pp/SL

em - tp/SL

Am- ~/St

Em -r"
(f '.)111 - (f '.)p

(f 'tn). - (f'tn)p

(f'tp)1ll- (f'tp)p

(f's). - (f 's)p

\1m, - "p

Description

(s) Prediction

strain in IIOdel ls the S8llle as in' prototype

stress in model is the S8llle as in prototype

deflection. Where SL • Lp/Lm is the length scale

bending moment per unit length

compression load per unit length

(b) Des~gn

thickness

area

Young's IIOdulus'

compressive strength

tensile strength normal to bed joints

tensile strength parallel to bed joints

sh~ar strength of bed joints

Polsson 's rllt io

I I , I , ,
I I I I, I

I I I
,, I I I I

-~ l.-0. ,).:.J :-'0.,.1:...1 ~I-I , I I ,
I , I 1 I I
I , , I II , I I I

I 1

REGULAR STRETCHER

1
I I

i.1
,

I I I I

:'-0.))"--: • o.))'"---.J, , r-., I

I I I I, I I I

l I I I
I

FULL DoUBLE CoRNER

Al TYPICAL ELEVATIONS

I
,

I I
I I

- ~o.))':""'; .-, r
I I
I I
I I

HALF DoUBLE CORNER

gO
REGULAR STRETCHER FUlL DoUBLE.CoRNER

II TYPICAL CROSS-SECTIONS

HALF DoUBLE CORNER

Pig. 1 - Configurations of Hodel Masonry Blocks
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mols t-cured for 28 days. The physical properties of the IIIOde1 blocks were

obtained in accordance wlth ASTM C140 and AStK C67 [7] and are Hsted in Table

2. Figure 2 shows stress-strain relationship of model blocks.

2. Hodel Masonry Mortar - The IIIOdel masonry mortar used throughout the

experimental program consisted basically of cellLeDtitious material (Portland

cement and lime) and local Delaware Valley masonry sand and with enough water

to provide a· workable IIL1x. To assure a properly scaled down joint thickness of

3/8 inch (10 mm), as is commonly used, particle sizes greater than a U.S. No. 30

sIeve were excluded from the masonry sand. The properties and proportions of
,

ehe three mortar mixes used are sWIIIDarized' in Table 3. For each mortar mix

three 2 inch (51 mm) mortar cubes were used during the construction of the

assemblages as control specimens to obtain the compressive strength of mortar.

These control specimen,S were air curcsd under the same conditions as the assem-

blages and tested at approximately,the same age as the corresponding specimens.

3. Hodel Masonry Grout - ThecellleDt, 11me and sand used for model masonry

mortar were the same for model masonry grout. Three different types of grout

were used throughout the experimental study. Their proportions and physical

.propertles are Hsted in Table 3. POI' quality control, block molded prisms

vi th th.e dimensions lxlx2-in. (25. 4x25.4x50.8 1IIIIl) were CaBt d~ing grouting of

the assemblages. They were &ir cured UIlder the Same conditions as the assem-

blages. These were tested under axial compression md splitting tension. at

the same age as. the, corresponding' specimens [6].

Test Specimens

POI' axial compression, two groups of specimens (A and B) were constructed

to duplicate full scale specimens [8,9J. Group A contains 28 three half-block

prisms (Plg. 3) duplicating full scale prisms tested by: Drysdale and Hamid [8]

to study the effects of strength. parameters such as mortar and grout strength

rrr-a-,



Table 2 - Propertles of Model Illockss

Model GraBS Compressive Strength Tensile Strength
Masonry Ares Percent lDd1v ld us.! Mean C.O.V. Splittlng Flellural

Unit (in. 2) Saua (psl) (psl) (X) Tension, (psl) Tension, (pSl)

Regular 3380 ,
Stretcher 7.50 ' 53 3250 3480 8 '. &20

3810

Full 3730 !
Double 7.50 52 3270 36g0 11

,

ICorner 4050 I
f I

Half 3220
, I

I
Double 3.60 57 3470 3440 6 530

IComer 3620
I, I

• 1 p~i • &.89 KN/m2; 1 In. - 25.4 mm.

III
III

~ S.
III

IW
:>...
III
III

::l
~
U

IW

~
o

_I
J 0

ID'
~_I_I

o

25

2D

15 N.

E.....
~

III

a) Stretcher

COMPREsSIVE, STRAIN x 103

b) Double Full Corner c) Half Double Cor::e;-

Flg. 2 - Stress-Strain Curves for Model Blocks

III~
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Table 3 - Propertlesof Model'Hortar and GroatS -

Proportions (by ve1lht) Compressive Strealth
Type C_eat : Lime : Sand' : Water (psi)

.
51 1 0.2 3.9 1.0 1720b

Mortar 52 1 0.2 4.0 1.0 1330
If 1 0.2 4.5 1.3 860

G5I 1 .... 5.0 1.S 1480c
Grout GN 1 0.04 3.0 1.0 3340

GS 1 .... 2.% 0.8 4880

S- psi. 6.89 KR/m2; 1 in •• 25.4 mD.

b- Compressive strength of 2 in. (50.8 mm) cubes.

~ Compressive strenlth of b:b%-in. (2S.4x2S.4ll5O.8 I11III) block molded prilnl8 •

. -

~ ~

5 ..
~ '·"-B§~u:: 0.10'

I.'~

n.lo§
n.ln·

.:. ...- I' B·2 B·5 B·3

I

B-1 B-lI

al 6ROUP B TEST SPECI~

Fig. 3 - Test Specimens for Axial Compression
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on masonry colllpressive strength. tm. In Group B. 21' pr1s111S with different

heights and shapes (Fig. 3) were built to III1rror full-scale prIsl118 tested under

axial cOlllpression by .Begemier et al [9J. !bIs group'of specImens 'vas aimed at

investigating the effects ofgecaaetric parameters such as number of COltrses.

nUlllber of lIIortar joints. cd bond patterns on masonry cOlIipress1ve. strength.

The four unit &8selllblage shown in Fig. 4 vas adapted &8 tbe shear speci-
. .

lIIens. Th18 arraIigelllent duplicated the full scale shear specimens tested by

Hamid et al [10J. This groUp of specimens vas designed to investigate tbe

effect of groat strength '.oatheshear strength' of block masonry bed joints.
. .

For in-plane splitting'; tensicmBToutedilodelauOtiryspec1lllens. were (:on-
,", c " ._ > .,'.

structed !Drunning boniWith 'uli~d joints vbicbduplicate the fuiJ.ac:ale

specilllens tested by Drysdaleet al (lll. Tbeyvere t"o units lOng by four
. . . ,. .

units high on the full an~. ~o~blecorner model unite USh.OVD in rig. 5. A

hexagonal shape vas' adopted . f~r 8p~dllleD8. to be tested unde.r a loadiDg plane'

orlented at 45 degriEles .frOlll the beci joint direction. The square sbape was

used for the other specimens ,'teeted .Under lo'adingof o end .90degr.es fr~iII_the

bed joints. The effect ot-iro.-lit:8tr~gtb ontbe ":t~iislOti eapaei:ty>of: theaoClel

. assemblages waS studl~d f.or~1ffer~tlOad .,o#4i!ntatlcms."

.TEST RESuLTS

Axial Colllpreasion

The f allure mode for pr18l1l8ha~lng tbree~coUrses or 'more was a typical
, .

t~nsile splitting as shoimi.n-.Fli~ :6. ,For tvo-course"!i't'1su(F1g.6) a shear

mode of failure vas observed d~to-,eDd plateuresttdot 19]. .Ptotot-fpe results

[8.9] lndicate s1l1l1larmoae~.o:tf#lure• ,The dmi18r:S. ty. betveenmodel andpE:0

totype mode of.failUre tndi'cates that the ~lrectmodellng technique 1s ·feaslble

to predlct,masOo~~eba9~or~
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Table -4 - SlIIDDIBry of COIIlpreesion Test Results
(Group A specl.ens)~

ComPressive Strenath of Prls..
Kortar Grout Mortar b c [ncUvldual. Mean. COV~
TVD8 TvDe StreDRth Strooath pill Dill %

91 GN
; 2010 3310 2530

2070 2570 14
2450

S2 GN 1730 3300 2630
2520 2630 4
2730

N GN 1l~0 3300 2530
2740 2600 ,
2540

91 GS 2020 4880 3580
3040 3240 9
3100

1980
91 GW 2020 1480 1550 1900 11

nso

a 1 psi • 6.89 kN/m2

b Compressive strength of air-cured 2-io. (51 ..) mortar cubes corrected
by a factor of 1.3 to acCOuDt for alae effect (4).

c Unconfined comprossive stronath of block .olde4 arout prism.

.) Spl1ttins Hode of FaJ.lure

b) Shear ~d~ of FaLlure

Fig. 6 - Failure Hodes of Axially loaded Prisms

o

~



The results are sUlllllUlrizecl 10 Table 4 (Group ,A specilllens) and Table 5

(Group B specimens) for model prisms under axial comlPression. Figure 7 shows

stress-strain 'relationships for testedlDOdel pri8lll8, with those for prototype

prisms. As can be seen. the elastic modulus and compressive strength of prisms

with types S and N mortars were similar indicating the insignificant aspect of

mortar type on assemblage modulus of elasticity under working loads. As the

stress'level increased. the effect of mortar type becomes significant. Prisms

with type N mortar showed higher deformations compared to those for type S

mortar. S1Ia1lar behavior was observed for prototype prisms [8). particularly

moduli of ~lasticity. indicating the feasibility of, direct modeling in predict

ing the behavior un,der axial compression.

Figure 8 shows that the compressive strength of grout has an appreciable

effect on prism strength. As can be seen, the contribution of grouting. is more

signif1ant for model prisms than it is' for prototype prisms. It has to, be

noted that the geometry of the model grout cores is' not· idt!Qtical to that of'

the prototype.' -Pull scale units bave a flared, shape which 18 not the case for

model un1&8. As a result. the ,critic.al cros's' sectloD of the model grout core

is larger' thaa, it should be, causing, an overestimation of the eontributlon of

grouting.

Figure 9 shows the effect of height-to-thickness ratio (hIt) ratio on prism

'compressive strength. , As, can be seen. increasfng the hIt ratio decre,ased prism

compressive strength. The lower the hIt ratio, the higher are the confining,

stresses•. These stressea' artif.ic:1allY 1Ilcrease prism compressive strength [8).

It bas to be. n~te~ that model results agree with, prototype r~sults (9) in pre

dicting the effect of ,prism' geolll8~ry OIl compressive strength. Ag~, model

prisms yielded higher strength values compared to prototype prisms, which is

similar to what vas observed .previously with half-block prislU (Group· A).
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Table 5 - Summary of Test. Specimens (GroUp 8 Specimens)a

ComDressive 'Strea th
Number Mortar _ Grout

hit of stren8th~ streagth, Coafigura- Individual Hean, COV
Series Ratio Courses (Dsi) (Dsl) tlea (Dsl) (Dsl) (%:)

E3
.2880

81 2 2 2450 3380 2990 2880 3.9
2760

full
mortar bed

\ § 2610
82 3 3 2450 3380 2S50 2680 6.4

~ 2870
f.ull

mortar bed

~. 2610'
B3 4 4 2450 3380 2610 2650 1.4

2680
full

mortar bed

~
2610

B4 5 5 2450 3380 2250 2500 9.1
2680

full'
mortar bed

e3 2920
B5 3 3 2450 3380 2750 2770 4.9

2650
face-shell'
mortar bed

~
2340

86 2 3 2450 3380 2800 2570 8.9
2580

cut, full
lIIOrtar bed

.~. 2440
B7 5 5 2450 3380 2370 . 2410 1.5

2410
face-shell ..
mortar bed

a 1 psi • 6.89·kN/ia2 .
b hit. height of prIam/leaat latenl·dimenaion.
C Compressive streagth of.lr-cured· 2-iri.(51·m.> lIo.rtar bubell corrected by a

factor of 1.3 to accoUl1t for ahe effect (4J~'
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Comparing the result~ of Groups B2 and B6. Table 5. indicates the. effect

of number of courses on the compressive strength of prisms. The results showed

that the compressive strength of prisms with. hIt- J. (three courses) was approx

imately the same as that for prisllls,with blt .. 2 (threecourse~wltb, half·:blocka

top and bottom). This indicates th:at priSIll c~lIlpress-ive.streligth18 a fUDctioQ

of the number of courses and not of the hit ratio. This ,conclusion agrees "with

Hegelllier et al [9] prototype test results.

The effect of bond type on cOlllpr~s1ve strength can be ~tudied by comJuLring'

the results of Groups B2 and B4 w1t~~r,oups' B5~ and'B7. respectively ('rable 5).

The results indicate, that' tbere is no, 818n1ficant effect of bond type on com- '. . ., .

press1ve strength of 1llAB0nry pr1s,ms.'rh1s ob8e~at1011 agrees with Hamid [12]

and Hegelll1er et al [9] prototype test results •.

Joint Shear

The lIIode of failure of the shear sp~cilllens was 'a shear, failure of the bed

joints as shown in Fig. 10. The failure, was initiated. by mortar debonding ..

followed by ~iagonal tensile failure of the grout cores. The IIlOdel, failure

duplicated very ,well the failure modes of prototype specimens recorded: by Hamid

et al [10]. Table 6 sUmmarhes. the shear test re,sults. Figure 11 shows the

variation of shear strength' of lIlodel lllABonry·jo,int8 with grout comprusive

strength. As can be seen. grouting substantially increased' t!le average sl;1ear

strength of the model lIIasonry joints. ,with higher grout strength r~sultin8 in

higher shear strength. It is' to be noted"ho,wever. that' the results of model

specimens are higher than thi3se of the' prototype., The unflared shape of model

units allows larger cross-sClctional shear area ottbe grout 'at the mortar

joints. thereby'overestimating the. shea~ strength.
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Table 6 - Summary of Shear Test Resulta a

Grout Strenlltb Assemblalle Shear Strength
Mortar Strengthb

c d Indivldual Mean C.O.V.
(psi) cOlDpresslon 'tenslon (psi) (psi) (Z)

177
1360' 210 210 194 8.8

194

203
2170 3700 390 201 200 2.5

203
194

266
4850 640 238 256 5.9

263

a- 1 psl • 6.89 KH/m2

b-'Average compressive strength of air cured 2 in. (51 lim) mortar cubes
corrected by s fsctor of 1.3' to account for size effect.

c- Equivalent cylinder strength of block Molded prisms [4).

d- Splitting tensile strength of grout "rhlns.'

KN/".2
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Flg. 11 - Effect of Grout Strength On the
Jolnt Shear Capa~lty



In-Plane Splitting

_ The failure mode for model splitting specimens was characterized. in gen-

eral, as a splitting mode, of failure along the line between the load polnta. due

to the induced' transverse tensile stresses. The failure plane for all panels

with e • 90 degrees (angle between principal tensile stresses and bed joint.

a 7 0 degree) passed through the intercepted blocks' face shells and along the

mortar-block interfaces of the head joints, in a direct line between the load

point as shown in Fig. 12. The failure plane left the center web and grout

core intact. For e • 45 degrees (a • 45 degrees) the fracture crack partially

followed the mortar block interfaces in a zigzag plane of failure as shown in

Fig. 12. In this case. it ~as a mixed shear-tension mode of failure. Similar

modes and planes' of fa1.lure were observed for prototype splitting specimens

tested by Drysdale et a1 [11]. This indicates the feasibility of direct

'modeling In predicating the complex behavior of masonry panela under in-plane

splitting tension.

A summary of the splitting teat results is presented in Table 7 and plotted

in Fig. 13. Based on the results shown in Fig. 13. it is, evident that the

tensile strength ,of masonry specimens was' significantly affected by the grout

strength and the stre,S8orientat1on with the bed joints. The grout has a maximum

contribution whentheprinc1pal t,ensi~e stresses were normal to the bed joint

(a • 90 degrees). since the grouted cores contributed by' their tensile strength.

which is much higher than the tension bond strength of the mortar. Also, note

that the maximum tensile capacity of"grouted specimens was achieved at a .. 45

degrees. '!'his was due to the significant contributions of the tensile strength

of the block ~d the grout. ,Similar prot~typebehaviorwas reported by Drysdale

et al [l1l~ It is, to be noted however. that model specimens 'revealed higher ten

sUestren,sttia. Thi8 'i8 maiDIY'attributed,' to'imperfection in geome'try of model

unit8 and siae effectwblch tends to 'cause higher strength and stiffness [3.6].
, ,
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(a) 8. 00

(b) 8. 450

(c:) e· 90°

Fig. 12 - Failure Modes of Tension ,Specimens
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Table 7 - Summary of Splitting TeBt ReSdlt6"

------------
Tensile Strength. a • 0° Tensile Strength. Q .- 45· Tensile Stren~th, <J - 90·

!
Kortar Grout lndivudal Mean C.O.V. Individual Mean C.O.V. IndiYi~ Hean C.O.V.
IType Tnle (psi) (pal) (%:) (psi) (pal) (%) (psi) (psi) (%)

201 233 213 I
51 GN 192 189 7.4 243 220

I
14.5 194

I
214 9.3

174 184 234

192 165 !
81 GW - - - 234 200 15.0 186' I 17b i 6.3

175 177

330 250
81 CS - - - 237 280 16.7 245 250 2.0

272 255

• 1 pat - 6.89 1CN/.2 , ,

250 r-'----------------,

0 Prototype
GS grout

• Kodel
50

'Q Prototype
ell grout

'f' Kodel

0 45

ANGLE a - DECREES

1.5

N
II

1.0 'i
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Fig. 13 - Effects of Load Orientation and Type of
Grout on Masonry Tensile strength '
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CORRELATIONS BETWEEN MODEL AND PROTOTYPE RESULTS

As discussed in previous sections and shown in Pigs. 7-9,11 and 13 the

faihlre modes and the general trend of lIlOdel masonry results compare favor

ably with prototype test results. Small scale model specimens pr?v1de nigher

/strength values compared to similar prototype specimens. This is attributed to

a multitude of "geometric and strength parameters of the constituent materials"

[6.13]. Differences in lIlOdel and prototype block geometry and size effect are

the two main parameters affecting the degree of correlation between model and

prototype results.

CONCLUSIONS

The present study concludes that direct modeling 1s feasible and capable

of predicting the complex behavior of block masonry assemblages. The 1/4 scale

masonry units do Dot resemble the exact' geometry of prototype units. ,causing

deviations in ~he strength results from prototype results. Also, the effect of

the aggregate size on the behavior of the constituent materials under mult1

axial stresses, could be significant in direct madeling. The effects of block

geometry and aggregate size on model results are' currently under investigation

at Drexel Ooiversity.

It is the authors"' opinion that with a more ref1ned scaling of the dif

ferent geometric characteristics of the model units and" the proper assessment of

the effect of aggregate size a better correlation between model and prototype

masonry can be achleved~
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INELASTIC BEHAVIOR OF REINFORCED CONCRETE FRAME
SUBJECTED TO REVERSED CYCLIC LOADING

Shen Ju-min1 Feng Shi-ping" Weng Yi-jun n

SUMMARY

Three frame models .which have 'two stories and two bays are
tested. The post-yield behavior such as strength, deformation,
stiffness and energy dissipation of those models under . reversed
cyclic . loading is discussed. It is shown that the p-A effect and
slipp~~e of bars in bea~-column joint have serioua influ~nce upon
the load-carry capacity and the deforlliability of frame structures
and' call' t be neglected. A generalized method f01: full-range
analysis of reinforced concrete frame is proposed. The element
stiffiu!ss equation, taking into account. the cracked. and yield
regions' and also the slippage of bars in the joint; is developed.·
The full-range analyses of three experimental ul9delsare made.
The analytical results are in good agreement with experimental
res~Lts. .'

Outline of Experimental Investigatio~

The configuration and the reinforcement of the frame models
are shown in Fig.1. The foundation of the frame is fixed on the
loading floor. Three frame models are designe~ to ~ave the sam~
overall dimensions and member size. They are divld~d into two
types, . one (FI type) has two strong column-weak beam models
denoted: by FR-l and FR-2, 'another has only one weak column-strong
besmmodeldenoted byFR-J. In order to. certify to the condition
of strong column,at a joint. the ultimate strengthes of:. the
coltiams'. are higher than those-of the-. beams. For the modelS' FR.-1
andFR~,2 the column~to-beam flexure strength ratios at :the ,joints
IKe/1Mb are 2.,0-3.5. Although the reinforcement and the scale of
model F8.,:,,2 are the same: as t~at of the model FR.-1, the s't'trt'up
space in the bottom of columns of the flist story in. thtamodel
F8.,..2 1s closer than that of the model FR.-I. It is expected.~to

investigate. the influence of closed stirrup space on the strength
and deformation of ,the frame when the plastic hinges have been
fo~med in the columns. The model FR-3 is a weak ~olumn-strong'
beam type and its column-to-beam flexure strength ratios at the
joint IKe/IKb are 0.42-0.78.

I. Ptofessor of Civil Engineering, Tsinghua University, Beijing,
China.

II. Lecturer of Civil Engineering, Tsinghua University, Beijing,
China.



The material characteristics are shown in Tab.l The sketch
of loading equipments is shown in Fig.2. Three vertical loads
are applied to the top of second story columns by hydraulic! jacks
and are kept constant during the test. These jacks can ~ove

freely in the horizontal direction when the top of the frame
model is displaced. The lateral load which· simulates the
earthquake load, is applied at the 2/3 height of second story on
a distributed beam~ .

During the test the measured signals include load,
displacement, r~tation, reinforcement strain, siippage of bars in
the joint and shear deformation of the joint core. All measured
signals are recorded by computer~

General Behavior

The hysteresis loops of horizontal load H and top
displacement 610f the modelFR~2, which is Fl type and has closed
stirrup .spacetn the columns at the first story, are shown in
Fig.3. Obviously, the hysteresis loop behavior of reinforced
concrete frame structure is similar to that of a member. The
plastic hinge distribution of the models is shown in Fig.4.
During the test the beam-column joints in the all models have not
any significant cracking, that was expected in the model design.

The envelopes of the hysteresis loops of the horizontal 19ad
H and the top displacement ·6.t fo.r the models FR-l and FR-3 are
shown in Fig.5.· It i.s indicated that there is no obvious yield
point of the envelope in the frame structures. The nominal yield
point is defined in. accordance with General Yield Moment Method
and is referred as o In Fig.6. The nominal yield load and
corresponding yield displacement of the models are shown in
Tab.2. Tab.2 also shows 'the maximum load and corresponding
ul tima te displacement. Evidently, although the models FR-l and
FR-2 have almost the same condition, due to the closed stirrup
space in the col~mris of the mod.el FR'!"2, ,the ultimate displacement
and the ductility ratio in the moc1el FR-2 iticrease 19.8'. and
24.2'. respectively. It is useful to delay the conc'rete damage in
the. region of plastic hinge of the column for'~he model FR-i.
The closed stirrup space improves 'the deformabiUty of the
column. The deformability of the model FR-3 is poorer than that
of ,the models of typ.e Fl·, th9ugh ·theductiUty ratio of the model
FR-3 aboreacbes 2. 7.8 due to tlie. r.esul t of the yield
displacement' being;very s!Jiall. Ontheo,th'erhand, tbe load-,carry
capacity of ihe'1!1odelFR-3,decte~sesrapidly. aft-er the load
reaches the maxfmum' v~lue.Thei'ef~re.J' it tsre-sonable to
co.ndder simu1tane6'uSly. 'strength,deforanabUtty and energy
dissipation to', evaiuate theseismlc behavior of the reinforced
~oricrete structures.



P-ob Effect

Due to the vertical axial force in the column the p-~ effect
brings about an additional moment on the columns and "thus reduces
the load-carry capacity and deformability of the structure. The
influence of thep':"~ effect increases with increasing horizontal
displacement. -

. Fig.5 shows -the .p-~ effect of the models FR-1 and FR-J,
where H is the measured lateral force and He is the lateral force
without consideration of the p- effect. It is shown that the p-A
effect has little influence before yield loading which is
corresponding about 9~ ultimate load. The influence of the p-~'

effect gradually increases with increasing deformat~on.

Especially, in the descending range the p-A effect obviously
increases.

The envelope of the shear Q-story drifths shown in Fig.7.
In Fig.7 the equivalent shear Qe is obtained by inconsideration
of the p-~effect. From the 'comparison ~f the shear-drift curve,
it can be seen that the p-A effect on the first story is about
(1.2-1.8) times larger than that of the second story of the frame
structure of FI type. However, the p-~ e.ffect almost
concentrates on the first story of the frame structure of FII
type. Even though the totel p-A'effect of two collapse types of
the frame structure is similar, the frame structure of FII
collapse type is more dangerous ~han that of FI type. The
deformation of the frame structure of FII collapse type almost
concentrates on the damage story.

Flg.8 .shows the comparison of two hysteresis loops between
H- Az and He-At of the model FR-2. It is indicated that thep-~

effect has less influence on the unloading and reloading state
and is not significant on the energy dissipation of the frame
structure.

Energy Dissipation

For the evaluation of the .structural energy dissipation, a
usual procedure is to measure area covered by the load-
displacement curve. Fig.9 shows a complete hysteresi~ loop and a
corresponding triangular area. If the areas of the hysteresis
loop and triangular are denoted by EJ and E, 'respectively, the
ability of the energy dissipation can be expressed·as following:

e=Et/Et
The behavior of the energy dissipation of the models at some

stages is shown in Tab.J. The absolute value Et of the energy
dissipation of the model FR-2 is larger than that of t~e model.
FR-l because of the closed stirrup space in, the columns of the'
model FR-2. On the other hand, the abill ty of the energy
dissipation of FI type model is much larger'than that of FII type
model. It is very beneficial that the earthquake resistant frame



structures should be designed for strong column-.weak beam type.
For the models FR-2 and FR~3 a tlorinali~edhysteresls loop is

shown in Fig.l0. From Tab.3 and Fig.l0,itcan be seen that the
energy dissipation of FR-2 model is greatly different from. that
of FR-3 model, but the difference Qetween their relative ratios e
is little. Therefore, the relative ratJo e can not always
correctly evaluate the behavior of the structural energy
dissipation.

. The contribution of energy dissipation of ea.chstory is
shown in Fig.ll. It is indicated that for the FI type frame
structure the first and second' story absorb 60% and 401. of ,. the
total strain. energy respectively, but for the FII type frame
structure the total energy dissipation almost concentrates on the
first story where the ~ailure of structure takes place. So the
strong column-weak beam type frame displays distinctly much
better behavior of distribution of deformation and energy
dissipatioQ..

Slippage of B.ars in Joint

The experimental results show that the slippage of bars in
the joint is inevitable and is very large especially after
yielding. Fig.12 shows the hysteresis curve of the slippage
rotation which is caused by ,the slippage of bars in the joint.
It is indicated that the slippage rotation increases as the
structural displacement increases, and the slippage rotation 'at
the end of the beam is more serious than that at the end of ~he

column. The deformation at the end of the structural member is
shown in Fig.13. The total rotation measured in the. plastic
hinge zone at the end of the member can be obtained:

e "8,+&,
where es--- the rotation due to the' slippage of bars in the

jOillt,
6,--- the elasto-plastic rotation of the plastic hinge

zone at the end of the member.
The proportion of the slippage rotation is

ete '=85/& .

Th.e relationship of the relative ratio' d.-eand the load
cyclic number 0. can-be shown in Flg~14. The additional rotation
due to the slippage. of bars in the joint has a large p.roportion
in the total. rotatlon of·the plastic hinge z.one. This value is
about (20-40)'7. either in the elastic state or in the plastic
state. As' a result, 1f .t.h~. additioilalrotation due to the
slipp~ge of bars. in the Joint does not be taken into account, the
calculated rotation'attheend of the member is much less than
the actual rotation and the calculated internal ·forces and
deformations will not c~rresPC?ndwith the at tual·reali ty •



Theoretical Analjsis Results

According to the exp.edmental resul ts, it is known that the
horizontal load HaneS the displacement A of the reinforced
con~rete structures .have the relatfon~hi'p as shown in Flg.15.
Evidently, in thedescehding rangeBC the structure presents- a
state of instable equilibdum. Therefore it is significant to
use the cone:ept of s,tru,ctural stability in discusaing the
ul timate load-carrycap.i:ci ty. and full-range analysis.
. A corollary from the minimum 'total potential is as
followingm:

, Corollary' .If the second var18tion Vp ·.of the total
potential is equal to or less than zero for at least one
compatible perturbation~ thet;l the equilibrium is' instable.

As far, as a structure with multiple-linear physical
relationship is concerned, the total potential is:

Vp = t{A}T D<] tAl -{~}T(\P}-{Ph)
where [k]' ---- global stiffness matrix only relating to current

linear stiffness' branch.
{t.}, {pl, {ph----nodal deformation-, load and initial load

respec tive ly ~

If the carrying load of the-structure is in an instable
state in the loading direction, its Vp corresponding to the
deforma tion of ,the load dl rec tion is: '

- ,

62Vp ={d'X}T [-K~)l- Kxe-K~. KexHdx}., 0
According, to the property of a- real quadratic form" a

mathematical criterion' for predicting the ultimate load-;carry
capacity of the structure can be obt.ained.

Criterion As' far as a struc.ture subjected to load- is'
concerned, its' global stiffness ,matrix ~orresponding to
deformation of loading dl;rectlon is sho~ as following:

* ',: -II K]- = [K"x - KlltK" Kex]
When one of the eigenvalues of the matrix [kl* is equal to or
less than zero at firsttlme, - then the ultimate load-carry
capacity of the structure is reached. 1J

In accordance wi,th the experimental resulta[ , the stiffness
ma trix of the' ·member wi th flexure ,and .axial force can be
obtained. . . .

In .analyds the' atructur.al m~mbermay be, modelled as an
elasto-plastic element withnonllilear spring which represents the
slippage rotation at.tbeend of the-member. The element model,
deformation shape,and'curvatur,e distri,bud'on along the -length of
the member are' shwOD in:Fi&~16~ . '

The restoring force models of the cross-section of the
member and the s~ippagerotationspring at the ~nd of the member
are shoWn in Fig.17. - _.

A computer program which can b~ used for the nonlinear full-



range analysis of the reinforced concrete frame structure under
reversed cyclic loading is made.

The analytical and, experimental results of" the ultimate
load-carry capacity and corresponding displacement 'of three
models are shown in Tab.4. The envelope curves of the horizontal
load H vers the displacement A for the' modeb are shown in
Fig .18. In the figures the solid line and .dash line repre8en~

the measured and calculated results respecti:vely. F1g.19 shows
the calcula'ted hysteresis loops for the 'models n~2and FR-J. 'In
Fig.19 the. corresponding measured hysteresis loops are also
shown. From above comparison between'the calculated'and mea~ured

results, it is shoWn that the calculated complete. curves and
hysteresis loops are in good agreement with that' from the
experiment except the descending branch of the comple'te curve in
the model FR-J. .

Conclusions

1) The p-A effect has little influence on the structural behavior'
before yield. This effect, however, plays an important role in
the state of large deformation, 'especially at ,the ultimate state
and in the desceiid~ng range of the,displacement curve and so, it
can not be ignored.
2) The slippage of bars in the joint significatitlyinfluences the
behavior of structural deformation before and after yielding. It
should be conside~ed~

3) The load-ca~rycapacity, deformability, energy dissipation and
internal force distribution of FI type structure are more
reasonable than those of PII type structure, therefore, PI: type
structure should be des~gned as far as possible.
4) The proposed generalized method for the full;'range analysis of
reinforced concrete frame structure is useful and powerful. The
results of the computation and experiment are in good agreement.
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In Simulating tne Nonlinear Planar Hysteretic Response
-of Reinforced Concrete and Concrete Masonry.

G. A. Hegemier1 and H. Murakami II

ABSTAACT

This paper concerns a nonlinear IIIQdel, for reinforced concrete witn
cippIicat; ons also to rei nforced concrete raasonry. The presen,tat; on
foc:JSes upon planar response. The theoretical framework is nonpheno
meno 1ogi ca1 in the sense that the global !quati ons are synthes i zed
Fr om ttle properti es of tfte cansti tuents and consti tuent interfaces,
:ind tne cOqlonent geolD!try. The 1IIOde1 is cast in the form of a binary
~i~ture wnicn resembles tne overlay of two continua: steel and
concrete. Validation studies reveal goad agreement between simula
t'iqns and experillental data for both IIIQnotonic and hystereti c
1eformation histories.

INTRODUCTION

The nonlinear response of structural composites sucn as reinforced
concrete and reinforced concrete masonry is dominated by complex
interactions between the steel and concrete masonry. Such inter
actions have a major effect on structural characteri sties such as
stiffness. strength. damping. and ductility. ,Consequently, it is
n~essary that a made1 reflect these phenomena. Further, in an effort
to II'fnilDize the number and type of tests nKessary to def;ne model
para.ters. it is desirable that the IIIQdel be nonphenomenological.
i.e •• that tne glObal properties be ,synthesized from the properties of
tne steel and concrete IIIIsonry, tne stee1-concretelmasonry interface
physics. and the steel geometry. .

In tnis paper a candidate IIOde1 'is d1 scussed that sati sfi es tne
for'901ng r,quirements. The tneoretical formulation is ~al idated. in·
part. by ,de~iled comparisons between numerical simul ations and
experilDental data. These validations concern two primary ,steel
concrete interaction mecnani SlDS: (l) The steel-concrete bond prOblem
and (2) the steel-concrete dowel problem. PrOblem (1) plays d

c1C111inant role in tne bending and the nonlinear stretcning of rein
forced concrete beams. plates, and sne11s. Problem (2) plays a major
role 1n tne transverse shear deformation of reinforced concrete oeams.
and the transverse and in-plane shear deformation of re;nforced
concrete plates and sne11s.

LConsultant. S-eUBED. it. Division of Maxwell Laboratories, Inc., P. O.
80x 1620. La Jolla. CA 92038.1620. and Professor of Appl ied Mech
anics. Department of AMES. un,1vers1ty of California. San DiegQ. La
Jolla. Cali fornia' 92038. ',. ' .

. rt-Assistant Professor of Applfe<1 Mechanics.' Department' of AMES,
University of California. san Diego. La Jolla, California 92038.
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The discussion to follow is devoted primarily to reinforc~c

concrete. However, some applications render the model applicaDle also
to rei nforced concrete masonry'. One such case, which involves full y
grouted masonry, is treated herein.

THEORETICAL

A large class of theoretical modeling problems concerning tne
consti tutive descri ption of structural composites such as rei nforced
concrete/concrete masonry fall into. the general category of -homo
genization-. The term, as lised here. implies construction of the
macro-constitutive relations via micromechanical considerations
together with appropriate smoothing or averaging operations. The
final result may, on the macroscale. be an -equivalent" single-phase,
multi~phase. or non~local continuum.

As use of the prefixes -micro- and -macro· above imply, homogeni
zation typically enters the picture when one wishes to determine the
responseofa continuum for which two widely differing length scales
can De i.dentified. The large scale. or macroscale. is determined by
the specimen geometry and/or the loading condition; the small scale,
or microscale. is determined by material heterogeneity. tn the case
of reinforced concrete. the typical steel spacing constitutes the
appropriate· microscale. For concrete masonry. an additional
mi c r osc a1ere1atea to the block geometry may be necessary.

The homongenization problem is parameterized by the small ratio of
tne two length scales. I. The fundamental problem is'to determine the
·proper· macroscopic response equation as E. O. Once obtained, it is
natural to introduce asymptotic (small d notions into the analysi s to
determine a physically meaningful sequence of equations ordered in
powers of I. The higher. order equa.tions,are intended to provide addi
tional simulation capability on the macroscale.

Using homogenization 'concepts. a nonlinear model of reinforced
concrete with a -den,;e- unidirectional steel layout has been 'con
structed. Typical such mesnesare depicted in Fig. 1. The con
structi on techni que was based upon the use of mUl tivariab,l e asylitptotic
expansions. a variational principle and certain smoothing operations.
The resulting model has been cast, in the form of a binary mixture
wniCh resembles an overlay of two continua: steel and concrete; these
continua interact via bOdy forces which are functio"ils of the
relative glObal displacements of the. continua. Acompl,te mathemat:.
ical description of the niodel and the construction prC?cedure 'can be
found in ·Oevelopment of Advanced Constitutive MOdel for,Reinforced,
Concrete.· (Hegemier. et· a1..- 1984). For -brevity. remarks in this
paper are fOCUSed primariny upon comparisons between. tneoretical
simul ations and experimental data in' an effort to demonstrate the
simulation capability of the model. .

STEEL-CONCRETE BOND PROBLEM

The steel-concrete bond problem concerns the manner in wnicn
normal forces are transferr.ed across cracks in reinforced concrete,
and the stiffness degradati on tnat occurs due to progressive

III-t0-2
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Figure 1. Uni,directional Dense Steel Arrays

cracking. The phenomena considered include bond slip and degradation,
concrete cracking. and yielding of tne rebar. ln

i
the literature,

problems of tni s type fall into the category of -tensionstiffening" .

Consider tne problem of predicting tne global response of a Llni
directionally reinforced concrete specimentiihere a state of gl oDa 1
uniaxial stress is applied in tne steel direction. Fig. 2. For sma,l1
d.eformat'fons. tnetheory developed in Hegemier. etal •• (1984) wnicn
is valid for IlIUltiaxial stres,sstates a"nd large oeformations. red.uces
to the elementary relations:

N(lp) + Pi • 0
11.1

(1)

(2l

(3 )

rn-1Q-)
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Figure 2. Global Uniaxial Loading

,I,? the above, a al, 2 refer to. steel, concrete, respectively; Wa.l •.
Ntf) .denote alJ,1.4 l displacement and axial stress (averages).
respectively; WI and Kep are tangent moduli; neal denotes
volume fracUon of, material CI; and ( ).1 • a( )/ ax l, (0) = a( )/3t
wnere ·t represents t1l111!.

Relations' (1) are theequllibrium equations for each materia I; tM
lnter interact via the interaction body force Pl wnich reflects
1nurface snear transfer Detwftn the concrete and steel. Equation (31
snows tnat tnis interaction term depends upon tne relative displace
ment rtistory. Equations (2.) represent tne global constitutive rela
tions foreacft material •

• For tne el astic response regime, tne tangent moduli are deter
_ined. through a micromechanical analysis. to have'tne form:

E(CI) • (.\.+21&) (a:) -.\. (CI)2 /( '\'+1/.) (CI) =E( al •
ep" .

'-1 c2{ 1 CZ+n(Zl+(21n n(1»/n(2)]1:; -1
Kep • r "'1tT -, . ' tz) (2) I K,

. 1& n I/. ,

. (4)

(5 )

Equationwftere .\.(a). I/.,(a) denote Lame constants of material a.
(5)· implies that nosl1poccurs between steel and concrete.

When steel-concreusl1p occurs~ Equation (5) must be general
.iled. For monotonic. global deformation. a simple elastic-perfectly
plastic'lIIDClel is suff.icient. For hysteretic deformation, detai.led



studies (Hageman. 1983) of steel-concrete pull-out specimens nave
guided tne cons~ruct10n of an elementary bond-slip model wnict1 is
C1ep;cted in terms of tne interaction term Pl in Fig.· 3. For a wide
range of concretes. tile following selection of parameters is appropri.

ate:. Per-, Z.;nCl)CeJrx)cr/c. - P6 -'PF - 0.8 Per' P1J • 0.2 Per' POE =

- PGH • 0.1 Pcr' The lDOCSel shown in Fig. 3 is easily placed, in

analytical incremental 'o~. The descript10n involves two parameters,
K as defined by (5) ind (orx)cr Wlie" represents a critical steel.
concrete interface snear stress.

-p

F
M'-----

-(ul

Figure 3. Bond-slip MOdel

Global inelastic lllterial benavfor can. within tnecontext of the
prOblem under consideration. take place v;·. ~rac:t in9 of the concrete
or y1el ding of tile rebar. Typical gloo.1 tangentmadul i for tnese
pnenomena are snown in Fig. 4.

(I' Concrete (D' . Steel
Ii ~ )

Figure 4. Behavior of connituents f.or monotonic extension example.



Consider now monotonic extension. For, tnis case~ an analyt;ca"1
solution of tne foregoing model has been obtained (Hegem1er, Mura~am~.
et al •• 1986). With reference to Fig. 5•. the analysis reduces to the
conSideration of a typical ·cell·. Fig. S(a) is the starting cond~
tion; in Fig. S(b) the concrete has reached the tensile strength; the
crack location is flaw-dominated and for convenience is placed at the
speci.men center; thereafter the 'theory predicts the appropriate crack
location as deformation increases. Fi 95. 5( b) -S( d) • The matnema ti ca 1
boundary conditions and crack i n9 sequence are shown in Fi 9s. S( e l
S(n). Figure 6 snows the various r.sponse stages predicted theoret
ically; these consist of elastic response witnno cracking. debonding,
or slip (1). progressive cracking with debonding and sl i p (II), and
slip only (III). Figure 7 snows a typical comparison between theory
and experiment (scaJed specimens. Somoyaji. 1979). Agreement ;s
observed to be good (stress drops were not clearly observed since the
tests -ere conducted under load-control). The quantities (eelcr.
(ae)cr' Em in Figs.- 6 and 7 denote average strain, stress at
first ._~8~crete cracki~g and nd~t~Ie modulus; here ae = n{llNtf)
."IZ)rtttJ and Em'a n(lJE(l) • n(ZJE(Z). I

(a ) (b ). ( c) (d )

- -
Physical CracJUnq

Sequence

Figure 5. Cracking Sequence Assumed

A more cri'tical test of the model concerns hysteretic deformd
tion. A cQllpariSonof _ cyclic tension-compression test data by
Hegemier. et-al. (1978) on full-scale reinforced concrete masonry
specimens and SiiDUlated test data is Ulustrated in Fig. 8 for test
panel No.87~ 'Sh()Wn here is the ,entire load-unload-reload history of
tne specimen' asg1ven by the experiment (Fig. 8(a)) and 'as given Oy
the simulation (Fig. 8eb)). In Fig. 9. the envelop of the exper;.
mental data nas been superposed on the simulated data to illustrate

'.
.. III-10-6
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model accuracy. The agreement is generally excellent. Figure 10
gives a closer look at the experimental and simulated response for tne
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first and second cycles of Fig. 8. The overall agreement ;s good
a1 tnougn trIeexperimenul dau indicates crack c1 osure (i.e ••
steepening of tne stress-strain curve) at larger strains than does the
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Figure 10. Comparison of Test and Simulation:
First Two Cycles.

simulation. Possibly this difference is due to a mismatch of tne
asperi ties of the actual crack surfaces during reloading in compres
sion. Hyst.eresis damping is apparent in the simulated response as
\IIell as the test data. Tne extent of this damping .1n both cases is
clearly snown in Fig. 11 in the reproduction of tneUlird, fourth and
fHth deformation cycles. Alt."Iougn the shapes of the hysteresis loops
are no.t identical. tile enclosed areas. whiCh are a measure of the
damping. are similar. Finally. the tangent stiffness degradation as a
result of progressive damage was, determined by measuring t1ie average
slope of tile unl oad-rel oad curves. . ucel1entagreementbe.tween tfteory
and experiment for tne tangent stiffness degrada"tion 1's shown in Fig.
12.

At this point, a remark is in order concerning the above:concrete
masonr.y specimen. Concrete masonry is a composite consisting of
block, grout. mortar and steel. For the purpose of simulating a fully
~routed specimen under extension. it was assumed-that. following the.
first macrocraclr.. only the grout corespl us steel contributed 5i g
nificantly to tt'le global. structural response. Thus. in tension the
Ace11· geometry corresponds to tne grout core· dimens; ons. In COI1l
pression, on the other hand. the entire specimen cross-section was
activateG.

STEEL-CONCRETE DOWEL PROBLEII

The dOwel prOblem concerns tne manner in wnich shear forces are
tranferred across cracks in reinforCed specimens. Three. distinct
IDOdes of Shear transfer exist at a crack: (1) Interface shear
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transfer (ISn on the rough surfaces of tnecrack; (Zl 'dowel action
(OA) in the reinfo.rcementcrossing tne crack; and t3J:components of
axial forces in the reinforcing bars inclined' totne crack. a;"r'ecti·on.
1ST includes the effective frictional and bearing forces generated at
a sligntly open crack as the protruding particles on eacn side of the
cracked surface come into. contact. OA is induced by tne shear and
bending deformations experienced by the reinforcement when shear
displacements are applied to the crack. Where the dowel transverse
df.splacements become sufficiently large. axial forces in the rebars
crossing the crack contribute to effective shear resistance. The
example to follow focuses upon a single .preexi sting crack; n the
absence of 1ST with reoar initially normal to ,the crack surface.

The dowel problem is illustrated in Fig., 13 'for the case of
reinforced concrete. Of interest here is the prediction of the glObal
shear force or stress across the crack plane for ~ prescribed relative

-
--_.-~- -~_ .... - _.~~

------ --~---
----- -----
------- -----
-------- ---_.-
------~------

I, •.1/2' A/2 _, • 0 -, ·"2

Figure 13. The Dowel Problem

. displacement of ine concrete. To eliminate· 1ST. it will be assumed
that the 'crack surface is smooth and lubricated;' thus .the contact
shear stress between concrete segments is· assulMad tO,be negligible.
Under this condition. together wi th tne. asslJlD.ed. prescrf pti oriof, ' the
average 910bal concrete displacements. the p.eory·' developed' in
Hegem; er, !.!!!.:.. (1984) reduces to '

N(lp) + P
l

= 0
11,1

N~~~i + (NiiP)ui~l).l + P2 • 0 •

.. (lp) H(lp)
~11.1 - 12 • 0 •

nI-1O-11

(6 )

(7)

(8 )

(9 )



.NgP) :I n(l)A\l(l)(U~~~ + '~f1)) .
4

(1) .d(l) (1)"(1)
M11

P
:I. 64 Eep Sl.1

P1:1 i 1[U1J

P2 :I iZ(UZ]

(10 )

(11 )

(12 )

(13)

wnere [Ui] [UF) - uJ 1)]. dO) is the di ameter of the r~bar •
and A represents a certain ·cell· area. In the above. N~!P I is
tne partial stress associated with the steel. Pi is an interaction
body fO,rce in the ith direction. and MUP) is a we1gnted stress
average. i.e •• a moment. Equations (6) to (8) 'are equilibrium rela
tions while (9) to (11) are constitutive equations. An "assumption ,of
moderate rotatfons of the steel 15 impl fcft in these relatfons. Based
in part on micromechanfcal consideratfons. the models shown in Figs. 3
and 14 were utilized to represent the ,interaction relations (1Z) and
(13) • Tne boundary condf tf ons of the prob1em depf cted in F1 g" 12
correspond to

U(l) U(Z) H(lp) '0 t :I 0
Z :I 2 .:1 11 • a Xl

N (lp) N(lp) M(lp):I 0 1 2
11 • 12 • 11 at xl • I

liZ

Figure 14•. Interaction Term Pz for Dowel Problem.
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(15)



witn use of the above model, a simulation of the mOncton;c dowel
teststly Pauley, et ale (1974) ~as performed. The test spec;men and
setup are illustrateain Figs. 15 and 16~ ~ax was used to lubricate
tne joint surface. A comparison of theoretical and exper;mental
resul ts are snown in F1 g. 16 for three, di fferent steel '0'01 ume
fractions. 'Agreement is observed to, De good. The "snear stress,1 ;n

Fig~, 17 is based on the specimen area.

'?:=J:"- }.
'l'·
J

r-~
~·cIlCI ...
.,~

~====,=._=,.===~.J'

I i

'lJ"J_::_-----'

Figure 15. ,Details of test specimens, Paulay et al. (1974).

,.......-

Figure 16. The Test Set Up. Paulay. !l!l. (1974).

A more critical test of tne model simulation capability is
represen'ted by tne cyclic exp~riments of Jimenez. et al. [7]. The
specimen and test setup are illustrated in Fig. 18. ifiinDrass sneets
were used' to lubricate tne joint surface. A .typical simul ation ver'sus
experiment is, snown in Fig~ 19. The agreement is observed to be good
considering the complexity of, the response. -

Conclusion

An advanced nonlinear model for reinforced concrete nas been
developed for dense unidirectional steel layouts. For some
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applications. th~ theory is also· applicable to problems involving
reinforCed concrete masonry. Tn~ description takes the form of' a
binary ·.ixture of concrete and steel. Validation tests performed
to-date indicate. that the mod~l correctly si.-.lates progressive
concrete crackin9\ st~l-concrete bond degradation and slip. an~
steel-concrete dowel action. Current efforts are' focused upon
extensions to inclUde IIIOre general steel layouts and· inclusion of a
IIIOre accurate plain concrete model.
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PREDICTIONS OF STABILITY FOR UNREINFORCED '
BRICK MASONRY WALLS SHAKEN BY'EARTHQUAKES

J.C. Kariotis, R.D.Ewing, and A.W. JohnSon 1

SUMMARY

Full scale dynamic testing of unreinforced brick masonry walls
shaken in the out-of-plane direction confirmed dynamic stability
concepts. The dynamic stability prediction technique uses an experi- '
mentally-based statistical, model that incorporates seismic spectral

,\. intensities as part of the input into the selection of stable wall
height-thickness ratios. Earthqu.ike response of horizontal elements

,', such as floors and roofs was shown to be critical to the prediction of'
the dynamic stability of unreinforced walls, as well as the elevation
locations of'the walls in the buil~ing. The results of the research
program were introduced into earthquake hazard reduction ordinances
that are now in effect in the, Pacific Coast seismic hazard zone of the
United States.

INTRODUCTION
!: I.

Building construction. using un·reinforced masonry ,(URM) predates
the development of seismic criteria that guide. the design and con
struction of present-day buildings. A substantial number of these URM
bUildings are stitl 'being used in areas considered seismically active,
even though investigations, of eaJ:'thquake damage have confirmed.that
this type of building has been a major contributor to personal injury
or loss of life during relatively high intensity earthquakes.

'In 1977, the National Scie'uce Foundation (NSF) initiated a multi
phased program for the mitigation of seismic hazards, which resulted
in a study to develop a' methodology for the mitigation of. seismic
hazards in existing URH buildings. A key observation taken. from these
,damage, repo.rts 'is that some structures sustained more damage than
others, and the res'earchers were led to assume that the interaction
among .the building components ,was a vital issue in explaining and
predicting uRM building damage." Accordingly, a study of typical URM
buil!iing response' was conduc"tedand three related component responses
and their interactions wet:e iden1:ified for' further study; namely:

ICo-Principal Investigators; ABK, a Joint Venture"El Segundo, CA, USA



• Horizontal diaphragms
• URH walls subjected to out-of-plane motions
• Anchorage between the URH walls and the diaphragms

The topic of this paper ~ stability of URH walls shaken by earth
quakes~ has received little or no attention in prior research.
In-plane strength of URH walls can be' estimated by conunon design
procedures ~ 'but survival of URM walls shaken out-of-plane ~ when
anchored to floor and roof systems cannot be rationalized by computa
tions using strength concepts. Determination of the probability of
stability of the anchored URH walls at the building exterior is the
single most significant part of an earthquake hazard reduction
program. Separation and collapse of the URM walls at the bui.lding
exterior contribute to the majority of threat to life during an earth-·
quake. Anchorage of the URH walls is a straightforward partial solu
tion. Determination of stability of the URM walls between anchorage
levels needs analytical methods previously not known. As part of the
overall research program~ an analytical and experimental investigation
into the response of URM walls shaken out-of-plane w~s undertaken.

CONCEPTS OF DYNAMIC STABILITY

Unreiriforced masonry walls survive moderate to strong ground
shaking by mechanisms not related' to usual sei~mic design provisions.
Masonry walls in seismic zones are typically designed for,out-of-plane
lateral forces by prescribing a minimum moment capacity. This moment
capacity is provided by either reinforcement or the tensile capacity
of . the masonry assemblage. The analysis or design of unreinforced
walls~ without tensile capacity, for out-of-plane stability when
shaken by earthquake ,motions, is termed in this paper as analysis of
dynamic stability. Dynamic testing of URM walls confirmed that fully
cracked URM walls will remain ·sta.ble and continue· to support super
imposed loads during moderate to strong shaking. The intensity of
shaking included motions that are appropriate for the highest hazard
zone in the United States (ABK-TR-02, 1981).

The stability of a fully-cracked URM wall, ,shaken' by ·less than
critical ground motion intensities, is maintained by gravity .. load
moments applied at the cracked surfaces as shown in Figure 1. The
approximate gravity load moments on the cracked surfaces (0 + \1\\ )e

1
and (0 + WI + W2)e2 , do not have to equal at any. point. in time the
horizont~l inerfiaT moments caused by dynamic. horizontal displacement
of the. URM wall. These moments liJpi~ the dYnamic ho·rizontal. excur
sions of the two rotating blocks. When the center 6f gravity of the
vertical loads above a cracked surface lies within the wall thickness
dimension "t", the gravity load moments provide a ,restoring mo~ent

that· closes the crack upon reversal of the earthquake displacement
motions.

,: "

I

.J



e,

Figure I presents a simplified force system to indicate the
principles of dynamic stability. Shear forces transferring horizontal
forces between 'the rotating blocks, may, occur at the center crack.
Gravity loads WI' W

2
" and 0 ,are ~odffied by vertical accelerations

caused by' a component of the grotind, motion as well as vertical
accelerations resulting from ,the upward displacement of the wall
segments, relative to the base; These upward displacements are caused

'by geometric relationships of the displaced and rotated wall segments.
The test apparatus -did not include, input of verticai time histories
that would be appropriate in combination with horizontal time his
tories. The probability of modification 'of dynamic stability pre
dictions by vertical ground motions is discussed in the recommenda
tions of this paper.

EARTHQuAKE
DISP.LACDlENT

-llEtoRD

EARTHQUAKE '
oIIPLACDlENT
U~OIlD

GROUlID MY lOll
OR AS IIODIFIEO
IV OIAPHRAllIt

Figure 1. Dynamic Stability Force Hodel

The concept of 'control of structural displacements of yielding
elements is inherent in all seismic design provisions, and a yield
capacity of the lateral load resisting system. is prescribed by design
prOV1S10ns. This prescribed, capacity is less than calculated elastic'
structural response, but: can effectively limit the magnitude of rela
tive inelastic displacement.



DYNAMIC TESTING, PROGRAM

URM wall specimens were fabricated adjacent to the test apparatus
using common masonry material anci mortars. The specimens were 1.8 m
wide and 3.0 m to 4.9 m high. The height-to-thickness ratios (HIT)
ranged from 14 to 25. The materials included three ,wythe common brick
and grouted and ungrouted clay and concrete blocks.' Four specimens
were reinforced by a retrofit technique that consisted of the appli
cation of a wire mesh and plaster to the brick wall surfaces by hand
plastering techniques. '

.The lJR!1 wall specimens were installed in a test fixture that
allowed the base and top of the wall to ~e moved independently in the
out-of-plane. directionbyservocontrolle,d hydraulic actuators. The
""aIls were fabricated' on a concrete filled, metal base with two
3ttachment lugs for the hydraulic act~tors. 'When the wall was
installed in the test fiXture the base rested on a low-ft'iction
roller-supported base plate that allowed the base of the wall, to be
displaced without rotation by the two hydraulic. servoactuators. A
mechanical header with one attachment lug was 'installed ~ri the top of
the wall that allowed the top of the wall to be displaced by one
hydraulic servoactuator; however, the top of the wall was free to
rotate. The mechanical header was guided by a pantograph linkage
system that allowed the top ,of the wall to move in the.vertical direc
tion without restraint. In additjon, the mechanical header was fitted
""ith two vertical rods that supported ~n overburden mass to simulate
additional wall or parapet m~s's a1>oy~ the wall section being tested.
The overburden mass was' suspended from ~he header a few inches above
the laboratory floor so that l.tS fall at the time of wall collapse
would be controlled.

The basic instrumentation for the measurem~ntQf t~~/'c;lynamic
responses and forcing functions consisted of' load cells~ '. accefero
meters ,and' diSplacement 's'e,nsors . The, displacements were measured
using std"Ei"g potentiometers. ,The displacement sensors, including
feedback deflection sensors, were mounted to.a stable reference'frame
that was independent of the ·frame for, tJ;le forcing system. The data
from each instrumEmt was recorded on magnetic tape in digital form.
The raw source data tapes were interpreted and written on new ta,pes,
using a standard format with some data c6mpre~sion, for use in data
presenta·tion a'nd interpretation. AdditIonal da:t~ re·cord~ng'.was taken
in the form of. still. and motion pictures a,s well as observer notes and
test logs. The' detailed, data, ph9tographic coverage and observer
notes are given in ABK-nt-04 (1981).

The" kinematic .mot.ions used in the test program were based on
actual e~rthquake 8r~un~ motion ~ecords that correspond to seven major
geographical re.8~.o,n:s: o.J;,the United States. (ABK-TR-02, 1981) . The
ground motion i~tbrds "were scaled so as to cover the full range of



seismicity from an ·Effective Peak Acceleration (EPA) of 0.1 g to
0.4 g. These ground motions' were input to the nonlinear, dynamic
analysis model of a typical URH bUilding described earlier to obtain
diaphragm/wall response motions. The model accounted for the non
linear response of the diaphragm, including both stiff and flexible
diaphragms, and the dynamic inertial effect of the URM walls. The
motion sets were aSB.embled in pairs from these dynamic motions to
simulate the kinematic environment at th~ base and' top of the URM
walls for both ground, level wall· elements and elevat.ed level wall
elements.

The pairs
parameters:

of motions were selected to include the following

, .

• Paired motions with small phase shift
• Paired motions with substantial phase shift
• Paired identical input motions.
• Increasing spectral intensity of these paired motions

The selected motions represented the full range of ground shaking
intensities (EPA) that corresponds to the contours of current hazard
zoning maps (Applied Technical Council, 1978). The paired motions
with small phase shift c.an represent the kinematic environment of
single story walls supported at the top by stiff roof diaphragms,
walls at the midheightof buildings. with similar stiffness floor
di aphragms, or walls at the uppermost story of buildings with dia
phragms constructed· of modern materials. The paired motions with
substantial phase ·shift represent the kinematic environment. of URM
walls in Single story buildings .with undesigned and, flexible roof
diaphragms, or walls at the uppermost story of a building with
undesigned· diaphragms. The paired identical input motions represent
the kinema'tic environment ofURM walls 'that are attached to diaphragms
coupled ~y crosswalls that control relative diaphragm displacement.

The order .of 4ynamic test motions was first b.ased on the assump-
tion that. the collapse ,of t;-he ·URM test specimen would be related to:

• Increasi,ngspectral intensity (EPA)
• Largere:J;atfvedisplacem~nt of the wall ends
• Increasing spe~t~.l velocity of input motions

The order of dynamic lDO~ioJ1s were , revised, after the first tests
established that 'iiiput velocities ,simultaneous in time, were the
critical dynamic inputfactots.

The URM. specimenswer:,einstaUed in the test apparatus with' a
test overburden. 'Three overburden :weights were uSed for: each group of
test spe¢~ens. The :ratio ofoverbur'denweigJ;lt to test specimen
weight (O/W) 'varledfr~)lIl" O. 13 to 5.1. The Bp.~cimens were shaken by
increasing intensity pairedDlo,tions .witH collapse occurred or the
excitation capacity of theappa'ratuswas reach~d. Specimens with OjW.



ratios above 3.8 and HIT 'ratios of .15.7 and 21.3 survived input velo
cities of I mls andO. 7 mls respectively. All specimens were fully
cracked at several bed joints by prior test sequences. The bed joints
that opened appeared 'to be related to' the input end motions and were
not always at the previously cracked bed joints.

The observations and interpretation of the test program confirmed
that understanding of the, complete response .model of the URM building
is necessary for prediction of stability of URM walls. The ampli fica
tion ofgroun4 motions by the in-plane tJRM walls and the floor and
roofs, both in their elastic capacity and inelastic response range,
must be considered and categorized for each seismic hazard zone .

. .
PREDICTION OF DYNAMIC STABILITY

Experimental studies of in-plane dynamic stability of URMwall
piers have indicated that the stability' moments caused by dynamic
displacements on cracked' surfaces have a iinear relationship to the
rotation on the cracked surface for small rotations. The relationship
is nonlinear for moderate to large ,rotations. For the out-of-plane
motions th~ restoring gravity moment shown in Figure I·has a declining
branch due' to the 'rotational geometry that is similar to a degrading
hysteretic, moment-rotation relation. However, unloading moment
rotation paths trace'the loading moment-rotation relation. Kinetic
energy is . lost from the system by loss of momentum on cracking clos
ing. Mathematical duplication of this behavior is difficult and can
be doneora.ly. fot.a generalized masonry model. For this reason, sta
tistical sitidi~sare extensively us~d. Statistical studies are used
for parametric studies in many phases of earthquake hazard reduction
research.' Earthquake input motions are described on the basis of
probability. Modification of the input earthquake motions by 'hori
zontal elements is based on probability values of the stiffness pro
perties and the yield capacities' of diaphragms. Apparent damping

'0 (energy adsorption) of.URM walls is gener~lized and presently can only
be given a probable value for the variety of masonry assemblages that
may be subjected to dynamic motions. The recommendations' for accept
able risk of collapse ofURM walls need to consider probabiiity combi
nations that are equivalent to those incorporated into current seismic
design recommendations.

Statistical,,>studies and analyses of the test data concluded that
the iter :parametl!frs that determined dynamic stability of the URM walls
were: ."

, .

• The square. root of ttie sum of the squared input velocities
at the ends of theURM wall (SRSS)

• The overburden to wall weight (O/W) ratio. of the .wall
• The wall height to wall thickness (H/T) ratio of the wall



Plot,s of the.se parameters are presented in Figure 2 for: a 98%
probabqity of survival of the URM walL For interpretation of the
test data, the parameters were plotted for 50% and 86% probability of
survival. A few "wrong-side" test results were observed and the
relative displacement-time plots of the cracked wall specimens were
examined. The' plotting of the instrumentation data indicated that the
theoretical upper bound of displacement of the center of the wall
relative to its ends can be momentarily exceeded. The exceedance can
be explained by recognition that dynamic displacement of the ends of
the wall can reduce the relative center displacement before the center
of the wall drifts into' instability. Th'e observed collapse of" the
unstable URM wall specimens was not sudden but can be characterized as
a slow drift into the ins,tability during reversal of the dynamic,
motions of the ends' of the walls. The collapse was generally related
to single pulses of input velocity. Cyclic input of velocities of
less than critical 'values would cause large cyclic cracked excursions
of the center of the wall without instability.
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Figure 2. Unreinforced'Masonry Wall Stability Criteria
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The prediction of inplit velocity to the ends of the wall is the
single parameter that depends on the URM building response model. A
parallel dynamic test program for typical diaphragms was conducted to
provide data for this parameter (ABK-TR-03, 1981). Interpretation of
this data (ABK-TR-05, 1984), and integration of this data -into the
developed methodology (ABK-TR-08, 1984), recognized the influence of
crosswalls on the modification of input motions by the. diaphragm. A
cross\olall is defined as an element with elastoplastic load
displacement characte'ristics that interconnects the diaphragm \oIi th .the
ground between the diaphragm ends. These crosswalls are generally
interior partitions that extend between diaphragm levels.

Development of mathematical models for t~me-history studies of
the elastic and inelastic responses of diaphragms indicated that the
hazard analysis of the diaphragm response should not utilize usual
demand-capacity relationships based on probable elastic response and
elastic load capacities. A plot of acceptable relative displacement
control parameters (Figure 3) was developed for' seismic hazard zones
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of EPA = 0.4 g. This recommendation recognizes that crosswalls may be
used for displacement control by use of the calculation of the demand
capacity ratio as

2 v D-+ IV
u c

, where

WD =
v =u
D -
V =c

Total weight tributary to the diaphragm

Yield capacity of the diaphragm

Diaphragm depth

Total yield capacity ~f 'crosswalls

Studies of the amplification of the s.eismic hazard' design veloci~

ties determined that diaphragms with 'large,demand-capacity ratios (in
excess of 2.5. for sp~ns' of 18meteri or more and 3.0 for a span of
54 meters maximum t region 1 of Figure 3) have a limited amplification
of input velocities. For region (l) of Figure 3, ·the predicted ampli
fication of the diaphragm may be taken as not greater than 1-3/4 times
the design ground. motion velocities. In region 2, time-history
studies based on recorded groimd motion scaled to an EPA. of 0.4. g
determined that crosswalls with a yield capacity of not .less than 30%
of the diaphragm capacity, v • D, aildspaced not more than 12 meters
dong the. diaphragm length cltn also limit the diaphragm amplification
factor to 1-3/4. These recommendations ar;efully described in the
commentary in ABK-TR-08 (1984) and ABK~~:-06 (1984). .

Figure 3 and the describedcrosswall cr:1teria for limiting ampli
fication of design ground' motions is only applicable to a seismic
hazard zone of EPA = 6.4' g. The dynam'ic testing and its interpreta-:
tion indicates that dynamic instability of anchoted.URM walls with HIT·
ratios that are common to existing buildings' is inIprC?bable in, lesser
EPA hazard zones. An: excepti9n .tothis is described for the seismic
hazard zone of EPA = 0.2 g in ABK-TR~08 . (1984), which' describes a
method of. determ:i.nation 'of acceptable H/T" ratios.

RECOMMENDATIONS FORUSE·OF· DYNAMIC. STABILITY CONCEPTS

The methodologYtABX;;'TR-O·8. (1984)"re!=oimDe_liC;ts ~n\lPper 'limit "of·
acceptable H/Tratio.sfor·lJRM watlS. in th~', seismic ":bazard zone of'
EPA = 0.4 g. Table' 1 uses ·descdpti,'\I'e't~.~8'toci~f~n.ethe",relationship
of the .wall to' the parame1;.ersthat affect "the prediction of dynamic
stabi'lity. 'T~ese paraDi·eters.aJ:e:~: '. .".. . .

• Overburden-Wal1We·:i.ght(O/W)ratiolll
• SRSS of th,einputvelocities: to the top ,and bottom of" the

wall '

• .Height-thickn,ess :(H/T)ra-tios"



Table 1. Allowable Height/Thickness Ratios of URM Walls with
Minimum Quality Mortar

Building wi th All Other
Crosswalls Buildings

Walls of one-story building 20 14

.First story walls of multi- 20 20story buildings

Walls in top story of multi- 14 9story buildings
,

All other walls 20 15

These recommended allowable HIT ratios are related to Figure 2 by
categ~riza~ion of stability parameters as:

• O/W = a for single and top story walls
• O/W =0.5 for all other walls
• Design ground motion for EPA =0.4 g is 0.3 mlsec
• Amplification of design ground motions at the upper (roof)

level is 2
• Amplification of design ground motion at floor' levels is

2-1/4
• Peak velocities are assUmed to be in phase
• Plots of dynamic stability usin3 a 98% probability of survi

val were used to determine allowable HIT ratios

The effects of 'vertical ground motion were not considered to have
a significant influence on the dynamic stability predictions. for URM
walls. If the ·soils under a URM building are modeled as an elasto
plastic compression only medium, the recorded free-field vertical
ground motions' are modified and acceleration peaks are attenuated.
The frequency. band of vertical motions is not in the critical
frequency band of horizontal ground motions. The effect of high
frequency vertical motions on the restoring moments, Figure 1, does
not result in a bias of increasing or reducing.the restoring moments,
due to the significantly lower frequency of instability excursions t

especially as the relative excursion of the center p,art of the wall
approaches inst~bility. The design diaphragm excitation also assumed
the URM shear walls were rigid bodies to transmit ground excitation to
the diaphragm ends. For solid URM walls on property: lines this
assumption is valid,'but modification of peak horizontal ground motion
values by inelastic shear' coupling' in the soil medium is probable.
Tbe probability of vertical ground motion influencing the prediction
of dynamic stability of URM walls shaken in their out-at-plane direc
tion is smaller than the probability introduced by categorization of
the critical parameters. that were used for preparation of Table 1.
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PREDICTION OF DAMAGE TO BRICK BUILDINGS IN CITIES IN CHIl~A

Yang Yucheng,

SUMMARY

Yang Liu

.
Based on the reference (5) and (6), a method of predicting

damage to brick buildings in the whole city is, developed furthtr.

Macroscopic prediction. of damage, prediction of damage probabili

ty and prediction of high risk region and high risk type of buil-.

ding is included in this paper.

Probabili ty of damage to 'm.ul tistory brick buildings designed

according to current seismic code is predicted for different inten

sity in this paper, and it is pointed out that brick building sati

sfied basic .design requirement of seismic code will mostly be sli

gh t or meduim damage when in tensi ty of poten tial earthquake is cie

~ign inten.ity, but c6llapse will scarcely occur when intensity of

po~ential earthquake is one grade. higher than design intensity.

INTRODUCTION

In the 1960s-70s, the economic loss and people casual ty in ci

ties amount to nearl-y85% and 90% of the total separately during

earthquakes in Cbin~. - Most of the buildings are brick 'construe tion

in these cities, and hence, damage and collapse of brick buildings

caused a huge disaster. Only .in the City of Tangshan, 933 mul tist.o

ry brick bUildings had collapsed and nUmber tens of thousands of

people had died du.r*ng that earthq.uake. At present and even before

2000 brick buildings will be still the most important type of bu

ilding in chinese cities. Therefore, earthquake damage and damage

pred1c~ion of, brickpuilding is matter of great importance for mi

tigation of earthql.l8..ke 'disaste·r in ci ti.es. '

For brickbl1'1;J,iting.earthquake d~age survey, test and measur

ement of model or':p~to-typ~, aseisaiic design and asei~ic evalua

tion, predi'ctiOIlO! ;:d~age ~n~, studY oncountermeasure of mi tiga

tion of dis~ster h~s b'~Em paid greatatt~ntion811 along at IEM.

After Tangshan Earthquake, we made up syste~at1c .summation abou t

- -'., -

• Institute ofEngin~erin:g'Mechani,cs,StateSeismorogical Bureau,.. . . ,

Harbin, ClUna.



afJpearances of damage andaseiSlZlicexperiencea at multistory brick

!:luilding (Ref. 1,2)and through sta~1stical~nalysisof ear,t~qu~e

damage to over 7000 m.ul tis tory brick building undergone attack at
different earthquake intensity and contrast1ng'relat1onsbips between

• , J •

damage with strength in over 70000 wall pieces Cram. almost 1000

floors of more than 400 buildings (ReC~3,4)' a method at damage pre
diction of existing multistory brick bUilding and had been developed

(Ref.5.6). Afterwards potential damage to buildings had been P7e

aieted one by one in a zone of about 'two square kilometres in Anyang

City, Henan Province in 1980 (Ref.7;8,9). At pre.sent tbe method bas

. been Applied in more than ten ci ties to damage prediction or aseismlc
design( Ref. 10) •

In order to suit the needs of urban planning of against earth-

quake and preven t disaster} a study on prediction of damage to axis-
. .
ting briek bUildings and o.ther types at bUilding of the whole ci ty

is carrying au t~ The method at predic tion damage and predic ting da

mageprobabili ty of mul tistory brick building designed aceordi,ng to

seismic code is illustrated in this paper.

'rhe study is a s.ection of PRC-US cooperation project "Risk Ana

lys~s'and SeiSlZl1.c Safety of EXisting Stru.c tures" ,and sponsored 'py

the Join SeiSmological Science Foundation.

SOME KEY LINKS IN SEISMIC RISK
MITIGATION OF ~ISTLNu BUILDING



.....
SEISMIC HAZARD ASSESSMENT

, . Basic intensity
~

Short-term earthquake prediction
conducted in recent years

• Medium-term earthquake prediction
(from a few years to more than ten yesxs)

· Probabilistic hazard analysis
__ c ._~

I
CONSIDERATION OF SITE CONDITION

• Soil' condition

· Local geological structure and topography

I
~-

PREDICTION OF DAMAGE
• Building classification
• Vulnerability evaluation

for various types of building
-[Important buildings

• Damag,e assessment
. Vulnerable buildings

,.
DECISION ANALYSIS '.

Opinions l

{safe
• Status quo ante' - {Slight

, damage acceptable moderate
no collapse

• .Strengthening
• .Replace

Fig.1 Scheme of seismic risk mitigation of eXisting bUildings

(I) Due to the earthquake generating probability ~s very litt
i'e but its uncertainty' is great, consequently it i~'needfultopr~~

, ,

dict'damage to existing ouildings for not only basic intensity ,but
also lower intensity, ~ith greater probability and poteQtial maximum
intensi ty. ,In 0 ther words, in the whol e ci ty the resul to! damage
prediction or existing bUilding is a damage ,matrix which includes
intensi ties, damage degree and probabili ty or percentage and a, set,
of map or predicting damage distribution in connection with site
condition. 'That is necessary to decision analysis on seiS1lic risk '
mitigation in the whole city. .

(2) Sometimes it is probable that effect of differen t site con
dition on damage to building is evidenter than effect of different
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~ui:dings themselves, and so the site condition is consideredseri

ously 1n predic tion damage to existing bUildings, particularly' when

we make use of past earthquake data and experiences. For example, if

earthquake data of rrianjin City during Tangshan Earthqua~eand that

of Yingkou City 'during Haicheng Earthquake are provided to Calian,
. ,

¥antai J Xiamen and other coastal city, it must pay attention that

diffe~ence of some site condition are very great in ,th~se cities.

Besides Mexico city, Tianjin city and Yingkou city are different in

view of earthquake damage in th.e, whole city, although they are all on~

soft ground. Therefore according to different site condition, to di

'lide a city,into some areas is required for damage prediction in the
whole city.

3ASIC IDEA ON DAMAGE PREDICTION OF EXISTING BUILDING IN CITY

In the whole city the prediction of earthquake damage to exis

clog bu'11dings includes two essential contents (classification of,

building and assessment of aseismic behaViour), in addition deals

,',//i th three questions (estima tion 0 f casual ty, economic loss and so

cial impact). They make use of the research of seismic hazard analy

sis and microzonation. Result of prediction is used as identificati

on of high ri.sk, region and high risk type. of building, and as esti-'

mation of the total direct loss caused by damage to bUildings for

. fu ture potential ~arthquake. Outline of basic id~a of damage predic

!:ion of 'existing bUilding in the whole city is shown in Fig.2.

A lot of brick bUil<i1ngs lIlay be divided into four major catego

:'ies: mul tistory brick building, industrial bri~k buildi~g, large
span brick buildings and single story brick dwelling.

Predicting methods of various categories of brick bUilding were

considered, specially, 'the, predicting method of multistory brick bu

ilding has been applying extensively. Predicting damages to existing

brickbuild1ngs groups w~re obtai~ed according to stat:Lstical data
of considerable macroscopic da:m'~ges during; destructive earthquakes in

the 1960s-70s' ar to predict d~~ge to buildings one by one in th~
,last years • In orde~"to sui tthe needs o~: d~age prediction of. con

siderable brick buildings in cities, at. present, a method that clas

si fi cation and search by compu ter - s~piing survey and di scrill1ina

hon by predictor - syn th-eticaliden tification by: computer is deve

loping in, the- 1nter,est or predicting damage to existing bU1ldingin

the whole city tor t~ture potential earthquake.
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Fig.2 Blook diagram for prediction of damage to existing buildings in the whole city



MACROSCOPIC PREDICTION OF DAMAGE DEGREE OF EXISTING BRICK BUILDING
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V vI VII . Viri 'IX: ",·_'X- XI XII
In tensity

No te: Rela tion between tOne' index and degree of damage

o - baslcall'y 1'ntaCt 0'.2 ~ S1ight diilaage
0.4 -. Mediu~ d~age 0.6 - Serious damage
0'.8 ---- Partial coll.apse 1.0 -, Total collapse

Fig.3 The daJil:age index or' m.ul t1story 'brick buildings

tor different intensity,

3tandard ije~1at1on

o. 8 1-----4---~~---+----;.~--.....-.,'--,f~+-___l

~acroscop1C qUali tat1 ve prediction at daJDage deg:t:'ee ot existing
onck bUilding tor different intensities is approximately as tollows:

intensity VII --- minority o~ bU~ldings medium 'damaged, but
:llajority of bl111dings, basically; intact or sligl1tly damaged

in tensi ty VIII~~about halt of buildings damaged and a tew
bo.il dings collapsed

in tensi ty IX - majori ty, ot buildings d.~aged, but tUnori ty
collapsed and no damaged

intensi. ty X -:-- majority at bu11ctings collapsed
In order to work out 0.£ urban planning or agdnst earthquake

and prevent: disaster. mac~scopicquantitat1v,epredicting damage to
brick building in the. whol'e ci,ty or a area wh'ere< a few bUildings is
designed according to aseismic code may roughly adopt staUs,tical
data in past earthquake damage to various type ot brick bUildings.
Such asaccorcl1ng to statistical. data o~ mul t1story brick building(
more than 7000 buildings in 49 cities and towns or ,area) during six
earthquakes, for various inteilsit1,esaVeragedamage degree that be
referred to as damage index is Shown'. in Fi-g'.3 8J1d. percen tage of cU.f
ferent damage degree are shown in F1g.4.

1.0 . .
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Fig.4 The damage distribution percentage of
mUltistory brick buildings

If predicting damage make use of the two figues. the extent for

mul tistory brick building will be con troled during fu ture po ten tial

earthquake. But it must be admitted that variation from mean damage

would be very big in the figures~ Standard d~vi~tion of the prodic

ting damages is one grade of damage. degree In Fig~3 that is to say,

namely average damage degree for interpnty VItI ~s.mediWD damage

(1=0.40), upper limit of damage degreeexce'eds serious damage

0=0.4+0.23=0.63). lower limit is less. than slight damage (1=0.4
0.23=Q.17). SO such it is required that predictor have abundant ex

'peri ences 0 f engineering and knowledge eart'hqua..\.te damag~ as ~ell' as

abili ty to judge deviation degree of macroscopic d'amage from avera

geindex for the ci tyor ar.ea.Fig. 4a1:soshows that distri bu tion

of' damage degree is very wide for1ntensity ...·VlII, .IX which damage

to brick building will be probable.f~om basically intact to collap-::

see Of course two things account for the occ~rren~e, on the one

hand evalua,tion of intensity is trea ted as a average of damage. on

the 0 ther hand difference 0 t buildings themselves 1s a essen tial



, .

factor tor ditterent damage on identical site. In all cases, distin

guishing damage degree ofd1f'terent eJ4stlng .buildings is exactly

the ba~ic task of damage prediction. In order to prediction of da

mage to eXisting building in a specified cilty I a ra tional class! fi-. ,
cation of buildings is requireii, as· a consequence, predicting ave-

rage damage degree otsubcategory or building so that the· variation

of the damages become.s as small as possible. :ro make macroscopic·
qu~titative prediction oC'damage to multistory brick building , if

the buildings,areredicvided in to some ~ubcateg9 r1 eSt the variation
o f average damage index (l't each subcategory will reduce JJov;i.,ously.

detailed level olclassi f1cation dep~nds on purpose and tl'~~~d of

prediction., I',l anY Wis~J etfect ot site co,nditio~ on damage degree
must be est;~ate enollgb~

PREDICTION OF DAMAGE PRoBABI'LITY OF BR~CK BUILDING

Considerable earthquaKe experiences iruUcate that earthquake

damage to rig1dbricKbuildi-ng depends mainly on st~eng,th of wall.

According to statistical relationships ·between strength of wall wi t~

earthquake damage dllringpas t earthquakes,the aseismic ·co-et·fi,c'i,en t

Kij of the jth brick wall element on the ith noor anlithe average

ase~smic coefficient Kf of brick 'walls on'-'the 1tb floo.r is used as a

main cd terionf(Jr thepredic ting cracked'andcollapsed o,fsllch b~i

lding. Them'ethod of'pred1ct19n cla..iDagethat 1s,conSidered' as :a ciet'i

ni te discrim1nation Criter19nhad.b:een dev~loped andappl'1ea, ,see

reference (5) ,eG),{?), (8l and (91. FO,r the ~o()40'r,;JJUlC~C)S~opicpred1

ction and prl:)babi11ty analYSiStthe.rEtlation'~h1:p·ot~8efsau.cstre

ngth to damaged(cracked or cOllapsedlprooab11ityformu.l t1story

brick building1·sdrawn 1n Fig.5 and F1g.6're~~~<it1'vely.ln the two

figures,the ,denat1onthat aver~ge:,d.amage.1nd~~·of ,samppes: c~cu
1a ting ase1smic coefficient from the total .average deage index or

all samples tor various 1ntensity1i1F1g.3had ~beencons1dered.The

regu.lative coeffi,cientof the damageprobab111ty 1s 1.05. tor inten

s1 ty IX and 0.89 tor intenS1 ty X. To predict probability of' damage

to exisUng or being des1gn,ed mul tistory brick bUildi'ng may make use
of Fig.5 and Fig.. G. In the former casevdth definitive discrimina

ting cri terian, the damage probab11i ty 1s 30%, 40% alid 5O%ror 1nten

si ty VIr, VIII and IX respectively in Fig. 5 , and the collapse pro

bability 1s all about 5O~tor inten.sity VIII, IX and X respect1vely
in F1.g.G.
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For example, predicting :damageprobab11ity or brick building
desi gning according to current' aseismic code (TJ,l,1-78) wiil be deal t

wi th below. The limi t values of aseismic coeffic:ient of the weakest
wall element of brickbuilciing'Cor diffe,rent ;Lhtensity arellarked in
Fig.5 and Fig.6. For intensity VII,VIII,and:IX they are 0.1,Q.2 and
0.4 respectively.S1~ultaneoulythe extellt at average BaeiSaiIc coeffi
cient of brick walls on th,e weakest floor is marked too. In general,
the coefficient of the weakest wall element 1s about 0.7-0.,9 times

of the average aseismic coefficient of the tloornamely :

m
Ki=m =(1.1-1.4){Kij)mln

~ -l... '
, i=l K1j

where m is number of wall element on the 1tb floor in transversal or

longitudinal derection.~or-multisto~ybrick building ,provided the
lowest strength level by aaei,smic code, tbed.8mage probabilities that

are found up from Fig.5 and Fig~6 are listed in Tab. 1• If so the ci~

mage probabili ty of mul tistorybrlck bul1cling ,satisfied wi th aseiSllli c
code is not' greater than that value. When'multistory brick b~ilcling
with R.C. constructivecolu~ns ~nd othef measures is built accordin~

to aseiSlIlic code, predic,ti~g damage probabili·ties, 3-story and 6
story residence is used as ex:ampl-e, are listed 1n Tab.2. Here both
ratios between'area of transversal wall or longitudinal wall and
area of floor of the bui'l-ci1ng are all 0.0722, ,grade of mortar or wall

masonry 1n every floor is listed in the table too. In 6-story brick
residence for design intensity VIII, R.C.cons'tructive columns are

installed at corners of exterior wall and conjunction b~tween int,e
rior and exterior' walls, strengthening cO,efticien t of the eonstruc

ti ve column is taken', 1.1 and 1.3 for cracked (slightl'y or medium' da

maged)resistance and seriously damaged or coll'apeed resistance res
pecti vely. The damageprobabili ties of liaoning province 78-2-1- type
and Beijing 80-2-type 6-story residence for des1gnintensity VII and
VIII respectively, if bui'lt. on second type of SOil, :are listed 1n
Tab.2 too.

Aforementioned resu.~ts of predicting damage i-ndica-e that most
of mul t1story brick bUilding satisfied with lower limi t of asei,saLie

code, when subjected to a earthqUake of design in tensi ty. will cracks

at weak wall elements. In other wards. for sueh building~ des1g~ed

according to the aseismic code, majortty 1s not in tact· bu t medium

damage or slight damage, and needs'repairi'ng. However when subjected

1'V-4-10



to a earthquake intensity is one grade higher than design intensity,

in grenersl, such buildings w1ll not collapse; when that is one gr'-li~'

lower than design in tensi ty', such bUildings will be seldom cracked.

For model mul tis tory brick bu11clinga the aseismic coeffic~en.

is I1stedin Tab. 3 .. wher~ the odginal data ot model buildings see

reference (2), (12) and (13). According to such coefficient, 'predic

ting damage probability to list in Ta~.1 and 2 was found up on Fig.3

and Fig.Lt,.

Tab. 1 Predicting lim1te,d value of damagl!'probabili ty
of'multistory brick: buildings designE;d' accor
ding to aseismic code( take no aCCOl,1nt of R.C.
column)

Medium. damage

Note: Slight damage "

Predic tion Design in tensi ty

in tens! ty Degree of damage VII VIII, IX

Slight damage 88 20 0

VII Medium damage 69- 8lf. 1-11. 0

Serious damage , 7-32 0 0

Slight damage 99 76 2

VIII ; Med1nm damage 95-98 37-67 0
Serious damage 60-83 0-7 0

Collapse 1.;.17' , 0 0

Slight damage,
", 100 97 57

IX Medi'um damage 99:-190 86~9lf. '6-44
S'eriou s 'damage 93-98 36-67 0

Collapse 48''';7~ , 0-1 0
" I

X Collapse 99.. 100 3-47 0

XI Collapse 100 '80-99 0

Cracking of wall el,emen t nth
minimum. aseisinic strength
Cracking of more than ha.+f wall
elements in aiiD.1mum aseiSmic
strength floo,r

Serious aamage-- According to a criterion in
reference (6) Tab.2



Tab. 2 Prediction of damage probability of some model multistory
brick bUildings designed according to aseismic code

.~

~
r\)

Prediction Degree
Design intensity

VII VIII IXof liaoning .IBeijing
intensi ty damage> 3-story 6-story 78-2-1 3-story 6'-story 80-2 3-story

Sligh t damage 27 72 87 13 20 / o .
VII Medium damage 2 30 64 0 I 23 0

Serious damage 0 2 7 0 0 0 0

Slight damage 80 96 99 69 76 / 20

VIII Medium damage 45 82 93 ' '29 38 78 0
Serious damage 5 45 60 0 0 10 0

Partial collapse 0 0 <1 0 O. 0 0
Total collapse 0 0 0 ..0 0 , 0 0

Slight damage 98 100 lob 95
..

97 / 77
Medium damage 88 98 99 82 86 97 39

IX Serious damage . 65 89 93 41 4lf 70 3
Partial collapse 0 8 41. 0 '0 <.1 0

Total colI apse 0 4 3 0 0 0 0

X Partial collapse 9 80 98 <1 0 37 0
Total collapse 3 73, 68 0 0 2 0

XI Partial collapse 91 100 100 58 23 98 0
Total coliapse 80 - 100 100 38 12 76 0

.. 6- floor 25 25 50 50
5-floor 25 25 50 50

Mortar grade 4-floor .. 25 25 50, 50
3-floor 25 50 50 25 100' 75 50
2-floor '?5 50 50 25 100 100 75
l.;.floor 25 50 50 50 100 100 100



i
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Tab.3 The aseismic coefficient" of predic ting damaee to mul tistory. brick buildings

Predicting degree of damage
Des1gh Model - Slight ~ediu.m Serious Partial Total

in-tensi ty building damage dwnage damage collapse coJ,.lapse

'(Kij )m1n ' (Ki )m1n (Ki)min/0.6 or Don-bearing bearing

(Ki)/(.7-.9) (Ki)min (Ki)min .

TJII-78 '0.10 O. 11-0. 1l.j 0.183-0.'233 0.11-0. ' I O. 11-0. 14

VII 3-story 0.189 0.26l.j 0'.376 0.264 0.'281

6-story 0.132 0.185 0.266 0.185 0.196
. Liaoning 0.104 ' 0.145 0.233 0.1l.j5 0.201

78-2-1
, .

TJ11-78 0.20 0.22-0.28 0.367-0.l.j67 ' 0.22-.0.28 0.22-0.28

3-story 0.215 0.301 0.450 0.301 0.315
VHI' ,,6:"E!tory 0.199 0.278 0.4.39 0 • .329 0.343

Beijiilg 0.195' 0.356 0.2.30 0.285
8(j~2

IX ' TJ11:"78. 0.40' 0.44-0 •. 56 0.733-0.933 0044:"0.56 0.44-0"56

3-story 0.326 0.457 ' 0.601 0.456 0.471



PREDICTION OF HIGH RISK REGION AND HIGH RISK TYPE OF BUILDING

At presen t, pred1c ting high risk region and high risk type 0 f

exi sting building 'in the whole ci't,y are developing. According to

block chart (F1g.2) predicting process is roughly as follows.

1. Set up Data Bank of Existingauild1ngs On' the basis .of data of

general surveY 0 fbuildings 'arid/or of appropriate suppl~en t, some

informations of bUilding related to damage prediction are ~nputed

into computer. The informations are not more than following fifteen

items: (1)' ordinal number or bUilding, (2) the number of block 0 f
houses.(}) location of "the building at state coordi'I,late,syste:n, (4)
the number of story, (5) buil,t age, (6) bUilding area, (7) archi

tectural construction, (8) present use, (9) quality of building, (10)

unfavourable factor. (11) strength~nirig measure, (12) the number of
. person in bUilding by day •. (13) the number of person' in building at

night. (14) worth of building at present, (15) worth of property in

bUilding.

2. Classifica tion and Search by Computer Accord.i.ng to (4), (5). (6) ,

(7) and (8) items in data bank, in the whole city 811 buildings are

classi fied by compu ter and the to tal amoun t of detail~d 'ca tegories,

its code name, area of bUilding, the number of person; worth and

property for every ga tegory of bUilding are listed.

3. Mergeing Categories of BUilding by Computer Based on experience,

predictor determines some plans 0 f classi fica tior. and instruc ts com
puter.to merge categories. Then new code name an~ the number of the

. categories 0 f building are re-listed. Predictor selec tsone or some

plans of classification of existing buildings for prediction.,

4. 'Sampling Survey and Predic ting Damage to Indi·v1;<iual ~uildi,ng

Predictor surveies various category of bUild1ng by sampling. as

sesses aseismic behavior of sampling'buildings and predicts damage
to individual building. Predicting reslilts are inputed 'into data
bank of computer.

5. Predicting Average Damage to Various Category Building

Taking second type of soil or asoil -distributed the most extensi

vely in the ci ty as the .base ofsi te condition, average clEiLnage in

dexo f ,various category of building for ·po ten tial di ffei!ent in ten

sity is outputed.



6. Predicting Damage toI~dividual Building or/and 3uilding Group

Based on the research resul tor seismic hazard analysis and caicro

zona tion as well as (9), (10) and (11) 1 tems in: da ta bank, damage to

individual building for variou::; category 1s predicted. Then damage

to ?uiiding ~roup is prodicted block by block and category by
category. I

7. Iden-tificatio_n of High Risk Bloc.k ()fHoi.lses and High Risk.

Category of Building On the baSts of one orsoine predicting

plans 'an,d' through cocnp<:lrison of d'amage de,grees among blocks of

houses and among categories of building, high risk 'region (one or

some block of houses)-, and high risk. type (one' or soine catego ry of

building) will be iden t1-fied in the whol!=! city.

, CONCLUSION

According to predi'cting information of The Ministry of Urb'an

andHural: Construction, and Envj:ronmental Pro:tection(Ref~14), clay

brick make up 93.22% of the tO,tal volume ofprodu,ct of various wall

'material for 1985, 76.4% for 1986-1990 and, 50% for 1991-2000. The
refore ,l:lri:ck building- will, be sttl!. the 'most main type 0 f construc

t:1-on a"t present and in future hal t' a century 1n chinese ci ties.

Beth the earthquake exp'eriences in the' last' twen tyyears and

present study on damagepred1:ction all in:dicate that aseismic beha-
o ' , ", , • ~

vior of existing and future newly bU~lt brick building is better

than that of building built before thirtyyears,butfailure probabi

Ii ty of po ten tia! damage or collapse is very grea tye t. ·rherefore

in future half a century earthquake dam~ge to brick bUildings wi th

their disa,strous results will still become one of the most serious

natural hazards in city. In order to mitigation of ,seiSlllic disaster,

the, aseismic behavior of brick building will be needs further inc

reased and improved in China.'

"
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A. MEI'HOD FOR ~RTHQUAJCE DAMAGE~

OF S I ~CLE-STORY JilAC'T'ORYBUILDI1IllS

Yin Zbi QilmI , L1 Shu ZhenII , Ymg Shu WeDIn

" ABSTRACT

In this paper, according to experience o~ Raichang and TangSbao
earthquakes, the following problems were studied. '

(1) Classification method of buildings damaged from earthquakes.

(2) Parameters of influence' on e~hquake d.a.mage to R. c. single
story factory buildiDg aDd rela:tion between the parameters and damage
ranks.

(3) Calculating method of earthquake c1a..maBe ranks of & eXlstuJ8
R. C. single-sto17 f8O to17 buildiDg.

I. INTRODUCTIOll

Human oasulties' and eoonomioal 10SB duriDg an earthquake are
oaused mainly by coilapse of buildings. Therefore, to prevent collapse
of buildings and to' .la-,y down program for prevention disaster in a, city
are main measures for,' alleviating earthquake disaster. Both to improve
aseismic design of newly- but1t buildings and to strengthen existing
buildings in earthquake zones' are important steps for preventing col
lapse ~f buildings. So it is necess&r,y to assess aseismic oapacity of
existing buildings.

In the past few Tears, most of the facto17 build.1Dgs sufferei
earthquake damage verenot designed for earthquake resistance. 'llhere
are a number of such facto17 buildiDBS in earthquake Bones as Tet ill
'Ch1Dao Dl"ol'der to provide soientific basis for aseislllic strengthel11J:JB
'of existing bu1ldiDBB 8Z1dto take urban precaution against disaster pro
gr8ll, the aseismc' oapacitT ot those buildiDgB should be assessed. In
this atud1", a method for calculating dam. level of ex1stiDg.siDgl...
sto1'7 R. Co factory buildiDg i8 developed based on earthquake damap
data Pig. 1 of HaichaIJg and Tlmsshazl earth~80

II. CLASS IP.!CA-TION 'MlSTBOD OF DAnaE OF BtJILDna
!'~ ..

'l'O da'te, the available _thod for eva1uat1.Dg structural d.amaBe
ma.7 genarelq be d1'f'ided 'illto 'two JdDds; iftle first kiD4 of method

'belongs to experiential, ill which a relation is g1ven between
intensitT and damage level ot build1iJss based on historical data fro.
earthquake d.8maee. '!'he second 1d..D4 of method belongs to theoretical,

>'- -' .

I. Assooiate Rea. Pro. n. lesearch .8001ate III. EDgiaeer,
IDstitute of EDg1DeeriJIg .eOhan1OB~ state Seismologooal Bureau.
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in whioh a relation is e8tablished.bet~enground motion and damase
level of building based on oaloulatedreEiponse of building b,y foreoa.
sted ground motion, Whatever method is used, it is necessary to detiDe
the d.amaee ot buildinp. (]enerally, the,re are three· types ot d.etiDi
tiontor d.amap ot building. The tirst one' is numerioal, the seoond
one is given in terms ot repair costs and the third o~ is ve~bal. the
verbal classifi~~tion for damage of building usually used in China is
to olaSsify- the damage into five ranks as fol101ri.ng, (1) oollapse,
(2) severe d.amage, . (3) modera108 d.aaa8e,' (4) s llsh10 damase aDd (5) no
damage. Similar olassifioation has been used in this paper, and a ~
meral called damage index is bestowed on each d.amage rank. but here
the te1"ll "destruction" is used instead of oollapse, beoause the mean
ing of tlcollapse" is not olear as sometimes both the root of building
to fall down and the whole building to collapse are oalled oollapse.
"destruction" is defined as that the building has lost its funotion
and CaD not be repaired.

In this study,a. f'actory building is eliTided into three parts, ,
i. e. structural members (such as oolumns), non~truotural members (
such as oladding walls) and roof systell. '!'he d.amaBe for each part is
ciassified into f'ive ranke" just the same as the buildings. When the

damage ,rank of a f8Oto17 build.i.Dg is judged, it is neoessar;y to judge
damage ranks ot the three parts at first according to the, table 1 and
table 2, and then a damage index is bestowed on each damage rank. Due
to the structural members, the non-struotural members and· roof system
have different effeot on taotor,ybuildi.ng, a night factor is bestow
ed on d.amage index of' each kinds of members. then the damage ind.e% of
a factory building takes the weighted SUII ot the damage index of these
members as fo lIon.

"
D • 0.45D +O.3OD +O.25Dso. r

(1 )

o - da.mage i.nd.u ot a faotor,y' build1DB,s . _-
D - d.8maBe inde.z of the oolUIIDS,a
D - damage index of the oladd1 ng walls,•
Dr- damap i.Dde% -ot the roof S78tem.

Classifioation of daaaBe rank o'f tactor,y builcUngs, oolumns, cl~

dd..:iDg walls and roof system wit~ the .COrr8spon41na claa8ce iDdex~ui are
listed in table 2. When t1le damage raDk of a faotor,y bUildi.Dg is jude'
ed o~ a earthcluake. spot, the values ot D , D aDd. D 111 equation (1 )
IDU8t take the standard v&lues ill table 2.oTh....dliaaBer rarik o'f the fiID-
i017 bU.1ld1.Dg is d8teftiDed aooo:rd..1Dg to D oaioU1ated troll equation
(1 ). •. _ .

BumPle. Suppose a laoto17 ba11d1na sutfered the attack o'f' • ~
earthquake moiion, aDd ~d~ &Ii tollowil, theooluims are lDOCleraie
d.amaBe, the oladding walls are severe tlaraap and. the 'rDO'f'8j'Bte. 18
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DamaBe orade ot .eiDbe1'8

I

II

IV

Damase Btate
c ot R.' C~

. l18~ber8

At the looa
tionofbreak I

REiiforoements
were bended.
Core ooncrete
were crushed
Remarkable
vertical and/
or horizontal
deformation
ocourred or
have -'ben
breaked ott.
Surface leyar
of members 
tell apari
and clear
cracks ocour
red inside.

, Reiforeemenu
vere revealed.
and bended
slight17·

Clear cracks
ooourredon
surtace ot
iDellbel'll', aDd
reif'oromellts_1"8 revealed.

Visible
ozi8.oks
occurred. on
'iBu:i'f'aoe ot
"1I'beN.

DamaBe state
ot brick
wallll·

MBD,y remark
able oracks'
ocourred
and nearly
breBked.
into pieoes

'or have
been
oollapsed.

Remarkable
oraks or
Bevere 1D
olinatioD
oc~urred..

Clear
oraokB .
Ocourred.

Viidbl.
oraokB'
ooaurr.4.

D~ state
of brick
oolUIIDB

Brioka at
Bide were
orushed
and briok
pieoes
fell dOlll1
or have
been
toppled.
over.

Briob
were
crushed.
l~alq

at si~

of
c·oIUllZl.

Borillolital
oraob
oocUrred.

V1sible
orao~

oOcUrred..

Table '1.

.DaIDaCEi .B tate -:;l
%'OotS78 tem .:~ I
tloor slabs

Root slabs (or
floor slabs)
fell or mOved.
trusses tell or
inclined brace
failed.

Roof slabs '(or
tloor slabe )
moved.
Clear deforment
ocourred on
brace.

Roof.slabs
beoOIDe 1....

.' cr0wa.8d.
Visible detor
IleDt ooourred
oD brace.

Vis!ble cracks
ooourred. on
~t slabator
.tloor sl.~).

slight daaagEi. Froll table 2 the d.amageinde:z: ot each melitber 01lD be o~

tained. sa D .0.4, D .,(J.7 BIle!.D..o. 2. Then we obtain the damage indu
ot the fact8r,r bulld!ng D ..o.44rtroll eq~tion (1) and it 1B defined '
trom table 2 that this, ~lding belongs to lIoderate da.lDaBed rank: •
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Table 2..

StMdard"'Limite
. value (D) index

~ phenomena

Rank at Damage 'of Build.:l.Dg and Damage Index'

~------+---_':""-_-----_--:"'_----t""::"":__-':'-"':'I-o--_""::"":~-l

Destru
ction

Most of mombers vas damage. for
grade' I and II as defined in
table 1. 1he, bui ld.i.ng vas
olose to collapse ,or had been,
oollapsed. 'The function of
design had been lost -8J:1d the
buildiDg 0'. iiot,~ repaired. , ,

•85<:D.s1 .0

,Most ot.~riberns ciaID&ge' tor, 
Severe ; grade II: and a fe" members
damage for ,grw. I. They are diffioUlt', i; .

to repair. I

.55<D~85
.1
I

MOderate
,d.ama8e

Some 1B0mbers were d.aIaqe tor
grade III and few memberS for
grade II which OM be renewed.
its original design f'uDction.

Slight
d.ama8e'

So.. members, nI"!, diuIlaae tor
grade IV and. fe";liieiabers, f.or
grade III.

0.2 .1 <D~3

I

I:~
i

xembers, were not ciaIIaBe qr
fn 1B8~b91'11 were d.a.aaa68,tor
~e IV.

0.0"

III. PABAME'l'ERS OlP IlilPLtJEIfCE Olf DAMAGE

OlP IPACTORY, lroILDIlfO
, -

sarthquake damage to a siDgle-stor,y R. C. factor,y;'build1nscon
siats of three parts, as mentioned ,above. The first p~ comes frOIl
the damage, of R. C. OOiUIIIDS, the second part from that of cladding 
walls and the third part from that of room system. The parameters of
influence on damage of the t~e .partswillb8 discussed belcw.

1'. REIATION 'BETVEEN DAMAGE .urn BENDING INDEX OF COLUMNS .

Frame is the main' member of & single-etory facto!"'] building for
earthquake resistance.1he oross section of oolumns is assumed to be
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(2)

rectangular. Then the maximum earthquake stresses ~ columns depends
on the bending index >.,defined as

lRo;>0.., _

b h"l.
o

Where .. y -·vefght loading on the top of oolUJUi(q);

H -- distanoe from low~boom to oalculatedseotion(cm),o . " '
.bo- rldt~ of seotion of the col~(o.h

h ~,height of seotionof the oolumn(o,m).'

If there are more than one roof s~poried on. different heiD8l1i of a
oolUIID. the bend.i..ng index of oolumn v1~l 'be taken as

r:WiHoiA,- (3)
b h

2

o
Wi-weight of the ith roof loading on the oolwm,

• i- distarice froll low-boom of the i th truss to caloulatingo .
sectlon.

'l'he bending indexes vere oaloulated based on more than 200 sam
ples suffered attack from Haiohang, or Tarigshan, earthquake • Most of
the calculated factory buildings'are ,of two to four spans, and a few

buildings ~ of ODe span. or more than five spans. ODe frame Vas calou
, lated in each fact9r.Y buildi.ng. Qenerally, the III&Ximum earthquake stre
sses '. oocurred· at the foot or variable, oross~eot1oD of colUJIIDS .So the
bending index of such sections vere calculate-d. the values of total .750
",vereobtained. The m&x11DU1l AI in each factol7 building'iBoonnected

with the ·damaBe of oolUIIIDB as shown 'in Fig_s 2, 3 and 4. It 1IUQ1 .. be Been
f.rom theBe tiguresthat the larger 'the ", is, the hea~er the damage of
oolumn is, and the aiDor the earthquake intensity is~ the larger the ).,.
is for the same ,d8.maee level. This result shOlfB that ~. is an' import8Zlt
parameter to mark the aseismio oapacit,y of a singl-etor,y factor,y buil
ding. JI'1g. 5 shOYBthe, relatioD betweeD mean values of ),. 'and damaS'e
ranks. In addition, the strength of ooncrete is also an iJilportant pa
rameter thai '1ntluenceihe dam&ge of cO,lwans. The reiatioD between the
se parameterS and cl8maBe iDdu·of. oolWllJ1 IIUQI' express as follon

...1 '
Do-~c+ ~.I . +t3zA , (4)

lhere R is the BtreDg1ihot concrete,

(3", ,(3, and@i&re thecoetf'ioients of regression.

Based on the data mentioned above a ~8!8sso1D aDa17sis W88 completed
aDd the results Were :obt.:tned lIS' follOWS.



-1 .
for tntensi~ VII.Dc • 31.9R + 0.004",- 0.457 ,.

B6 -1 for tnteJiB i ty VIII.D • .9R +0.004~,- 0.52 ,
c : , (5). 1

'D • 68.0R- + 0.005",~ 0.49 , for inteasity IX.c

Dc = 164.4R-1• 0.008>'.- 0.886 , for intensity x.

? • RELA.'l'ION BETWEEN DAMlGE A.ND HEICJET INDEX Oll' CLADDIlfa vALIs.

Cl&ddinB walls are nota 10ad-beariDB member in which oJl17 the con
stitution measures of earthQ.ua1te resistance .were taken. D1 paSt eartth
quakes the damage ratio of cladding valls is heigh. the data of earth
quake d..amaBe 1nd1oate that the. height-t9-thick ratio and the number of
spandrel beam have significant influence on earthquake damage tocladd-
Lng "all. Here,' a wall height index was define-d as .

(6)

Where

H"
~1. --:;====-

bvi s + 1

II -the he1 .... t of vall,v e-

b -the thick of wall,
v ."

S - DUIIlber ot spandrel beBlll8 over the height ot Vall.

PiB.S 6, 7, 8-, 'and 9 shaw the relation between }\z and daiaage of
claddi.ng valls baaed on the- data of earthquake daIiage mentionde above.

_[Pig. 10 shows the relation between the mean value of. "z' and <the.~
ranks. It mq be seen fro. these fisures that th~ ,heigher the vall is
and the fewer the spandrel beam' is, the heavier the d.a.zia&e is. Bothe
relation between ~2 and d.amap index ID8ir be expressed as fol101l'8.

Dw • cl. o + Q(1"'-2. (7)

Where 0(.8I1d Qc, are coeffioients ot regression.

Based on the date mentioDed above, aregre.810n BDa.11'Bi8 leads to
the results as follows.

1)•• 0.036 "2 - O~44 ' ,

D • 0.037 "2 - 0~384',v . ,
D•• 0~047 "2 -0.499 ,
D • 0.046.>0.:1 ~.;;O.3'2 ,•

tor atemit,- VII.

tor iDtemiiV VIII.

tor lDtens1t.T IX•.

tor int'-mitT x.
(8)
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3. .EARTHQUAKE DAMAGE TO ROOF SYSTEM

The earthq~e dama8e ratio 01 the roof systems is also high in
,single-stoI'T factory buildiJ18Bt especiall,y for .roof system with large
prefabricated ooncrete. slabs taJ • Pig. 11 shows the earthqake damage ra
tio of the roof system of single-etor,Y' factory buildings in Tazlgshan
earthquake. The main causes for damage of roof system are (1) weak or
no connection between large prefabricated concrete slabs and the trusses
• So the relative displacement and sliding occurred between the trusses
and roof slabS .resulting in falling of the roof slabs, (2) poor inte-

. gri ty of bracings between trusses. when the building undergoes longi. tu
. dinal vibration, the bracinga lost its stability resulting in tilt of

trusses or falling ofr.oof system and (3) weak connection between the
trusses and oolumns. The causes (1) and (3) are due to the poor qualIty

. of oonstruction, the cause (2) is mainly due to the inadequacy of de
sign. The in1'luenoe of them on the 'earthquake damage oan .not be' expres
sed d,y' mathematioal formula.' However, according to the, condition ot
existing buildings and experience of earthquake damage, the buildings
can be classified into several oases { sa.Y four cases } and give a da
mage index to each case. as ·to11ovs.

·(i). When the qualit7 ofoonstrilotion of the roof system is good
!Uld the bracing system is .sound, the damage' index ma.Y take a numeral as
shown in table 3 for various 1ntensities.

. table 3.

intensity 7 8 9 10

dama6e index' (Dr) 0 0·05 0.:20 0.35
_.

(ii). When the quality of construction of the roof system is good
but· the 'integTity of bracing'system is poor, the damage index ~ take
a 'numeral as shown' in table 4 for various intens i ties. .

table 4.

intensity 7 8 9 10

dama8e' index. (Dr) 0.05 . 0.1"5 0.35 0.45

(iii). When the quality of ~onstruction of the roof system is poor
and the bracing system is Bound, the damage index 1IIa.Y take a numeral as
shown table 5.
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(9)

table 5.

iniensiV 7 8 9 10

d.aaaBe.iDiu (Dr> 0.10 0.20 0.40 0.55

.( i v) • When the qualit7 OfOODal'UDtion of th8 roof 81'S tem 1s poor
and the iDtegrity of bracing s78tem is poor, the d.am.a&e iDdex mq take
a numeral as shown in'table 6.

table 6•.

iDtenaity 7 8 9 1'0

damage 1..Diu. (Dr> 0.15 0.30 0.55 0.85

Bere,the quality of ooastrua1iiODof the ~f 8ystem ileUS whether
the qualiQ" of connection between 'trusses and roof slabs, uul between
trusses and oolUIIIDS are good or poor. '!'he 1Bteg.r1V ofbrlloOi~ 878t8m
meaDS whether. the desigil~dcoDStru.oti~D of 1t islOod or poor.' .

The'd.amage indexes ofcolWlll1 aDd. oladding .all~ be. oaloulated
froll equations (5) aDd. (8) aDd the d.amaBe lIlde%of the roof 8TBtem .1Dq
be taken froll table 3-6.Ii~bstitutiDg the equatiOllS (5) 8Dd ,(8) 1nto
equatioD (1), the EaPNsslOJ1S tor d..amaBe indu of facto17'baildiDg is
obtained,

. 1 . .
Ds .148- +O.OO1S"'I+O.011"2..().338+0.25Dr , f'orat.asit,. VII.

. -1
Ds .39R +0.002 >... +0.011)., 2 -0.349+0. 25Dr t .for aienaiV .VIII.

-1 . .' '
D••31R +O.OO23",.+O.014>-'z-o.370+O.25Dr, I for inteDSiv IX.

-1
D .74R +O.OO36>-.+O.014>'z-O.504+O.25D. for 1IlteD8i1i7 x.• r . .

. Where R - B treD«th of ooncrete,

'" I - bending index of oolumn,

'''-2.- heipt :1Iu:iu: of wall,

Dr - ci.8maae iDd8% of roof syst•••

Knowing the geometric sizes of cladding walls and oolumas and the
strength of ooncrete of the ool\IIIIDS, the d.ama.8e 1..Ddex of ih. factory
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buildiDg OaD be oalculated from equation (9), aDd then the damage rank
ot the factor,.-. bUild.1!1& can determined from table 2. In order to check
the errOr of. equatioD (9), 25 eti.alpls of 1'aeto17building that suffered
attaok from Tazl4plhaD or HaiohaDB earthqwike were examined. AJDong them
81.% build1DBJs are in· area of int~it7X, one buildin& is in area of
intensiV Dt aDd eip.te.~ buildinp .~ in area of il1tensit7 VIII. The
Uaa1l18d results are shOwn in Pig. 12. rrhepoints dr&1lD 011 the 4511ne
are what the oaloulatioll agree with the macroscopic investigation. From
lPig. 12 it mtq, be seel1.that caloulated n.su te ·from equation (9) agret'
basioal1l' with liacroacopio result8. The merl ts of this methoci are e im
plioi ty and eM7 to mow nIl.· .

1. A.c;BOisf "'zmade, !I.e.Shah, Earthhquake d.amaBe BZld loss estimation
review ot availabie methods. frooeedi.nga of US-PRC Bilateral lIOrk
$1hop Oil Earthquake EbBDeenng, Harbin, China, 1982.

2. J .T.P.Yao.Da8LBB8 'assessllent Uld reliability' of existing buildiD88.
Prooeed:1.ngs of' The tJS-PBC Workshop on Seismio Analysis aDd Design
of Rei.nf'orced COllorete stJ,"UOtureo. 1981.

" ,.

3.. Yin Zhi Qi8l1' Xiao .(]UaIlg. XiaD, L1 Shu Zhe~, The d&ma.&e phenomena
and earthquake response analysis otsingle-etory 1'actory buildings
ill Baiohangand T8J28BhaZ1 earthquakes. Earthquake Engineering and
!)IgiDeeriDg vibration, 1980.
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RE LI AB I L1TY' CONCEP'TS FOR

EARTHQUAKE RESISTANT MASONRY

by

Gary C. Hardl)

SUMMARY

The' f'ati'onal de\'elopment earthquake resistant design cnteria
must utilize the concepts of :-~liability theory to def'ine failure
modes, quantify test data and analytical models, and establish
design va"lues for parameters thatsat'isfy reasonable le,vels of
safety and economy. This paperprov1des an indication of how
reliability theory can be used ;n this development.

INTRODUCTION

, An e sse n t i a I concept i n structural des i gn i s to produce a str uc 
tural system with sufficient capacity to,resist th~ effec,ts of
the ant i c ; pat e d 10 ad s imp 0 sed 0 nit d u 1" i,n'9 t be 1 i f e of the
structure. Although th,is is a very stra1ghtfofward conc~pt,

problems occur when one attempts to, establish the magnitude of
the "anticipated loads" for which the structure must be provided
with "sufficient capacity"to resist. It ap:pea,rs, then, that
there are two fundamental problems 'which must be resoJve'Cl so,th:at
safe buildings may be constructed at economical cost~: WhJt'are
the anticipated ;.loads, and how should the capacHy ofa 'st'ru,c-
tural member or system be ~stablished. '

Th·ere is uncertainty associated with, most asp,ects of'the stru-c
tural design and const'ruction process. For ex.ample, structural
engineers cannot est,ablish with certainty the maximu'm loads to
which a structure will be subjected during its life. Reinforcing
steel is n'iJt ,placed exactly as shown o,n the con~truction

documents. Structural eng,ineers must'destgn b:uildfng,s in the
face of this uncert,ainty a'nd m',ust. d'o so with a final level of
safety that is acceptable to society.

, ,

(I) Professor, Ctv'11 Engineering Department', Universit.Y of
California, Los, A'ngeTesand Prin,c1pal', En,g,lekir.k and Heart"
Inc., Los'Angeles, CalHor,nia,USA
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The inco~por~tton of uncertai~ty in structural pr6blems suggests
the use of prObability theory. It is clear,how.ever, that it is
not reasonable withintoday"s level o,f pr.actice to expect the
designer to attempt to quantify the level of eac.h source of
uncertaint~. Therefore, the development in the last d~cade of
the probability-based limit stat~ design (PBLSD) approach has
bee n i n tend edt 0 bet he rat ion a 1 ve It i c 1e f 6r s a,t i sf yin g the
requtremen·ts ~f practicality and the probabilis~ic asp~cts of the
design process.

The PBLSD method u,sed the design ~,quatf,o_ri

( 1 )

( 2 )

In t he d'ev'e: l,0P.itie nt- of the r igh't -al)c1:,(~fii~h"a,~d:'s'1d!!s of Equat i on
(1), uilce,rt:,ai"l1"ty; an,d pro~b~bJl}s~tyc- c'oh:ce'p"t:s-" al".e·'e~-p·licitly
i n~ o:r p 0 ra,ted, f,nt'o t h',e de';~'f g,n pro,s~.ess;·tJM·lr ,Sr~T ES .m us t be
i dent1 fied.bY; tne'struct,uralengineeras· .a,p:a'rt, oJ' th'e process of
des i g n'1 "'9::' ~:I1:es truct uiral s'ys t em. 'Tn e, d'e:sfgh~, 'forin:at,' <if the PBL S0
method tcikes the' fo.rm: "

n,
iiR >. r If Qi :

1=·1:.,

where ~. • strength reduct ion factor',

Rn = calcu,i'ated nominal capacity computed according to a
p'rescrilied formulation in thematerials;pecification using
sp'e'cHfed materialstren.gth and dinu:ins'ion's '

,2i == load factor

Q,i, =,s er v1ce ' loads
, -

The dght-hand side of- Equation (2) represerit's the summation of
factoreds'ervice loads specified by the 'approprt'atebuilding code
for d'ead, live, ·wind, se,ismic, and other relevant' loads. The
sp.ecified loadf.actors are intended to account for unfavorable
variat, ions inherent.in the ran:domness ,ani:t 'u,nce~tainty assoc i ated
~1.th th'e true load,s on· a struc:tur:'e. The-load factors are der i 'led
from a prC!babilistic' studyO:f; die dist+fbutlo.riof these'service
loads fen such a way as to main~ta1n conststent 1i!.vels of safety.

The 1eft ~h ~n dsc1deof&Qct.l·;i,~to;n (Z)repr esents t hec 0 mp ute d
NQ'HNAlCAp:AC.ITYOF'.Ac~,Lcl!'Jl:T'STAT~ multiplied by a STRENGTH
R:EDUCrION FACT,O,R., Tn'e,If9:,rii~::~;~J' c:~pac,rty of ~'l imit state of a
concrete masonry, c.om~(JQ'i!:n,t;';S;;"'l!;s,~:,a,~.lfs.h~~.us1ngtest data and the
pr1n c,1 p le,s of mec h'an·f c·s,;. l'~tfe:'val ue~f,th'e ',stren gth reduction

..



f act 0 r i s a fun c t ion 0 f many i terns, inc 1ud i n g' the bu il din 9
material. the limit state under consideration, the consequence of
a particular ,type of fai lure, and the, possible modeling errors.

Limit state refers 'to a s"ituation inwhi'ch a struct.ura"lelement
or a structural system no longer satisfies its infended design
objective. Designers typicallyconsi,der two types of limit
s t a,t e s : ultimate 1i mits t,a,tes~nd' ser,v fceabiHtyl,i mit states.
A limit state rE;!lated tostructurH collap:se' ha, strength limit
s t ate. A s e r vic e a b i 1 i t Y 1 i mit s t ate r e·l ate s to f unc t ion a 1
utility.

Limit' state design ~equire~ that the desi~ner explicitly consider
possible limit states in a member or th'e limit states in an
entir~ system. For example. such consider~tion might invol,ve
determining the load at which a wall under combined loading wo~ld

fail in flexure and'ascertaining, that it is less than the load
t h at wi 11 produce' d nun des ira b 1e compressive .fail urei n the
masonr,Y. Mostmateri a1 specf.f.ication's that employ the strength
d,es i gn method, are ,fo'rmu 1ated topr.9duce ,the morediJct i 1e modes' of
failure. but' it remains f,orthe desig'ner to s,tep back and
con sid e rho w a par tic u 1a r S y S tern, mi gh t fan d uri' ng a n 0 y e r loa d
condition or because of an understrengt'h condition in one
construction material.,

The specificat ion of both the load,andstrength red~ction factors
dep~nds on the level of structural reliability deemed sufficie,nt
by those responsible for specl'fying these factors.'" Th'is
determfnation indirectly repre~ents a determination by society as
a w~hole'as to what is adequate structural performance. The
estfmafeof ,reliability is deftnedby the RELIABILITY INDEX. B.

STRUtTURAL RELIABILITY

Ifon'e consi,ders' theshearw'al1 it may'be seen that the nominal
design strength of this member may be calculated using, th'e
appropriat'e limit state equatfons'~'This 'design strength is,
considered to be adeterministic quantfty ,in, that th,e equa,tion
gives '-the designer but one V'dlu~ of m(Jme~t ,capacity for ,a'given
set of dimensions. area of reinforcement, steel, and mat,erial
strengths,. This number. howe v,e r • does not . repre S en t ttiieva 1ue of
the actual moment streng~h,.and, un~'11>the:. member is loaded to
failu.r.e, only statements of a,p~O,~.~;i,,lJ:stfcn~ture.c.anbe made
regarding'. the beam "strue . sti"~rfgtt(~... · $tmtl~rty, . only
probabiliStic statements may belllade:,re~9ardin:9'ttJe:a"Ji:ia'1.10.ads

. that might be 1m.po s esd on ~he sbe'arW:aJ,l'Aur tn,g· f{sdesygn lite.

The structural engi'neer must. howeve .... make'Predi cttonsreg'ardJ n9
'the anticipated loads' which the 'member.. IiiJllexperfence as well as;.
attempting to establish t~e c~~aci~yof the member for a given
limit state. ProbabUity is useful in making these predictions.
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i nth at pro b abi 1i s tic met.h 0 dsex p I i cit Iy r e cog n i z e t hat all
predictions of the future have some' level of uncertainty
associated with ,them. These methods model reality by reognizing
the observed scatter, randomness and uncertainty present in
actual des}gns, and quantify it using probability theory.

If failure is described by the condition where the capacity of
the member or system, R, i~. equal .to or exceeded by the specified
load effect, U, then (ailure occurs when R minus U is less than
or equal to zero that is,

F = R - U

where F is the safety margin.

Thus, failure oc~urs when f < 0,

( 3 )

A failure condition requires two separate events to occur before
the member is judged to have failed because failur~ is a function
of both capacity ~nd load .. Cons~quently, failure occurs when a
member of moderately low,strength is loaded with a very high
level of load or a very low strength memb~r is loaded with a
moderately high .load. As a result. it may be seen that tht'
occurrence of an extremely high load does not necessarily
represent a fai lure condition unle~s combined with a member of
sufficiently low capacity. .

. The· va ria b i 1i t Y 0 f the da t a abo ut the me an val ue 0 f the' sa f et y
mar gi n. F. i s qua nt i fie d by the s t and a r d de v i at ion , F . Trl e
standard' deviation represents a measure of the spread of HE:
data .. A given value of F maybe described by how many standard
deviations it is away from the mean. Thus, the 'mean of F is zero
standard deviations from the ~ean. wh'lean extreme value of F
might be three or:four. standard deviations' (above or below) UI':'

mean.·· It is assumed that for a given value of F. the greate~ the
.~umber of standard deviations it. is above or below the mean, the
lower the probability that ~uch a value of F willbccur. The
mor'e unlik·e'ly it is that evalue of F will be less than or equal
to zero. the. more unlikely it. is that the member under considera
tioo will fail. It t~us pos~esses greater reliability.

If the values of F and SF are known~ it
anot:her term which gives an indication of
part i'cu·l ar e"lement or structural system.
B. i c defined as

8 cF/SF

is possible to define
the reliability·of·· a
The reliability index,

( 4 )



Th~abdve definition of reliability index is not ap9ropria~e when
F is a nonli'near function of ,the random:v'arJcabl'es in Rand U.
Therefore, a more gener,al.definUion'.• referred to as the
Hasofer-Lind definition. is used for nonlinear f~nctlon.

The rel i abi 1ity indeJ( hastw.o fundamental advantages' over .conven
tional methods of reliability analysis. It allows the st'rength
of bUilding components to be viewed ona material by material
basis, and it provides for and encourag.es the ~h~racteri~ation of
strength to be done independently of load factor~ •. In addition,
it enables one to address safety and reliability without directly
quantifying the probability ~f com~onent or system failure.

the advantage of the l.ast obser~at10n maybe more clearly under
;; too d i f 0 ne con side r s t hat the loa d a n.d res 1st an c e e f fee t s
leading to structural failure occur at the ext~.me end~ the POFs
describing R ~nd U. The probability of failure Is verysen~itiv~
to the PDF used to describe the distribution of the values of
resi~tanc·e and load effects because of the influence of t~e
val uesat t he ext rem e s . Thas el e c t i on 0 f d iff e r en,t POF s m'a y
result in changes in the probabiity of failure by several ord~~s

of magnitude. By avoiding the .explicit specification df the
probability of failure and· relying on the reliability Index', a
more robust estimate of structur·al reliability may be obtained.
It· has . bee n s how nth a t in 0 st des I gns are' not par tic :u 1a i-l y
sensitive to the actual probability of failure, and that measures
of reliability not heavl1y dependent on the extreme ta.11s of the
PDF s des c r .1 bin g the s t r U.c t ur a 1 s ys t ems h0 u1d be use d . The
reliability Index is.such a measure. .

The rei i abi 1i t yin de x I s. a mea sur e of s t r uc t ur a 1 r eli abi 1i t Y. '
The grea t e r the' val ue 0 f e. the grea t e r the st rue t ur a 1
reliability, a~d' the smaller the probability of fail.ure. Typical
values of B present in current masonry. concrete. and steel
design codes. ~re shown in Table 1. It maybe seen th.t the
reliability index Is much larger In masonry components than it is
in the equivalent s·teel or concrete eleme'nt. Additional research
is required t~asses~ the 1mp~ct of strengt~design concepts on
masonry structures, ~ut it appeats at this tim. that these values
of a are too conservative. For example~ it has been found that a
value of li=3.0 is conshtent w'ith averag~, current practice for
load combift~tions Involving dead a~d ltve or dead plus ~now

loads. while 8"2;5 and".l.75 were.re.presentative for comb.fnat,ions
describing wind andsefsmicloads. respectively. Therefore.
current mas6nry 8 value~_ are too large. .

\
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TABLE 1
TV PIC AL VALUES 0F THE RELI ABIll TV I N0EX. 'a,

FROM CURRENT DESI~N CODES

Beams
Co 1umns

Masonry

7.5-8 ..5
6.0-7.5

Reinforced
Concrete

2.6-3.8
2.6-4.3

Steel
(Ultimate)

2.7-4.6
1.9-3.0

LOAD FACTORS

There are several probl.ms that make the development of ~ unified
~et of load factors a dffficult task. Current design criterio
for the d i f Je r e nt mat eria 1s res u1tin di ff ere nt va 1ue s 0 f. e.' Ari

important parameter in the vari~tion of B is the rat,io of 1 i Vt
load to dead load, LID. Within a particular material specifi~a

tion, different, magnitudes of LID also ~esult in varying values
of the reliability index. The random (probabl1istic) nature of
all loads, in particular live, seismic, and wind loads, creates
additional problems in deriving a single set of load factors and
loading combinations .. The National Bureau of" Standards (NBS) has
recently completed a study of this problem and·~~sproposed a new
set ~f load factors and loading combinations which have beer
adopte~ as part'of ANSI AS8.l.

The'totalload o'n a member or structural system ,is br:okenup into
permanent (dead) loads, sustained {live} loads, and loads of
sh or t dur at i on {s e ism i cor win d } . The max i mum tot all 0 ad wi 11
pro b ab1y 0 Ccur at so me po i i'1 t t hat does not rep r es en t the
combin~taion' of the maximum values of the individual lriads. Th~'

time int~rYal over which the load is ~onitored for t~e miximum
combination is typically assumed to be the building design life,
which, iri the NBS study, was t~ken to be 5~ years.

Now. if the prob'abflity di'stributionof eacti load type, and an
est,imate-of fts, mean and standard deyi at'ion are known. the
diff.ere"t lQading combi~a~ions may be simulated an,d the strength
of yariousmemb,ers computed. If the calc/ul ated strength is
comparedtotheact·ualteste,d strength. the reliability of the
section may be conip~ted. The proba'bili,tydistrib'uflon.s iJs'ed in
the der,ivat i on of the N,BS -lo'adf actors are shown in Ta:Ole':2. '
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TA6LE' 2."
LOAD PARA'METER S

PDF

Dead
.L 1ve
Wi nd '
Snow
Ea'rthquake

Normal
Type 1 e~treme value

,Type, I.extrem,e va.lue .
Type II e~t~eme ~a,lue,

Type II extrem~ value

rt is clear that for e,a'ch material. load combtn~t'i,on, ar:ld strue"
tural component (i.e'., column, wall, beam). differen,t values of B
will be found. The basic Idea is to identify' a target value of B
for a set 'of load.ing combinations and estabHsh the load factors
which wllljJlow the value of B to remairias ~onstant as possible
under those conditions.' . ,

As, sum e that i tis des 1. I" e d, t hat B beequa 1 to 3 •0 for loa d co m
blnations involving dead, plus live load or dead, p,lus snow load
for all materia'ls and struct,ural components arid B be equal to 2.5
and 1.75 for load ~omb1.nations involving wind and seismic loads,
respectively~ The~ i.t followi that the load factors can be
der i 'led. 'and those obt'ain,eif in the NBS study are

U :: 1-.40 (Sa)

:: 1,20 + 1. 6L (5b)

. - 1. 20 + 1. 6S + (0.5L or o.aW) (5c)

= 1.20 +' l,.3W + 0.5L (5d)

= 1. 20 + 1. 5E + (O.5L or 0.2S) (5e,) ,

:: 0.90' (1.3W 01" 1.5E) (5f)

STRENGTH •REDUCTION FACTORS

The strength reduction factor, _, on the left-hand side of Equa
tion (2) is an attempt to account fo,r the variations in the
actual loading and the in-situ capacity of the member from that
calculated using 'the ana,lysfs and desf'gn equatfon~. If the
designer had th~ ability to establish the exact capacity of a
structural sectfon, it would be straightforward to compare the
calculated resistance witht,l:le anticipated maximum load eff~cts.
If the capacity were greater than the demand, th,e' section would
be considered adequate. Unfortunately, just as a struclural
engineer does nO,t have the abi li ty to establ I s~ wi th cer,tainty

rv-4-1.



the ~aximum design loads, neither is it possible to determine the
e x act ( apac i t Y 0 f a sec t ion for ·e ac h 1 i mit s t d t e unee r
consi, er 1tion

SUMMARY

One c hal 1eng e we f ace i n the future i s to def1 ne more reI e van ~
failure modes and to develop, on a rational bas"is, values for the
s t r eng t h red uc t ion f act 0 r s . Th,i sin vol vesat e am e f for t fro m
experimentalists, analytical modeling persons and engineers
interes~ed in reliability theory..



Si,aSMIC RELIABILITY· OB' ·MULTI-ST0Ii.EY

lt8INFORCED :eRICK BUILDING :' ~.:

Wu Ruifeng *
, ChenXiZh1 **

Xi Xiaofeng ** XieMlngyu **

summary

, !"', ~'-

In this paper .a method for predic.tion of seismi.c reliability of

multi-storey building with a storey displacement cri"t;erionis proposed.

B,v using of the Second-moment method the c~acking and collapseproba- ..

bilities of a hollow brick-~ll builcling of 8 storey with consideration

of elasticity of .foundation ar,e calculated.'l'he effect, of so11

structur'e interaction of this kind of buildings is specially discussed.
, " ,

I. INTRODUCTION

'The ea.rthquake aotions on structures and:stre!1g.th of materials

ate random, therefore the struotural I'eliabil~ty, based on the theory:. ,., . - .' . . -

of prob3.bi li ty, is a rather reasonable method toa:~l:l.ess tl;Le safety.of '

a ::3turcture, but which comp.onent is the. major 'fact'or' ot t~e·.principa.l~

.• Frofe ssor, De·pt. of Engineering Mechanicst Dalian Institute of, rech~

nolor,y, Dalian, China.

• --Associate Professor, Dept. of .EngirieeriM' ~lechanios;,DaHan Institute.

of 'I'echnt?lo~, DaHan, China.
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cz:-i terion of damap;e in the anal,ysis of reliability is still a proble!!.

We consider that the decisive factor of collapse of a 'building is its

deformations. The collapse of'a'buildlng occurs on'~'y:in case of its. ,
, ,

deflections reach a certain quantity. It is the. bestillU:stration that

many serious damaged buildings' sti 11 stand without 'collapse after the

earthquake. Craeking of a wall must be also connecte'd with deformation,

and so the, correspondin6 various deformation values are the reasona!>le

1 ' b Id ,.£1,2]index of cracking and col apse of ui ings

How to determine the values of· deformation corresponding to crac~

king of wall and. Gollapse of building is'a difficult.problem. The de

pendable way is making nurr,ero.us tests to obtain neceB,saryda:ta~.It is

known that 'the test on whole building is not onlyexpensive1y, but

also very d,ifficult. Besides, we can~t make such laree a.m,ountof tests

to contain various kinds of'buildings~ Ther,efore a computa.tional method

for determining these values of defo'imations is needed., 'But as ,we know,

there are not effective elasto-piastic analytical met-hod for'masonry

. building as a spatial structure arid not enough informations of seisrnj..c

experimental data about whole building to give out these values of

defermations.

Arranging reinforced concrete constructional columns or heart

colWMs, horizontal and. vertical steels in wall can increase its defor

mable ability. The reinforced. wall can be treated asa elasto-plastic

element, such that, the d'eformation cdterion forpred1ction of crac

king and collapse of walls has based. ona reasonable foundation and

has practical significance.

In recent 'years, in china a lot of ~xperime~tal and. theoretical

, resear~h works on brick-:walls w'ith ~ons.tructional column.s, heart'colL\- .

mns and various' type ~of reinforced steel·13~~l'had beeJ:l completed.

For lack of ,exper,i!Jl8,ntal data and-.~alytical method of whole bUiiding,

'the' authors, 'of this ',raper propose' "t,~ u·t'i.l:ize1;he~eBt d~ta and 'analy-

tical me·thad of, a single wall to deterniinftthe deformation values,

corresponding to c~ckinB'and collapse of the wall. It is a conserva

tive approximation. At th,e same time, an estimation of spatioal effect



of building can be made on the basis of computations' and Borne infonna-"'

tions from model test. This estimation will be used as, a, reference'

when the ailowable,failure probability is established.

We know that the responses of a building subjected to various

earth:.uake input with samepeak,value of acceleration are different.

In this Paper, the elasto-plastic responses of a building is calculated

by means of step-,by-step integrat ion method for various ao~e leroe:ram

of earthquake with -same peak value, the elasto-plastic res~()l!.",e of a. {, J ' . . .,,,;,.,,,,,"<,~,

building, is calculated, 6" and the statistical values \~re' 'dbt~i'~ed .If

the nUi,;ber of accelerogram of earthquaICe used is enough , a goo,d rel?ult

can be cxpec~ed.

In general, the soil-structure i:nterat,'10n for rnasonry })uilding is,

not considered, but the int.ractive ll~"tion 1,s exist.:EspeciallYI for
.. '

soil of II and III catee;oriesthEt~rfect-of soil-structu:re interaction

is., npparently, and 'accordingto f11 a study about this' effect is dis-

cussed.

II. PROB,4.BILITY" OFFAILUREANVriELIABILITY

By using of the Seci:md~irioJrien·trnet}jOd.'thepracticaldietri butions

cf random variable can beconside~ed"A:~~~>thatthe building is in

f~ilure when any story of ,it i8c~ack~~'0;-col1a.ps~d. .

Ba.sed on verification ofexperill~nta:ld.a.tilofwalls and dynamical

respon~e of deformation,'the lognormaldistr1biition and type I of ex

treme distribution c.an .~ "acoepted forfailu.reof walls and storey

displacement due to. dynamic, response I:'8spee~ive,:J.Y~,

III. DETERMINATION OF u AND, u



u and u are the given cracking or collapse displacements and dis

pla.cement· between stories of'dynamic response under earthquake respec

tiv~ly. The determination of u and u is to find the statistical value

~u and. m" tr •'u u

The,ch~racteristicB 'of the accelerogram of earthquake is the ma

jor influence on the random variable u. Dynamic responses of a given

structure differ widely for various accelerograms of earthquake with

same. peak Value. It is not poedble to use the real or experimental
i

building obserVational. dy'oamic respon'se of a in order to receiv,e the

samples of u. We propose that instead of using the real eart1l'1uake

response the dynamic analysis of a building, under various accelere

gram of earthquake with same peak values is used to calculate the ma

XlillUIn, storey displacements. The 'maximum story displacement responses

corresponding to 'various ac~elerograms of earthquake are adopted as

observational samples, and from which the m' and' 'tT ~re obtained., u u
As a general rule the more accelerogram of earthquake are used the

more reliable statis.tical value is, expected; Herein,a uncertainty

due to the error of calculationl;l.arrised, which can be neglected at

preseut time.

'rhe mechanical properi;ies of wall materials, eeometric. character,

stress state, and workingqua.li ty et'c,. are infleuence on random varia

ble u. Curr~ntly; to utilize the experimehtal result~.Of a It;i.rge amount

of'reinforced brick-walls is a realizable ·way. or couree, we' can not

test all walls in various combination of mortar ~tre.r:tgth, ve'rhcal'

!oacis, difrirent he~ght-wid'th ratios etc. ,In this paper~ the appro

ximately formulas [ 5Jverified. .by ~nY,testing ,data'· are us'ed to find
"/ :

the B'tiffn13e~es arid displacements of every region in hyster~sis,loops~

Base,don the known rei.nfor~ed wall testing results and revised, coeffi

cients (,or g:Lven walls to ,fineL out the oDseryatiqnalsarnples and mean

va1ues mil a.nd deviation (foil . In d'oing ,sQ:, Bome. errors and uncer-

tainty 'will ,be produced, which will ,beriegec;t'ed·, in· this paper.



IV. ILLU~T/lA'1'10N

A horizontal and vertical reinforced hollow brick-wall buildi.ng

of 8 storey with transverse shearing \oI'alls is subject to ground acce

lerations of O.2g 'and O.4g respectively. To. find out the cracking and

colla.pse reliability of the building, the parameters of the house are

shown ,in table 1.

Table 1. Parameters of the building

~
1 2 3 4 5 6 7 8No.

P~H"4/f'1c.h,r

stiffenss 13435 13435 11320 10436 10436 10436 9559 9559
K (MN/M)

1

stiffne~s 498 498 498 98 98 98 98 98'
K2

(MN/M)

,. 'weight . 4234 4234 42:3~ 4234 4.234 4234 4'2?4 3675
(KN.)

,
..

'Height 2.8 2:'8 '2~8 2.8, i.8 2~B 2.8 ' 2~9

,~l.f) , .. .

it is assUmed that floors· in its plane are .rigid, the modes ,of

vl-brat.ion are shear modes, the hysteresis loops' otstoryshEt.a·rfC?rce~
.: '.' .., • ' .• - . "'. I •. " .

,anasheardiBplacemerttsaresimplffied in a "t,w.o' 1ih~'ar stiftri~s6de",

g~8.d ing model.

, 20 accelerograms ofea,rthqUake,and 10 Bec:o~dsareus.~dto obtain'

the dynamic response. The B-storeybuild,ing s~mplifiedtoa'system

of 8 'lumped lTlc1.sses. Elas.t.o":pl.stiodynamic anaiysi~~8 ~e .perfo~ed

for rigid andela.stic fOUnda:tion.All<of ·the ,~~k v~'lue_s of~c'ceiera
tion is readjusted to 0.2g and 0~4g, respectively. Based on the testing

results of 15 single wa.lls with va.riouscombinations of' re.in'foI'cemente
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and revised coefficients for diffirent size of walls and desiened veI'

,_,tical load.the m" and uii are obtained. All of-th~se results are·

listed in table 2-3.

Table 2 Displacement response u(10-4 )*
-----

Rigid Foundation .Elastic Foundation
_.- -

storey 0.2g 0.4g 0.2g 0.4g
1---.

m (J" m (f m fS m a
... f--_._- ----

1 3.093 0.715 7.811 4·264 1·547' 0.626 ).479 2.586

2 2·902 0.680 5·503 1.699 1.375 0·548 2.763 1.117

3 2.658 0.624. 4.625 1.008 1.195 0·470 2.390 ' D·930

4 2.794 0.647- 5·481 2·729 1.195 0.464 20395 0·928

5 ,2.548 0.683 4·500 1.038 1.044 0·401 2.094 0.806
,

6 1·97.1 :0.448 }·417 0·533 0·182 0.298 1·510 ' 0.601 '
, ,

7 1.457 0.328 2·540 0·421 0·56.1 0.212 1.126 0,.429
.-

j
','

8 0.669 0.149 1 .181 0.210 0.262.' 0.099 0·526 I 0.21')0
::,··t· .

* AU the va.lues are divided by the storey height

. Table 3. ,Failure diBPlac~mentsu of ·siories '(10-4 )
.- --I

cracking displacem~nt Limited displacement !
storey

.m· ·CS m "...

1 10.53 " J.58 5·029 1.461"

2 10.60 J~61 5.127 -1.489
,

3 '.10·70. >, ·J.65 '5·177 1~505

4 1Q.?2 . 3·12 5.280 . 1·534

5 11.14 ., J-5O 5.388 1.566

~ 11.37 3.88 5·499 1·599

,7 11.49 3'·92 . 5·557 .- 1.616

8 11.61, ,- 3.96 5·617 1.632



Table 4. Failure Probability

0.2g 0.4g
~

~
-

Cracking Collapse .. Cracking Collapse0
~
m ,. ..

Rigid £lastic R.F. Z.F. R.F. E·.f· . R.F. E.F.Foundati,on Foundation

1 1 '3 10,.,.3 -5 '::1O~1 " 10-
7 29.2 " 10-

2 ' -2
1.8 )( 10-4 . 1.0)(10-6.b x . 5.83 )(10 '4.,59 X 10

2 -3 1.81 x 10-5 .(10-1 <: 10-1 1.28 x'10';'2 -3 . 1.53 ~ 10-4 <; lp-1,1.0 A 10 3.63 x 10

3
' -3

4.2 I( 10-6 <: 10-7 ~ 10-7 . ' -2 . -3 3.02 x 10-:01 -,1
4.65 x 10 2.02 x10 1.2 X 10 .( 10 '

,4 5·6 '~ 10-4 3.1 x 10-6 <; "0-1 .( 10-7 10.2~X10-2 1.05)( 10~3 2,.6 )( 10~ .. .( 10-1
, -

5 2.1 ;< 10-4 5.59 "10-7 <; 10-:7 .( 10-7 1.45 :'( 10~2 3.37 X 10-4 .( 10-7 <; 10-1

6 2.0 X 10-5 <::10-7 <:: 10-7 ~ 10-7
. -,4

2.56" 10....5 ' <10-7 '. , .:::. 10-78.05 )( 10

1 4.1 XlO~7 .(' 10-1 " 10-
7 .( 10-1 ' -5 8.81 X 10~1 <10~1 <; 10-75.0,1 l( 10 .

<:: 10-7
\

~10-7, 8 ~ 10-7 < 10-7 " 10-
7

" 10-
1

'" 10-~ <10-7

Max 1.63 10....3 5.83 X 10-5 " '10-7 ' '" 10-1
-2 14 -2 1.8 X 10-4 <,10':"729.2 x10 .59 X 10

* Wave velocity?nd thickness of foundation medium are assUmed 25Om/s and 60M respectively.

7"

~



The failure probabnity is listed in table 4. From table 4'it is

shown that comparison with current code TJ 11-78 the height of reinfor

. ced hollow brick-wall building could be raised about 2' stories.

V. THE li.'FF'ECT OF SOIL-STRUCTURE INTERACTION.

In general the inte.~tion effect between soil and structure is

not considered in seismio design, but from table 4 we can see that

the effect is significant in cases of II and III category foundation

soil for a bul·1ding of 8.storey. In order to investigate the -influence

of elasticity ~f this foUndation medium on natural frequency, first,

let us consider the effect on the given. building of 8 storiel the

result is shown in .Fig.1.

2.

/

o
I

~l
• I • • I • I i

~ig. 1. Effect of soil-structure interaction on

na.tural frequency.

From Fig.1 we can see that when TJTs <.0.6 the consideration of

interaction become nec~Bsary, where Ts,Tb and T are natural fre

quencies of foundation soil, building on rigid foundation and system

of building with elastic foundation soil respectively. In the analysis

rr-5-8



the T 'is tak.en to e:!ual O~96 sec., i.&., tpe consideration ,of interc-
s , '" '

tioD is necessary when T
b
",0.6 sec., but this is in the ranee of na-

tw'al frequency of masOnry buildingS. In ~he given example, from ta

ble'2 we can see that the storey displacements are decreased when the
, ' ,

elasticity of foUndation soil 'is taken into acoilnt.BUt, due to defor-

mation of fOWldatian the relaUve togound displacement of the top

of the building ~ybe larger than those of rigid foundation. It must

be considered when the limith~ight ofbrick-wa'll 'bUildi;l\8 iiS deter-
. ::;'":,'".

mined.

By the way, we should like to note th~t the s,patial effect enlarge

the stiffness ofbuHd,ing and herein this ,e'ffec,t i,s o"ot c'onsidered.

VI. CONCLUSION

1. Rased on the method of Second-order moment and story displaqe

ment criterion the failure probabil1tycan be obtained, from which a
,

more resonablelimit height of mas,onry building can be, determinated.

2. The soil-structure interactiot;l and spatial effect of building

are two problems, which .'must be further investigated. BUt, in general,

their. effects make' the building in safety Bide,therefore it may be

considered when allowable failure probability'should be determined. '
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SEISMIC REI,IABILITY ANALYSIS OJ' ~TI-STORY BRICK, BUILDINOS

Tinren Jiang * < ,Pellg Hong **

ABSTRACT

1 method for assessing failure probability of mult1~toryb:ri~k
buildings subjeoted' to seisaiio loading is desoribed. In ol-der to ana
l7Ze the stochastio seismio response of byateretio briok buildiEJBB by
equiv81ent linearization, the effeotive parameters of a simple briok
structure with restoring force model pro~Osed are determined from ine
lastic response spectra. A,' two parameter d.8maiecritenon IIIOdel is ob
tainedbased on test data of brick wall. The structural failure proba
bility is ev~uated on the basis of two parameter dama8e oriterion.

IlI'l'RODUCTIOW'

Mu1 U...:etory brick building is a ridelT used type, of' structure in
. i..ndJ..lstrial and civil builcii.DgB in ChiDa. It is knolm trom the8%p9rience

of large earthquakes thatth8ase18mio oapaci ty of sUch struotures is
, very poor and some degree of damage is UDavtD:1dabl:e<1m:en subjeoted to

hish intenaity earthquake motion. ID order to, ~s"s.s or :p~4io1; , the
earthquake damage ,of suoh building in a speo1fi.dperl,oc!',.a method for
lDal,yzing the seismio rel1abil1V or ta11ure·prob~bil~t;rot.su,oh bU1l~
ting IS necessary. This method must inc,lude ~e uzicert$t7 of ooourenoe
ot earthquake, the randomness ~f earthq~ grolmdDiot:1on,' th.:inelaa
tio and nonI mear behavior of struoture and the hl'8teretio .o~t.ri
sties and unoertainty of the stmoturalr8sistaztCe." " .

" method for analyzing the seismio reltab1lit7· o~multi~to17bri
ck buildings, whioh.inoludes all ,oftll8 abC:tV8.~~tc)re,:, b;iitin a simpli
tied ~, ,is proposed. F'Or illust:r:'atfi:!il,:tli, ..thad/is applied to a
3"to~ building des1gnedaoo0rd.J.DC, ~o"CJWi~. u.~smio CC)d8' (1).

STRUCTlJIW, XODEL:dD EQUIVALER'i" PA.1Wllfi~

Iru1ti~to17briok build1.lJgB subjected to e~u8.kellOtiolJ8 oan' be
JDOdeled in sutfioent acoura07 as. bTBteretio 1DU1ti~e-ot~frad.oll·
shear beam system. It haS been shoWn (2)that c for a nonlinear nil' sys
te. subjected' to stationar;rrandom base 'motion, if the behaVior of 'its
nonlinear members. dependS on17, on.therel~ti~ ~O()~te ~t...~the

. masses (suoh as 8h~ar ~aa8iatem),.~ii, ~9.u1.YaleD~:sp'te•..oan be achie
ved by simPly replacing eachnonl1nearme"ber'bi ·an.l~tio member with

• " , '. - .- '.! .' . • .

• A.Bociate ProteBsor~ Institute of EDgineertftg .echBnios~ .
state Seismologioal Burs,au, Ch1DB.

.. Research Assistant, Centre for Earthquake Koi1i.toring BIl4 Research
~'l'forth.aSt, SSB, China. . ',' .
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(1 )

equivalent parameters, determined as for a SDlP system. Therefore, in
order to obtain the equivalent MDPsystem, the equivalent parameters or
a simple hysteretic brick structure must be determined. The eqllatiori
of motion of Buoh structure 1s

mU +z~.[kiiiU + kz • -ma

where, z is the qateretio part of the restoring force. 'Acoording to.
test data, a restoring foroe mod.el is. proposed as follows (Fi~. 1 ).

, B • U :... (k,!(2'la,Q»(luiz.+ ulzJ )
in whioh k is the initial stiffness, Q is the 'ultimate
the par&J;ll:8ter governing .the degradation of strength.

In
strength; "Ii is

Um ~Uy

Uy"'- un: <~Uy

:um~ ~U;y

(3)

whe~1 Q,' is tliefrictlon8.l strength due to normal stress, Um is the .
ma.x1.mum d1splace~n:t,""7 is the nominal yield displacement, ol and ~ are
parameters and here take values of 4.5 8lld 7.5 respectively.

The equivalent parameters of the simple briok structure with such
restoring foroec8,nbedetermined from inelastic response spectra (3).
An ensemble ot ten' earthquake accelerograms are chosen to caloul~te the
inelastic resPonse, Bpeotra~ The peak acoeleration of each accelerogr8111
is adjusted so that the mean squared differenoe between the response ~

spectrum of the e&rtllqU8ke and the Chinese oode design- reSPD.nse spec
trum for site II andiDtensitY vm (1 lin the period range of 0.1 - 4.0
seo. to be minimized..

The aver8B8 inelastic response spectra over the ensemble of acos
lerograms for duotiliV. ratio}L of 0,,"5,1.0, 2.0, 4.0, 6.0 and 8.0 and
the elastic response speotra for various damping are obtained. }l'ig.2
shoW'S the aver888 inelastic response speotra for ductil1ty ratio of 8.0
and the 0.16 damped average elastic response speotra. It can be seen
that the speotrum for;p.8.0 would. lie almost ewtly on the 0.16
damped elastio speotrUm if that speotrum is shift'ed in period by a
factor. of 2~{).'lhfBfaot indicates that it is possible to replace a
nonlinear 878tem:J,jan; t!qulVaIent linear system which will give nearly
the sailie p8akre8~iuieBs' thenoD11nearsy&tem over a railge of periods •

. ~t SDn(~i~"'t:-,'}t)be the aver&88 sp8ctraldisplacement of the b1's
te.retio ststem,8l1d SD8(cTi' ;e) be the average spectral displacement.
ota: linear s78temwith period. OTt and dampiDg ~e.

,jtle difterenoe between these two spec tral displacements mq be .
measured as



The _an squared differenoe oan be 8%p~sed 88

(S)

where, Ii • 12 is. the number of period. 'l!l. optillDll equivalent~
ters Te / 't' • c and l;e are obtained froID the oondition that the' spea
tral difference attains its minimum.

Pig.3 and 4 show 'l'e / T :- 1 BDd Z;. - z; versus JA- resp8otiveq. The
least square fi t to the data points le8.ds to the equivalent periOd

'l'e • '1'(1 + 0.1858Jlo•S187 )

or the equivalent stif':fneae

Ke • K(1 + 0.1858fO.8187~-2

and the equivalent damping

STOCHASTIC SBISJlIC RESP0B5B ANALYSIS

(6)

(7)

(8-)

'lbe -earthquake ground. motiODS IIIV' be modeled 88 'a tilte"d aaua.:.
sian process wi th zero mean and a speoified power speotra densiV
:tunotion. The mean square acceleration of the prooess OaD be ezpressed
as

(9) - ,

. (10)

1D whioh, (J'a is the mean square acoeleration of a stationanr (Jausslm
prooess. When the prooess is speoified bi the wide17 used JraDai-Taj1Jlli
spectrum, Ua2 is expressed as '. '

2 _. $flJl'l' '2'
0'& - JS(w)dw.~ (1 ... 4 ~~ )

. ~ " ' ,

in whioh w, and. ~9 are speotral parame.te~, repress1n:c th~_~a~ ,'M-.'.
queno7 and dampl.ng of .the ground tilter, s. 1s thespeotral U1:te~1V

of white noise prooess.

we t) is the envelop t\motion defined 88-
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o~ t ~.t1

t1 ~ t ,£ t2

t 2 :E t

(11 )

in which t l' t2 and 0 are parameterS.

For simplifioation, and considering that ,what we are interested
in are the maximum displacement and accumulated energy dissipation
rather th~ the response process, the nonstationar,y process ~ be
replaoed by an equivalent stationBry process, the duration T of which
is giTen by that of the intensity in excess of 5~ of the peak: value
and its' mean square acceleration Cf~ is taken as the time average over
T of u~ (t), i.e.

• •

_l
an

, 'u!J
· t Jotl Z V(t)v~ dt • • a

'2
(-~t1 + t2 + to) IT

• - t1/2 +t2/2 + JIJ4/o

(12 )

(13 )

(14 )

The spectral intensity So oan be deterDdned from the maxilllUJB
ground acceleration aina% by using the following relationshap

(15 )

in'which r .1s the peak factor.

The parameters of earthquake loading and their ooefficients of
variation are listea in Table 1 (4).

The essenoe of the response to the f1lterea Qaussian excitation
~ be desc.ribed for a SDF system. 'the 'eqUationot motion O':J1 be vrJ t-
ten as "

(1:6 ,.

Ug+ 2CtP,!J.g .. w~, Ug .. - ret)

iD' whioh f(t) is the white nois~ excitatio~. Introduo!.DB ,:V8ctor ,{i} ,
(1'1 • u, 72 • U, 73 • Ug' 74 • ug ), eqs (1,6)and (~7) oan be wz-itten
as . . ',' ,,' -

hfT} + (0) {T} .. {pet)} (18)



IAlt (S J be the covariance matrl.~ ;)f tY j with the element Sij" -IH7i'7jJ '.
'for the stationary excitation it can be shown that (51 satist,y the .

following matrix equation

(a)[a) + lsl {a)T .. (B) (19)

"

in whioh (01 is the matrix of the structural system parameters, (B] iii
the excitation matru with b44 .. 21t'S.and other elements equal to 25ero.
lI'OrKD!i' system, the same matrix equation as' eq. (19) oan be obt&:lned.. .
'ltle solutiono'f eq.(l,' must 'be obtained iteratively. AD effective so-' .'
lutlon of the matrix eqUation has been gi~n 'b;y. Bartels and ste1fB.ri
(5). .

IO:1oring the root mean square displacement (J"'u,. the mean value U. .'
aDd root mean square value Um of the maxiillwll displacement are e887 to
obtain'as 'folloWB

p .. .} 21Jl'tlT _+O~5172
.' . J2111Y·'t

, (20)

(21) . o#,~. .

in whioh V is the expeoted zero-oross1ng rate.

The mean value i and root ·..an squar. value ., eJiot th~ acou.anuatecl
energy dissipation oan be computed trom tb8 toll~ equat~oD8 ,(4)

with

- 1
E. .. 2~e"'emOd 't

at -l5

"(22) "..

(23)

(24)

DAllAGB CRITElriOlf

In order to evaluate the failure probabi11V of' struoture,a ori
terion to accurately assess theBtruo~d.amaBe is neoessary. Re
o.nt~ a two parameter damage criterion'has been propoSed for alc
structures. Acoording to the test data at -IEJi, a brick struoture under
earthquake loadings 1s damaged by a o~mbination. of'.~mum response '
aDd ImDlber of loading coY0les as for. a~R/cstru"ture. Consistent ,with'
this behavior, the maximum def'o rmat i 011 om' and ,tbeaO~lated'energy :
dissipation I dE are ·chosen as da.mage-eont1"!)lling y&riabl-e!3 •.Based on
the test restoring force curve ~"1.ta of". 45 bn.ok~l_ ~pe~~mens"'·it is.
found that· the dama:ge inclex is expressed as a nonlinear tUnOtio~ of cr.
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aDdS dE as 10110118•.

1"* • [(.£.)2 + 3.6i( IdE )1.121.
. ""'7 QU;r J (25 )

.1D -which dE is the incremental absorbed bye teretic energy and. J.dE is
~he BOcumulative energy dissipation.

. The d.amage index contains two parameters uy and Q. The Q is - deter-.
mined from eq.28. u y • Q/K with K determined from eQ..30. .

The cl.amaBe iDd.ex r* follows Weibull distribution (Pig.5) .
. .

. ..' r.,2·13
p(r*) .1- exp(- 2080 ) (26)

with the mean value and mean square value equal to 14.61 and -33.34 res
pectivel,y.

It should be noted that the failure defined here' corresponds to
the pne~all,y defined moderate to serious earthquake damage to brick
bUildinsB·

STRUCTURAL PAIWLI!tl'ERS AND THEIR UNCERTAINTIE
.',

.' ':;or sh~ar beam model, the model parameters are the story mass,
strength, stiffness' and visoous damp ratio, which can be expressed as
follovs. .

The story IDB8S

for floor

tor root
(27 )

~ whioh V•. ls the storr dead 10ads.• llL is the sto17 live loads (perma.:.
'Ilent live 10adsWLp. plus temporar.r live loads VLf " VS is the snow load

cOD the root. '"
The storr ultimate strength

(28)

1D.which A .is the cross-seotloD areaf}t storr vall in 'the direotion
oonsidered; f is thet:dotion ooefficlentalorig the wall, assumed to
be 0.11(1i1l ths.normal'stress in the. ..,all;Rj is the shear st;ength
along 's~ep seo~ioD 01 the walland ~, be expressed 88



·invhioh R2 is the strength 'ot mortar•.

The stor", taitial stiffness

(0.17+ 0.23, )Eb
Jr • -h"'7~1(0:-'3'::-;(1~+~y~)--+~(-h7T"1~)l~]

(29) .

, '.

t.

(30)

. in whioh V is the Poisson ratio and CaD 'besssWD8d to be ..o.13f' h, 1,
'and b are the height, length and width of the wallJ E 1s the modulus
ot alas tic i ty and ~ be &%pressed as '

E. {333.3B
1000(1 10/R)

B ~ 15 kg/cm2

R > 15 kg/oa2
(31 )

.
in lihich R is the compressive strength ot the. vall and mB7 be ezpre8sed .
as

R.(0.1~.+ 0.2Ji2)~R1 + ,60 (32)-

iD w.b1ob R1 1& the strengtb of briok.

The ooeffioients of variation of IIOdel parameters oan'be expressed

+~"p , (33)

in whioh dp 1s the inherent Variability of the parameter aDdA p 1s the·
UIIOertainV due to error of estimation. & OaD be obtained trom the· .
predioting f'ormula, if' the ooeffioients 0' variation of 1ts b88io vart~
abIes are known. The ooe:tf'ioients of variation, of. the related basic '.'
variables and predicting formulu: are lieted in'Table 2 (4 ).•"0"

'; ','

mJABtLITY AlJALYSIS
:', '';-..... '' ,

. In the following, estimation' of' failure probabilit,. of st1'\lcture ,.
on the basis of ~parameter cnterion 1s give.n. The, tailure-probabi- .
11t1'. of struoture in, a .8peoifiedperi,od:- T~ be expressed 88'<

,'- ,-". "

(34) .



invb:ich~(R~S/~) is .the ccndi tiona! failure probability of the st1'\lO
ture, bein,ggiventhe,peakaoceleration of grou.nd motion, a; ~(a)da i.
the, pro:b.abil~V of 'Oc~nce of the &Coeleration of ground IIlOtion with

. intens:i~y bet.rien:a'anda+da, i~a is the discretization of acoeleration
Oiground' m6tion;:p (. )is 'obtained fro!D the' hazard. anal,ys is rewlts.

(35) ..

(36)

in' wh,iCh,'''R(:Z:)i~~e,probability ,distribution function of the stnac
~',resistanoe 'and!s expressed by eq~261 f s (·) is the probability
densititunotionof. the load effects which must be expressed in terms
of' the :damage ind8X in oonsistent with the resistance. From the first
order ,appro:Z:imationthe ~aD value of the 'load effect oanbe expressed
as

,s- [( Um)2 + 3.67 ( ! )1.12] i
." \,(7 . 'Uy

The ~i~.:Of ,the ,l~ad effect 'oomes from, the randomness ofearthQ.uab '
'~c)~,i~;'1JD~fJrid.Jit1esof parameters and erl'C!r of model. Pro/lith.tirst
,oMEir:eapP!y:z:itm1tJon 'lhethree parts of varianoe oan be expressed '88 ' .
'foi10lr$reBpecti~13' " ' . , ,

~ . . ' ~. . '. ~ . ". ,", .

(37)

var2lS] - rr(!!-)(~)O n:. a; (38)
c ,'fj ~Pi ' 3P j J i j v Pi P j ,

[ "l' ('as )2(r- )2 (as)2(f -)'2 (QS' (oS (f - ,)(r -varl,S-aum' ,01Um + at °2£ +2f1,2 'au m
) it) o1Um 02E)

. r

(39)

, ~ thea~eElqUS:tion8the partial derivatives take v&1uesat the IDeM

~~ue, (~S/a:Pil1ii,~e,sensitivity coefficient oorresponding to p~
,ter',pi an~~'1:Mt,~e~eJ;'llli~edbY,oE:.ntral finite, ~frerenoe, fare cor
,re1at10n coeqioj,ents, 'cf1 and tf2 are the "ooeff101ents of variation ot
11m 8n~ f ~\~,1Dod.81error·8.i1d are a.ssumed here to be 0.22 and 0.20
~8pecti~q. '

-.:'" 'Th~pro1)ab111 V distribution of' load effect can reasonably be
aSsumed"tobs' '(Jumb:e1~ ,Iclistribution. When the conditional failure
probabil1.Vis l&rge~ 'its value is not sensitive to the type of distri-
bU~i~ of loade:tt8ct,~ ,

EXAMPLI APPLICATIOW

As an example ~l1oation of the method outlined above, a 3-stor,y
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briok buil~ desi8l1ed~00rd1.D«to,the ChiJiesegeislB1'9 Code. (1) for
iDteDait;y.' YIn' on intermediate soil site.,is Ima.l.yzed. 'rhe'structural

parameters and th.ir ooeffioient of variation are listed in Table 3.
The value of amax 00J"respond 1DB to iDtensiV VIII 1s &BlJWD8d to be
250 0";s.02. ..,.,.'.

P1«.6sh01r8 the meaD value of c1aDIiIBe' index in each of the 'three
stories for four ground acoeleration levels of 62.5, 125,250, and 500
Om/S802• It is seen that for the fOur ·Booeleration lev,els the liaxiJJIWI
damag8 index '&11 occurred in thefirs.t stoi7. 'l'hereforetb~s~iBmio '
reliabil1V of the first storj' of the-bu.11d.1nBis 8n~zed:. The mean
value, root mean square value and ooeffioient otVariaticm "~.' the da
JII888, indeX in t~e fl1'8't; storr arel1s~d1ll Table 4 alOJ:ii·.i'fiil the
peroentap oontributionof therandoRle.s of '.arthq~,·~~rtainties
of struOturalpara.mete~and error ot.lM)clel w ille YJirianC)e ·~tdamage

inde%~ The oonditional failureprobabflitin -ot the firet 8\0'17 for
the four 8oo~,l.eratiOD levelS are 0~9088"'0-S, O.9112J110·' ;0~5210.10-'
and '0~5019respeotiTeq. uiiDB '.the .e1.~o hUard curve for a s1 te in
Beijin&shown in ~.7, it i8obt~8d:t~~ the ta:p:ure pro~bility of
the ti1'8t8to~ otthe 3~to1'7 briok.~1d.iia1ll50Tti&1'8 of. lifetime
1s 2.18 ~. ' ' , ,

~imt.

A method tor· asseBs~ taiiureprO~~liVof multi-etor.y briok
builciiDgsBubjeo:ted to earthquakelc)ailiJlB .01,1 the basis oftvo-parameter
damage oriterion is given. If'he 118tho'd:tI1cJluaB the randomness of eartb
quake, the inelastlQ·.behavior of.:t#ture" ~the' tq1Jteretic oharacteris
tics of the strl,1Otur8J.' resist~., th~\mo.rtaiDt1es of thestru.ctural
parameters and' the 'error of the)Do4el. :Vor practical purpOses, however,
simplifications had 'to be. made. Theretore the method should', be vali
dated \ISing damage data otDr1~kbuildiagS tram past earthqUake.
Korever,' 1o.11e oomplitation,of1ohel"8spons'e uricert$t7 is oomplioated
and the 8PProaoh1io 1t8 simplitioa1iioD.D8eds to'tiDd. '
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EARTHQUAKE RESISTANT RELIABILITY OP

BRICK R.8SIDENTIAL BUILDINGS

:Huo Zlzheng (,) -

ABSTRACT

In this pa.,per,the earthquake response deformations ot
multistory brick residential build1n~ built nowadays are
determined by the series model ot,multiple degree of freedom and
40· seismic waves on the basis·Qf test data of va~l fragments, aDd
the·probability distribution ot the above-mentioned detormat~ons

and the values of,deformation ot vall fra~ts~ by tests are
examlned.

B~sides, the probability ot fallure of multistory brlok
residential buildlngs are calculated by the linear-seco,rid' mome~"
check point method on the basis ot ~he statlst1:c prob8.bl1it1:Par&
meters obtained, and the quantitative rela~ionship between. the
probability ottallure aDd the number ot stories -ot brlck re~id.n

tial buildlngs ab4 that between the latter and earthquake intensi
ties are discussed·. -

(1) Engineer. Shaanxi Research Institute ot ,B1dldlng and Construc
tion. the People's Republic ot China.

The mathematical calc-U1ations :involved herein are c~rried- -0'0"

wi th the help ot Engineers Wang lIIenguang, .Z~nB ·Lilo, LaD J1e,
Zhang Tao and Zhai .Houqin.

:::. ,.
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I'

I CALCULlTIOIl OF BARTHQUAU RBSISTANT' RELIABILITY OP.
STRUC'l'lJRBS BY LllfIAR.oSBCOllD MOPlENT CHB<S POINT METHOD

'" , '".The' Uniform SMDdard on Structural De81~of BW.ld'1DB8 of the
People I s Republic of· Ch:1Da sutes ihat the , limit design o,fa.·
stnactuTe must meet the folloWing requirement:.

. .

g(S,R) = R - 9 ~O

1n wD.1ca
S ••ffect -ot action of load on structure '
R .. resistance of strucwre

C'f COUJ"8e tM:& fu.Ddamental requirement also applies to seismic
des1p. . '

..It 18 pneraily accepted "bat the desip crit~rioD of build1ngs
1n seismic areas is that "'they shoUidn ' tfa1l uDtfer small
ear.1ihquakes or collapse ulider violent. earthquakes'" and ':iIle quniita- .
tivesundard 1s deformation. When tile' re8ponii~ detorma"lonof a .
ma~()nr'y s~ructVe underear~quakeaction~.s¢e.~8 1'8 allowable
deformation, it meaM that 'the 8truc~e tal1:IiI:.. In 'fact the se1smic ,.
respanse deformatictn of 8atructure aDd the alJ.iovable deformation
o.fa. structUral wall de,t.~rmlned by test are al:l random var'1abI:es,'
that 18 to e,y.~thedetorma~io~ofastruc'tllre uJ:l(ier d1fferent
ear.thquake,act1oDS, everiff1:t1e peak va1.U&sot acceleration being
eqll&l, are not alvaysthe. sam.e, they all obey ce1'"'\81nprobabi11"y
distribUtion, and so does the allowable deformation ot a etrue~l
vall determined by tests. Therefore, "he problem of reliability
ofa masonry strUcture under earthquake ac'ion is actually a
proble~ ,of ,quant*tat1vedeterm1nation based upon the tundamen~l

variables mentlonedabbve~ .
According to the i-1~~ar-second moment limit state design .

method, vhenthe tvo tuPdamental variables areo! normal dietrlbu
tion, the index of reliability may be determined by the folloWing
formula.

II R - Il>Se = (2)

J lJ2 ,2
+ .",R S . ,

in Which
- ~-. indes of reliability

#ls, 6 8 • the averagt!. :~iu~ and s:t~ndard ci'ev18.1;1on of iihe
effector act1ono! loaa(vhlch 1e referedto as the seismic
response deformation 1nth1s paper)•..

- ,



\ ,

IJ >, ,6 h. ~ the average value and standard deviation of resis
tance" ( whlcb ls refered to as 'the allowable deformation of
strucwral vall in thls paper ).

S,lDce'the response and the allowable deformation do not alwa.y!'!
obey normal distribution, thest&1:1stleal parameters'in the formula
for calculating rellabill'ty should undergo a process ot equivalent
normalization, and their'expressloD'S are I '

x~ - ~-, ('X (X~») ~ X'
i ' i

in which
, ( ;..) =- normal1zed normal functi,on ot d,ensity
~-~ C· = 1r~verse :function at normal1~ed 'liormal fUnction

p( .) ::0 probability tu!ictiOD
f(·) = probabiiity function o,f density. \ ' . ,

Xi= assWlled coordinate ot check -po,in:t

PX'i .6 x "1 = equivalent11 riorma1;~z~ average value anci
standard devlation

'file s1:a t-e otdiB.tr1butlon of randoll' var1a:bles 1s determined by ,
K~ examination, and the index ot rel1ability 18 cal4Ulated by
equivalent normalization of parameters'P x'i. ' 6 x' i • and thus the
probability of fBllurePf is~etermined aSI

,( 5 )

a:ctual~y, the vallles '01' ~and Pt may' be determined by SlJcce
8s1ve ~te'!l:~ionof' formula ,(2},.~3LI1~~'(4)~~98i~~he 1n1tial
value at X;Lt'il"s,t, then the, checltpo1n~:otre.slsta..nceand effect"
for' the next step are calculated by the t01'10v1ng formulas respec-
tively~ , .

cos eX
, ,1

cos Ix
1

~g

'i1
=

[J,(
nr-7-3
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and thus go on with cyclic t'tera.tive method. when

it is considered that the index of reliability 1s obtained. 'file
.block diagram of calculat.iof1.1s as follows:

; I' Begin
~ I

I
'.

'fype of dis1;rlbutlon of the
known' .resistanceand effect and the
statistical parameters.~ , 6

I
'lh. known limit sta1;e equa1;ion

R - S III 0

I
Tli. aSl!IUI!led .in!tia1 check poin1;

is • PX1 III

·1
...

.. .
- 8quivalent nol"lll8lizatlon ot

non-normal basic variables

i
calcu!a1;ing cos &xi by formUla

(6)

i
calculating ~ xi and the check

. point ot next·i1;eratlve computation
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cal cula ting the probability 'of

failure Pf

~ .

Results ot ca·lculation o'l .~ •
Pt, .Xi

..

~ .. '
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r The end I
n DEPORMATIOH; RH~PONSE OF BRICK BUILDINGS ADD
RESiSTANCE OF BRICK VALL

It is considered till nowtbat the direct dynamic method ot
solving thedifferentlal equation of motioD: (7) by inputting the.
seism1c waves1s a reasonable me~hod for solv1rigearthquake res
ponse. 0 A brick residential building can be simpllt~ed as a series
system' of multlple degree ot freedom (fig 1). .
If the mass'of point mass, story rigidity'

. ot each story, story strength and "the
.. "

mode of restoring force characterizing
the whole process ot the relatioris~p

between force and deformation are
known, ~he. story r.espoi'1se deformation
can then be determined by'lmputting
any seismic wave at thB base of
foundation and substituting equation
(7)inl

~

fM){Y)+ [C){ Y}+{X){Y}a.~[MJfYgl (7)

in vli1ch
(M J~ mas!lmatrix' of mass point
(K),[~) ...story rigidity and damping i&8trixes
{yl,{iJ,{Y} ;." !Itory displacement, velocity and acceleration

column matrixes .
tig } III accel~ration.ofse1.smic wave column matrues

'In tact, the values ot story maS8 (we1.ght). story ri«1dity aDd



story strength of brick residential buildings are within certain
limits, i.e. the story weight, is about 11-18 XN/.2 , the story ri
gidity is about 200-:...250 KB/.cm.m?-_and
the story stren~h is.about Q
20--70 KB/m.2 when ca~culated
according ,to ,the floor area (I, f)
of a building, .and they' are
smaller for upper stories
and larger for lowerstC1riea •
...f ....c. (2) gLftS their
ayerap wl'1!2les for a eer.les . .d
of es$;sU. buildings from .
statistical estimst10n,.as
shown in, ta~. 1. and also

. the non-dimentionaL~' mode
of restoring force based
upon the test results ,of
side thrust tests of 68
brick vall fra8lBents' as i', '"
~hown in fig 2(takingl~t ~

load as unity~.
calculated structural parameters from statistics
for, multistory brick structures table 1

e, of stories vei«ht,(KlVm2) Ri~ditJ(KNlc.2)r:::l~:;<i:g/.2~
10 11.5 227.1 30~1'

9 12.0 227.1 33.'
8 13.0 227.·' 36.2
7 14.0 '.258.8 42.5
6 14.0 266.5 46.'
5 16.0 334.5 63.5
4 16.0 374.067.2 .
31-1.0 . 4'4.970.8
2 17.0455~274.5

1 ,e~o 495.4 ,78.1
•lIoiel The calculatecl' load ca~ing capacity against lateral

force per unit area of a building

SUbstitut1:ngthe above parameters in equation(7) •. inputting
40 seismc. waves and adjusting the peak value of acceleration
of_each seis8ic vave to thesa.e 9Blue. d.te~ne the deformation
response. It is shovn fro. calculation tbat the deformation
response is difterent for d1fferent seismic waves. !&king eight

story building as an example • vhen a seismic wave having its peak
acceleration of 0.4& is inputted and the deformation response of
ea~ story being ot losnormal distribution. the probability pa
rameters are as shown in table ,2.



Av.erage value
Mean square deviation

Probability parameters for an eight story bU.i.lding
\ when the peak acceleration of seismic wavP. ie 0.2g table 2

Story .Average value Mean square' deviation
1st 0.12786 0.04541
2nd 0.1 25}4 0.04651
3rd 0.12004 0.04483
4th 0.16417 0~08292

5th 0.13567 0.04817
6th 0.12392 0.04023
7th 0.09253 0.02828'
8th a~05221 0.01524

Notel tbe data listed above are calculated on the basis
that the story limit deformation in uni~y.

llIlesides, the mode shown in fig 2 is oaly an average, but it
obeys actually certain type o'! di8tribution. The probability para.
meters ot initial crack aDd tailure (both ot them are lognormal
distribution} are shown in table ,.

Probability"parameters'ot structural resistance .table ,
lnitial craCk Failure

0.21048 1.00
Q.OB9C4 0.87

.. mEARTHQUAKE RBSISTAN1l. RELIABILITY OF BRICK

REstDBNTIA"~ BJILDINOs
In tact, the deformation parameters' shown in table 2 tor

brick residential buildings of various number of stories eaa be
obtained when inputting seismic waves of different peak accelera
tions. Aad the earthquake resistant reliability and probability
of failure of each ~tory of a building can be obtained by usin~

the linear--second moment method and the parameters shown in table
3. Since maximum deformation alway8 occur in the weakest story o~

a building, the maximum probability of failure must occur in the
same story. We consider that the probability of failure of the
story in which the maximum probability of failure occurs repre
sents the probability of failure of the building. Table 4 sbow~
tb~ prob;ah111ty nf fBllu!"p of an eight story. res.idential building
when the peak acceleration isO.2g. It 1s Seen from the table'
that the weakest story is the fourth one, the probability of
initial crack is 32.7% and that of failure is .,.2~--



The probability of failllre of an eight story
'resiC'lential bUilding :'

Table 4

Story Initial crack . Failure

1st 18.6 1. :3

2nd 17 .8 1.2

3rd 15.8 1 .1

4th 32'.. 7 3.2

5th 21.7 1.5

6th ·16.7 1.1

7th 6.0 0.4

8th 0.3 0.05 .!

The probability of failure for buildings of various nUlDber of
stories can be calculated by inputting seismic waves of different
peak acceleration. Table 5 shows the probability of failure of
buildings of different number of stories for reference. It is
seen from the table that the greater the number of stories a~d the
larger the peak acceleration, the ~eater the probability ot
failure.

Results of calculation ofprobability of failure
of bricK residential buildings (%)

Table 5

PeaK of
acceleration 0.1g 0.2g

Initial Failure
crack

State of
.failure

10 6.6 0.5

Initial Failure
crack

4.6

Initial ' Pailure
crack

4

stories 6

No of 8 4.0

'IV-7~'

88.0 33.9

77.'" 23.7

57.8 6.8·
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COMPARISON OF U.S. AND CHINESE METHODOLOGIES
FOR THE SEISMIC EVALUATION, AND STRENGTHENING

OF EXISTING UNREINFORCED MASONRY STRUCTURES
I . .. 2 3

' Neil M. Hawkins, F. Chou and X. Yin

SUMMARY

A co:mparison is made of the separately developed and tested U;S. and
Chinese'methodologies for the seismic evaluation and strengthening of'
eX1sdngunreinforced multistory'masonrybuil9ingS. It· is shown that the
methodolog:i,es of both countries work reasonably we.!l' for the ,type of
unreinforced -masonry building encountered in that c·ountry. 'However,
neitner is appropriate for the buildirig type commonly encountered in ·the
other country. There are major differences in- the dynamic mbdels assumed'
in the 1;wo methodologies, in the assumed increase fn shear strength with
axia'l load, and in the significance attached to the diaphragm's role.

INTRODUCTION

One of the most pressing earthquake hazard mitigation issues is how
best to proceed with the seismic evaluation of an existing structure,and,
if necessary, its strengthening. In the USA and China seismic evaluations
of existing structures have been carried on for many years with the result
ant accumulation of considerable theoretical and practical experience.
However, the record shows that.in the USA there is no unanimity of opinion
as to ~he appropriate procedures for such evaluati6~s and 'any necessary.
subsequent strengthening. What is clear is that a structure's total dyna
mic response must be cons·idered. Ifa building is strengthened inappro
priately, from a dynamic response viewpoin't, ,its ,seismic resistance for
subsequent. earthquakes can be lowered to less than that extant .. before
strenithening (1,2).It is better~ and undoubtedly more cost effective,
to work with the building's .exis,ting structural .system' than to superimpose
another system on the existing system, and to trust that both,systems will

. work satisfactorily together (3,4). '

This paper forms pa·rt of a research study of the "Seismic Strengthen
ing of Unreinforced Masonry and Inadequate StreIigth .. Concrete Frame Build
ings."· That research was sponsored by the US National Science Foundation
under grant CEE-8212079 and was a j'Oint activity of the Department of Civil
Engineering, University of Washington, and the Institute of Earthquake
Engineering, China· Academy of Building Research., ..

1 Professor and Chairman; 2, 3 Research Assistarits, Civil Engineering,
University of Washington; Seattle, WA 98195.



AMERICAN URM BUILDINGS AND
EVALUATION PROCEDURE (7)

Characteristics of American URM Building

Shown in ,Fig. 1 is the floor plan and elevation of a Seattle URH
building that has characteristics typical of American URM bu.ildings.
Surveys (7.8) have shown that American URM buildings gener~lly have the
following characteristics:

'(1)

(2)

(3)
(4)

(5)

(6)

(7)

(8)

In their unsfrengthened state. they are not engineered for either
vertical or lateral loads. They were constructed at the turn of the
century and were proportioned by rules of thumb.
The URM walls are ,be',ning walls located on the building's, perimeter.
Typically theirheight"':to-:-thickness ratios are between 10 and 20.
The interior 'of,tl1ebuilding 'is spacious.
The roof and' fioor','systems are timber.
Ties connect the 'exterior masonry wails to ,the floors and roof s.
However, the spacingano size of those ties are arbitrary and their
strength usually inadequate for severe excitations.

, The thick walls make the building's weight significant . Consequently.
subsoil conditiorisha.ve little influence on the building's response
unless it islocat~don fill.
There are many large openings in the exterior walls, especially in the
first story~

There are often oraainen.ts on the building's facades and parapets.
gables and chimn~ys6n its roof.
Several bUilding~With abutting walls often constitute a city block.
In an,earthquakiathose :build!ngs respond as a' single unit rather than
~sindividlialunits.· ,. /

. URM 'buildings ha:ve;:suffei~dbadly in US earthquakes with the degree
c;>f damage' being -'almost: :dir'e,~·t:iydependent on the intensity of the ground
motion. For s:trong motioris:inO~-2Greg'ions. damage has been due primarily
to the breakingawayofinadequat:ely,anchored parapets, cornices, etc.,

,and the collapse of inadequately tied DIm walls under'out-of-plane bending
actions. on'iy'for base modons of 0.2G or greater have diagonal cracks due
to in-plane shearing actions been observed in walls. Collapse of walls
under in-plane actions has generally not been observed until base motions
o'f .about 0.4G (6).

American Evaluation Procedure-

The Dlost wfdelyacceptedAmerican- methodology, the ABK methodology (7)
recognizesthatia.pproprls'te, evaiuation procedures differ according to the
EJ'A Zone,' O.lG, O.2G,or"O:4G in ..whichthe building is located. A shortened
flow chart for aURM building in an EPA Zone of 0.4G is shown in Fig. 2.
Themethodology'has essentially three pgrts: (1) a: field survey of the
existing building; (2) aseismic evaluation based on the results of the
field survey; and (3) "design of the required retrofit.

IV~2



The seismic evaluation has three major phases involving examination
of: (1) the adequacy of the arichoragesconnecting th~ walls to the roof
and floors; (2) the dynamic stability of ,the walls for out-of-plane load
ing; a?d (3) the adequacy of the vertical load-carrying system for seismic
excitations. In accordance with observed behavior, the methodology
assumes that ground motions are transmitted upward without magnification
by the walls in the direction of the motion responding essentially as rigid
bodies. Those walls excite the ends of the diaphragms which can amplify
the earthquake motions and 'drive the response of the out-of-plane walls.
Thus, adequate ties between the out-of-plane walls and the diaphragms arE
essential to the stability of the out-of-plane walls. Further, for se\/ere
excitations the diaphragms can yield, limiting the inertial forces applied
by the diaphragms to the in-plane walls, and therefore reducing the proba
bility of cracking in those walls as compared to a building with non
yielding diaphragms. Only when ground accelerations become large is'crack
ing of the in-plane walls likely, and then two 'modes of failure are
possible: (l)'collapse of the piers ,between doors and windoW's in combined
axial loading and shear; and (2) concentration of damage at oriefloor level
due to an inadequate lateral load restoring 'capacity for the given dis
placement;

For combined axial load and shear, the maximum shear force, VN, that
can be carried by a given pier is taken as 2/3 Va times the net area of the
pier. The allo.wable bed-joint shear, va' .is determined' from in-place shear
tests on individual bricks and is taken as:

(1)

where A =
B =

v t . =

a =
0

.... ,a constant to adj ust for workmanship and taken as, O. 75;
reduction factor to adjust test values for probable bonding
of collar joint and taken as 0.75; '.
basic bed-joint shear stress equal to stress for 'which '20
percent o£ test values are less, when test values are adjusted
to value for zero axial stress on bed-joint; and
aXial stress normal to bed-joint. .

For. a .wall with frequent openings, lateral displacements are likely to
cause cracking through the depth .of the ends of the piers as shown in
Fig. 3. Exp~riments (7) have. demonstrated that the maximum lateral load
restoring shear resistance, VR, ,for that situation is effectively:

VR = 0.9 PD/H (2 )

where ,P is the axial force on the pier; D its depth in the direction of
motiQn and H its height.

CHINESE URM BUILDINGS
AND EVALUATION PROCEDURE (5,10)

Ch1na has unique field experience on the performance of masonry build
ings as a result of the 1975 Haicheng and 1976 Tangshanearthquakes. China
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has learned that bui,lding's up to six stories in. height, when evaluated, and
if necessary strengthened according to the procedures described in
References 5 and LOcan resist intense ground shaking with only limited
damage and without collapse. .

Characteristics of Chinese URM Buildings

Chinese URM buildings (10) usually have the following features:
(1) They were built to a design that did not include seismic considerations;
(2) Height to thickness rati~s are typically 20 to 40 forperimter walls
and 30 to 60 for partition walls. Brick grades are between 700 and 1,000
psi and mortar grades between 150 and 300 psi. Those ratios and material
strengths a~e ~orisiderably greater than for the older US URM buildings;
(3) Roof'and floor systems are cast-in-place or precast, made monolithic,
reinforced concrete slabs. Corridor floors are short span; topped but not
made monolithic, precast slabs, and sometimes the roof is wooden; (4) Orig
inal architectural and structural documents are still available; (5) Rooms
are not spacious and are created by multipl~ URM cross-walls; (6) Walls are
arranged symmetrically throughout the building's plan and are continuous
over its height; (7) Th~ fraction of the perimeter wall area punctured by
holes is considerably 1e.ss than for an American Buildirig.. .

The earthquake performance of non-strengthened Chinese buildings has
depended more dn the tot~l structural concept fo~ the building, and the
faithfulness with which that conce?t was executed, than the adequacy of the
individual struc turalc ompo nent s. The poorest performance has been
for buildings for \Jhich the framing was essentially longitudinal 16ad
bearing walls, with few transverse walls, and the diaphragms were precast
concrete.. The performance for bUildings with both longitudinal and trans
verse load-bearing walls and cast-in-place floors was strikingly better.
The characteristics of a bUilding's ele':at Lon have had more effect on. its
performance than the characteristics of its plan. For buildings of irreg
ular plan or elevation', 'or· differing cross-wall framing systems, damage has
decreased as deformation differences for the brick walls either on the same. .
floor or in the same vertical plane, has decreased. This observation
demonstrated the desirability of tying the building together, provided that
tying resulted ,in. reduced relative deformations; the, desirability of having
equal door and window spacings so that the rigidities of intervening p~ers

were approximately the same; and the desirability of keeping vertical open
ings for refuse chutes; diain~, etc., p~t of areas, . such as connections,
that are vital to the st.ructural integrity of the building.

Chinese Evaluation Procedure

The Chinese seismic evaluation procedure, Fig. 5, has four parts:
(1) A survey of the building's existing condition; ,(2) Determination of the
intensity (Chinese scale) for the evaluation; (3) Assessment of the signi
ficance of any building irregularities and the potential for secondary
damage (gas explosions, fire,etc.) follOWing an earthquake; and (4) Evalu-

. ation of the bUilding's seismic resistance. That last step has both



analytical 'and empirical components. In the analytical component, calcu'
lated wall-to-floor area ratios are compared to permissible minimum values.
Those mi,nimums are based on a mathematical model which assumes that the
building deforms primarily in shear , has six stories or less of equal
height, and weight, has a uniformly diStributed mass and stiffness and has
a capacity limited by the principal tensile strength of the walL The
empirical component includes consideration of the building's height, the
dimensioning of its brick piers"the adequacy of the concrete ring beam
surrounding each diaphragm and ,the adequacy of the connections between ring
beams and walls and roof.

The shear resistance, VN' qf'a wall is based dnthe formula:

= (3)

C

v
t

=

°0 =
A =

e

where K = factor of safety, taken for load-bearing walls, as 2.0 for
design intensity 7 (EPA ,ofO.IG), and 1.4 for intensi'ties
8 'and 9 (EPA's of'O.2 and O.4G) and reduced by 25% for non
load-bearing walls •.
coefficient for non-uniform distribution of she~r stress
and equal to 1.2 forarecta.hgular croBs-section.
tensile strength of walL Value is related directly, to
mortar strength and equals 2kg/cm2 for 25 kglem2 mortar.
average compressivesiress on wall. '
effective cross-sectional area of wall. Egual ,to thickness
times effective length at mid-height. If height to thickness
of pier exceeds 5.?,its Ae 1s taken as zero.

For buildings with rigid diaphragms, calculations for wall-to-floor
area ratios utilize the Ae values for all walls parallel' to the seismic
loading direction. FO,r flexible diaphragms', separate calculations are made
for each wall. For buildings with precast reinfor~ed concrete diaphragms,
wall"':to-floor area ratios are computed using the average of the ratios for
a stiff and a flexible diaphragm.,

COHPARISON OF AMERICAN ~ CHINESE EVALUATION PROCEDURES

The philosophies of the American and Chinese procedures differ. The
American procedure is closely tied to dyl1.,~ic reEipotl:~es observ~din la,bora
tory tests on elements. The Chines,e'proce'dure is 'Ued"towhat has proven
effective for their buildings :i.nsevere.~a:rthqtiB:kes., ObvioUsly, each pro
cedure is effective for the given countrY"scOristruction~'-Both procedures

, presume that the walls in the direction of the motion respond essentially
in shear and that ties between out-of~pianewailsand'diaphragms are
critical to effective performance. Diffei'er{ces result: primarily from the
diaphragm's assumed response and the nature of ',the interior gravity load
carrying system., A flexible wooden diaphragm 'iethe norm in an American
building and a rigid diaphragm the ~orm in a C~1nese building. Further,
wall-to-floor'and roof ties are more frequent and more reliable in their
characteristics for Chinese than American cO~i;truction. Interi.or partition



walls in China are usually masonry, and therefore the effective uniformly
distributed weight of the structure is usually greater in China than the
USA. Since Chinese construction is recent, mortar and brick strengths are
greater and wall height-to-thicknessratios are also greater for Chinese.'
than American'btiildings~ Finally, in China ventilation ducts and'refuse
chutes are ofte'n· buried in. the wall 'reducing their effective thickness,
while in the USA the ~;alls ,at> the'lowest froar level are often' punctured by
large openings 'for store 'fronts ahd· cl90rs.·., Tpus, in-plane' wall failures in
shear are consiStent. trlthChihes'e,:conS;'truct{onand out-of-plane wall fail
ures for the upp~r fioo'r~atE('cdnsisterit'withthe inadequate ties and
sof ter lo\¥er stories "of ,UsA bul.l'dingiii~; , .'

~., ' . '" ~.

The Chinese and Amet±can ;p~.~~e:dure~ weI'e used to evaluate the building
whose plan and elev8,!:lon are sho~''in;Fig~·1. ' That evaluation was made for
EPA Zones of hoth 0.2 and 0.4,G (Chine:se.intensities of 8 and 9). The
vertical load~carry~ng system for the building was interior timber columns,
timber diaphragIQs'and URM' clay brick'lime mortar walls. Consistent with
results for iii,.,Sf.tu· t~sts on bUildf.ngsofsimtiar age in the same area of
Seattle, the ,compre/?sive strength of the mortar and~rick were taken as 300
and 1,000 psi, respectively. ' since both the Chinese ,and us procedures
yielded almost the same ba,se shear for low-level exc'itations, direct numer
ical comparisons between the two procedures were possible. Only differences
in the' predicted in-plane capacities of the walls are ex~ined in this
discussion..

Shown in Tablelare_thepredi~tedlocations of the weakest story in
each .:vail an4'tli'~,··.~atip;o( 'the stcrengthprovided ~t that level 'to the
strength predi£i:i'ed,asItei:ess~ryfqr ,intensities 8. and 9, respectively. For
the Chin,e.~~p'~q~ed~,ie:"thebuilding was weakest at the secorid f;Laoi' on wall
line A (Fl,g. 'l)~,\!~th.the.;L 4 fa~tor of safety for the ,Chinese procedure
neglected~ '. tha:twalrh~C:lonly 6E! and 33% of the strength predicted as nec
essary for int'~nsftres,ofj(and 9, re~P.ectiveiy.For·,theAmer!can proce
dure withre~tori~g.,c:ap:acityiss.u~signo:red', the building was predicted as
weakest on wall 'line 'A, but at: .thefifth-flQ()r l~ve.l. Further, .the
strength was inadequate only foranEPk Zone afO.4G. .

That building Withstood 'the 1965 Seattle earthquake without damage.
Maximum ground accelerations in the N-S and .E-W directions were almost
equa'lat about 0.085G.

c
Thus, the response of the bu~lding in the 1965

quake was consistent with the predictions of both procedures. However,
according to the Chinese procedure, wall A would have collapsed if the E-W
acceleration had reached '0.13G. Differences in the predictions, of ,the
American and Chinese procedures were primarily the res~lt of 'd1i~ereric'es in
the predicted increase in .shearstrength'with aXi~l stress and differences
in the mathematical models used for determining the building's seiSmic
response.

Increase in Shear Strength with Axial Stress

, Shown 1n Fig. 6 are the predicted increases
with axial stress according to 'Eqs. (1) and (3).

IV~

in wall shear strength
For the Chinese procedure,



the wall's shear resistanceforzeroaxl~lload, ve, was taken as the
principal tensile strength oftbe wall, Rj(S)., Also shown in Fig. 6 are
expressions recommende9, in Reference '(lZland (13) fat a. wall·' s shear
strength based on the results Qf 'US arid Ctdneser8cking tests. Unbroken"
lines indicate the range overcWhich test data Were obtained. For all four
expressions shown in Fig. 6,.:correct1on factors. forworkmansh1p. safety,
and non-uniform shear distributi-onwereneglected. Shown to scale at the

-top of Fig. 6 are the o()/Vt ratios actirigon' the east-west walls at O.4G
for the American procedure.Ratios.of~he8trengthspredictedbyEq. (I).
to those predicted by Eq. (3) vary from 1.04 to 2.33 for wall A.ObviouslY
strength predictions for that wall will vary widely depending on whether
Eq. (1) or (3) is used. .

Listed in Table 1, ,as the predictions of the American (modified) pro
cedure, are the strengths obtained when Eq. (3) is used as the limiting
shear capacity in the American procedure. With that substitution, differ
ences between the .predictions of the American and Chinese ~rocedures are
sharply reduced., In additio~ for the Chinese procedure, .00 values were'
calc;ulated using.the recommended "more exact" elq)resslon. Resulting values
were between 97 and 192% of the corresponding. 0 0 values for the American .
procedure. When 0 0 values for the Chinese procedure were tskenas those
calculated by American procedures, the Chinese (modified} strengths of
Table I were obtained. That adjustment further reduced differences in

I, • • _,' .

strengths predicted by the two methods. The'proper strength comparison is
that of the American (modified) ·and the Chinese (modified) procedure' .and'
for that comparison the average strength for the'north-:south walls (walls'l,
3 and 6) is the same for both procedures, while the average strength for the
east-west walls is considera~ly less for the Chinese than American proce-

·dure.

Influence of'DiaphragmAction on Mathemat!calModel

The loading paths and deformations assumed in th~ Chinese and US
response models are shown in Figs. 7 and 8, respectively.. In both figures
the deformed building is shown on the left· and the uD:deformed building or(
the right. For theChiIlesemodel the building deforms asa single unit in
shear. Consequently for a ground displacement ~G' the displac~ment at the.
center of the roof, ~D, exceeds ~G even though no amplification of ~G by
diaphragm deformations is recognized. Limitations on the .maximum spacing
for cross-walls reinforce that deformation pattern~ Effectively for a'
building located in an EPA ~one of O.4G, the in-plane end wall must be
designed for the base shear, V , shown on.Fig. 7. .

For the American procedure it is assumed that the in~plane wall trans
lates primarily as'a rigid body and that it is the diaphragm's amplifica
tion of that end motions that result in roof.displacements ~D exceeding ~G.

Thus, for low-Iev~l excitations the in-plane endwallm~st be designed for
the same shear as for the-Chinese procedure. However, for high-level
excitations. the American procedure recognizes that the 'diaphragm can yield
so that a limitation must be placed on V,as shown in Fig. 8.. Since 'the
yield capacity of the usual American wood diaphragm is relatively low, the
upper bound shown in Fig. 8 usually determines the design shear, v.
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R~cog~ition that the diaphragms can yield is the prime reason the American
. (modified) procedure (Table 1), predicts a building with strengths equa] in
the 14-5 direction, but greater in the E-W direction, than the strengths

. predi,cted by. the Chinese (modified) procedure. For the E-W. direction and
a a.4G ground motion, the Americi3.D. procedure ,predicted shear yield of the

.. wood diaphra~s at values between one-half and one-eighth the shear predic
ted for the Chinese model. For the N-5 direction, however, the American
procedure predicted .that the diaphragms between walls 1 and 3 remained
elastic at the ~econd, third and fourth floor for the same intensity of
ground ~o~ion.

Influence 'of Openings

The walls of American buildings are usually perforated at frequent
intervals by windows and doors resulting in piers between openings that can
be slender and, on any given line, variable in width. The opening of flex
ural cracks at the ends of ,such piers, Fig. 3, raises the possibility qf
the structure falling sideways due to cumlliative racking deformations or

. the failure of the piers in combined flexure and shear. Fo'r a wall with K·
piers,at the given level, the American procedure predicts satisfactory
~erformance only if the restoring shear risistance for the wa~l as a whole,
f VR, ,exceeds the restoring shear force, f Vp. The quantity f Vp ~s taken
as half, the shear V on the wail at the, given level for V calcula te~ as .
shown in Ftg . 8.. The quantity VRis calculated from Eq. (2). If f VR :LS

less than Vp but for all piers VR <VN (where VN is calculated from Eq. 1),
th~n satt"S actoiY. ,raCking performance can be obtained by adding materials
so that Vp ~ t VR. If, however, for any pier VR > VN, then shear failure
of the p ers'isprobable and the capacity of the stiffest element must be
checked. ,The shear V is distributed to piers according to their stiffness
D/H. If the shear stress, v, on the stiffest pier exceeds the allowable
bed~joint shear, va' (Eq. 1), then that individual pier must be strength
ened until v < va.

The walls of Chinese buildings contain. fewer openings than American
building..;, and the Chinese procedure stipulates certain minimum lengths for
intermediate and end piers. Thus, the possibility of racking failures is
less for Chinese than American buildings. The Handbook (10) suggests that
an opening has· no effect,.until theH/D ratio exceeds 0.8. Then for increas
ing,H/D values 'the shear capacity should be gradually reduced to zero for

. HID values greater t~an 4. .

T~e. requirement /of the· American procedure that ~ Vp '< ~ VR and th~t
V = ? f Vp can be written as: ,

(4 )

~here is a coefficient for the effect of flexure on shear strength and
eClual to 1.8 (Dk/Hk) (ao/va). For' the Chinese procedure one logical method
for accounting for the influence of flexure on shear strength is to take
the shear capacity of pier k as (KbS/Ks) times VN' where Kbs t's the shear



, stiffnes~ cf t he par and Kbs is the stiffness in combined bending and
shear of th~ pier. Then for a rectangular pier:

. .~ :E-' - -

1 (5)
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Shown in Fig.' 4 is the relatfonbetweetl 16" 'n, ,and Rk/Dk for 0o/va
values of 0.5 and 1. 0.· The Chinese Handbook recommendation, indicated by
broken lines, is close to the AJIlerican requirement, indicated by sOlid
lines whenoo/va is 0.5, and considerably more stringent when ao/v~ is
greater than that value. Shown in Table 2 are ao/va valu~s (forao from,
the American procedure) for typical piers at different 'levels 'and in all
four exterior walls of the building· ofF1g. 1. Column (4) lists the, HID
ratio for that typical pier and colwnn (5) t,he HID, ratio at which flexural
effects, according to ,the scheme of Fig. 4, first become felt., Ob:vlously,
restoring ,force effects are not significant except where there are very
slender piers.

AMERICAN AND CHINESE STRENGTHENING MEASURES

The American procedure requires that ,newmatericlls'added to abUilding
provide additional capacity and not' replace, the' 'capacfty of existing
materials. Thus, all supplemental matiarials aredeslgned at their, yield
capacities. All new masonry is to be reinforced masoriry and all new
concrete frames to be ductile moment resistant. Chinese strengthening pro
cedures are described in References 9 -a n d 11. Because of considerable
US interest in strengthening provided by additional concrete columns and
tie rods t an evaluation of the applicability of that method to US buildings
was mad e •. While the strengthening elements of tHis basketing method
can often be arranged so that they have ,an aesthetic t cas well as astruc
tural value, this Chinese system is not likely to be useful for US build
ings. The older US building 'often represents an important culturaLand
economic resource, especially for small towns with economies largely'
dependent on tourism "(8)., Alteration of the facade of such build·lngs is,
likely to impact tourism and, therefore ,be unaccep'table to the.property
owner,. the town, and the historic preservationist. ,There are also:' strong.
structural reasons for the non-applicability of basketing. In the ,US

'buildings there are few interior masonry cross-walls, and any'retrofitted,
walls are likely to be gypsum or plywood over lightgage metal or wood
framing and'not suitable for 'strengthening. Theexterlorwalls in US
buildings are generally thicker than their -Chinese co~nterparts, and the
buildings are often open-fronted with slender piers. Thus, ,methods for

, '

extrapolating basketing prin,ciples to those situations Would have to be
developed for US applications. Further,the Chinese building is tied
together more firmly in its initial conceptual design than the American
building. Basketing reinforces the original Chinese concept. If, however, '
the US build"ingwere stiffened by basketing,' more of the ,fnertial effects'
of the out~of-plane walls wo~ld be transferred to the in-plane walls and
the basketing would work against the preferred load path for severe '
excitations.



CONCLUSIONS

Based on the studies reported here, it is concluded that:

I •.,

(2)

(3.)

(4)

(5)

(6)

There are considerable differences in the architectural and structural
characteristics of existing American and Chinese URM buildings, in the
type of damage those buildings have suffered in past earthquakes, and
in the procedures used to construct those buildings.
The American and Chinese seismic evaluation procedures utilize differ
ent mathematical models for the building's response, different a11(,w
able"shear stresses for the masonry, and account for wall openings in
different ways. ' However, both evaluation procedures have yielded
convin~ing results for the existing buildings,of the country in which
they were developed.
Proper idealization of the likely dynamic response of the horizontal
dikphragms is,- crucial to- the construction of a realistic response
mod,el for -a URM. building.
The restoring ,shear capacity concept of the'US methodology is a refine
ment that need not be checked for buildings of the proportions useq in
China.
The assumption in the US methodology that it is not necessary to check
the in-plane shear resistance of walls in buildings located in an EPA
Zone·ofO.2G is not consistent with the findings of this paper.
Strengthening, 'as used in China, with additional reinforced concrete

,columns" ring beams and steel t-ie rods is not appropriate for US
buildings.
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SE1SMIC; COMPUTATION OFSTRENGTHENEo,BRICIC STRUCTURES

Niu Zezhenl

SUM¥ARY

- The metho~s of cil1cu18tingstrengtheriedbr,1ck,masorirY. walls and
columns are presented fn,this'paper. The strengtliening technologies of
cemerit mortar coating and reinforced cem,ant mortar ,coating attached to
the wall surfaces are used to strengthen brick walls and columns, and
reinforced concrete columns with tie'beams srl:! 'used, to strengthen brick,
buildings. The comp~tation methods are ~Bsed on testing data obtain8d
by institutions concerned'in the recent 'years. The paper shows that
the results calculated by the methods describepinthis paper are in
good ,agreemEmt-W1th those obtained from experiments. The U:iethods
developed in this paper. have been adopted .'in ,"The Seismic Strengthen
ing Measures for Civil and Industrial Buildings".

INTRODUCTION

The 1976 Tangshan earthquake is one of, the catastrophic events in
China. One of the important lessons 1earneo from the quake is that
strengthening'and/or upgrading existing·bazardousbuildings situated
in the area~ where a destructive earthquake. might occur in the near
future are an effective measures for earthquake disaster mitigation•.
Satisfying with the requirements of large scale seismic strengthening
work soon af~er the Tangshan event, the "Seismic Strengthening Measures
for Civil Brick Buildings" and the "Reference Drawings!or Seismic
Strengthening" are published based on the research works conducted in
the institutions concerned. In 1980, the "author developed some methods
for calculating strengthened brick masonry structures for seismic hazard
applications. AII'of the methods described in the above mentioned
referen~es can be used only for,solid brick: walls.

:Since the earthquake resistant capacity for cavity walls and hollow
-brick wallS is much less than ,those for solid brick walls, it is 'in
urgent need to develop seismic calculating methods and strengthening
technologies tor cavity and hollow-brick walls. According to the results
obtained from experiments conch1cted in the recent years, "some' methods
for calculating 'strengthened brick colu.mnsand ',brick walls including
cavity brick walls andho11ow-brick.waJ.ls, are described in this paper.

: j ",' .' "-~,.'" " • ..;. •

i'structural Research Engineer and Head ofFif~h Research section,
Institute ,of Earthquake. Engineering, Chinese Academy of Building
Research, Beijing, China' '
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The resu~t~ obtained from the methods presented in this paper are con
sistent with those from experiments. The following three strenethening
.technologies are discus~ed in this paper:

--- Using cement mortar coating or reinforced cement mortar .coating
attached to the surfaces to strengthen brick walls including
solid, cavity, and hollow-brick walls ..

Using additional reinforced concrete columns with tie beams to
strengthen brick buildings

--- Using reinforced cement mortar coating or'reinforced concrete
coating to strengthen brick columns

For regular brick bUildings, .the· calculating tables are provided for
simplifying computation process.

USING CEMENT OR REINFORCED CEMENT MORTAR
CCATINGS TO STRENGTHEN BRICK WALlS.

The cement mortar coating or reinforced cement mortar coating can b~

used to strengthen soli~ brick wall, cavity brick·wall and hollow-brick
wall when their earthquake resistance are not satisfied 'with the
~equ1rements specified in the current seismic 'evaluation criterion. In
this case, the lateral. stiffness and lateral loading capacity of the
strengthened walls can be calculated by following formulaea . .

Where

'~z (Am+As )
D •

l.2h

(Rz j +0.1lfo ) .
p.' ~

1.9

. (1)

(2)

Oz-- Shear modulus of strengthenedmasonr.Y,Gz·O.43Ez
EZ-- Modulus of elasticity for strengthened masonry,

Am-- Net cross section area of the wall at the middle of
the story height before strengthening

As-- Net cross section area of the coating at the middle height of
the story considered .

'Em-- Modulus of elasticity of the unstrengthened brick masoriry
specified in the current. "Design Code tor Brick and Stone
structures"
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Es -- ModululS of elasticity of coating mortar soec-iii ed .iT T~'ble I
h -- Story height
R~j- Shear strength converting the 'strengthened wall to the

original wall, for wh ich the r,reater value. obtained from the.
following formulae can be taken:

nts 2 "O.03,nAg
R.zj - - Rsj+3 Rmj+Rf

t m Ji ~

(Controlled by strength of cement mortar roa .... in~)

O.4nts ' O.35nAg
Rzj • RstO.26~j+' Rgtom ,J'S t m

(Controlled by strength of steel bars in the coatings)

R j- Shear s,trength of coating mortar specified in Table I
~- Shear strength along the horizontal joints of brick masonry

specified in the current "Design Code for Brick and Stone
Structures", and it can be taken as the half of the code
value for the cavity brick masonry wall .'.

Rg-- Design 'tension strength of steel bar specified in the current
"Design Code for Reinforced Concrete Structures"

t m-- Thickness of brick wall including the ca~ty part
t s -- Thickness of mortar coating .,
n --Number of coating layers, nal for singlelByer of coating,' and .

n-2 for double layers of coatings .
S Spacing of reinforcements in reinforced cement coating (em),

and the unit of spacing still keep on cmfor.its square 'root
Ag-- Cross section area for single steel ba'r .' .... ' .'.
(ro-- Average compression, stress at the cross section of brick wall

at the level of middle story height ' '

The comparison between' testing and calculating' res.u1ts of lateral '
loading capacity for the sandwichlike strengthened brick wall are listed
in Table 2. It shows that the testing values are always ,greater than
that of calculating values. Therefore, the calcula,ting values are ,of
conservative.

-For brick buildings" up to six stor.ies,if the weight and stiffness,
are uniformly distributed, the method of minimum ratio of wall cross' '
section area to floor area can be used to check earth~8ke resistance

"' of strengthened wall. Let old (see Table 3) and ocp (see Table 4) are
raise coefficients, of lateral rigidity and lateral loading capacity for
strengthened sandwichlike brick walls respectively:

" EsAs
ex.. • I • --- (3)

d . EmAm
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(u)c/..p
R'Z'

theri, the ratio of sei~m1cally strengthei:led wall cro~s.,section area to
floor area can be checked by following formulae:

For longitudinal wall and transversal wall with rigid floor diaph
ragm

(S)

Fo~ transversal wall with flexible diaphragm

·.dpkAmk ::? ( A] • a
F" - FJmin

k
(6)

For transversal wall with modera~erigidit7diaphragm, such as
prefabricated reinforced concrete di8phr~gm ,

(7.)

Where

rA]lF min
-- r.in'_mum earthquake resistant wall-to-floor area rati,o~

for solid and cavity brick wa 119, the (A/F), min va lues in
Table uof ItSeismic Evaluation Criterion for Civil and
Industrial Buildings't shall be used; for 'load bearing
cavity brick wall, the (A/FJmin values in the, Table
shall be multiplied by the coefficient of 1.27; for,
non-load-bearing cavity brick,wall, the CA/Flmin values
in the Table shall'be multiplied by the coefficient of
1.SS; and when buildingsW'ith cavity brick walls and with
average weight of stor" unit area. ~, diff~red much from
lOOOkg/m2,the (A/FJmin values calculated by the above
mentioned method shall be multiplied by the coefficient
W/lOOO.

a -- Adjustment coefficient, for solid brick wall and hollow
brick wall,na" in'. 'fable, 5 or Criterion" sha11 be,' us~d, for
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(8)

cavity brick walls, when the seismic evaluation and streng
thening intensity is 1, a=l.O and when the intensity is 8,
a=1.6 .

OCpk'-- Raisecoet:ficient of lateral loading capacity for kth
. strengthened wall in the story concerned

ddk-- Raise coeffici~nt 9f lateral rigidity' for kth strengthened
wall in the story concerned

F Story's building floor area
Fk One half of the building area between the h.-o J eifhboring

seismic resistant walls of 1-he Kth earthquake resistant :wsl-l
R't Shear'strength of brick masonry while checkinp; earthquake

resistance ..

Rr III Rj J1 + <1Q/Rj

Rj -- Tension stre'ngth of bri~k masonry, for solid brick wall and
hollow-brick wall, it can be taken as the shear strength
along the, stepped, cross., section of brick masonry specified
in the .current "Design Code. for Brick and Stone Structures";

. for r:avitybrick wall, :one naIf of the "Rj " values obtainecl
for solid wall shall be used. .

USING ADDITIONAL REINFORCED CONCRETE COLUMNS
TO 'STRENGTHEN BRICK BUILDINGS

For a multistory brick building, when the lateral loading capaci- '
ties of most olthe tranSversal walls are less than those calculated
by the requirements ofllSeismi,c' Evaluation,'C'ri terion for Civil and
Ind~strial Buildings" and the difference he't:ween them is about 20%, the
additional reinforced concrete columns with tie beams can be used to
strengthen it. 'However, in case its,. total' height is greElter than limi t
ing height in Table 2 of the Evaluat.ion Criterion in 3m, the place:1ent
of the additional Ric columns shall be satisfied· the requirements set
forth in Table'S.

For the stOr,y'8 ,transversal brick wall strengthened ~ Ric columns
at both sides arid tie beam or t.ie, rod at the wall top, the lateral
rigidity,CD) arid the'laterai loading capac1ty (P) of the strength~ned
wall can be caic1;11atedby follow1ngformulae:' .

.' Qz'
D • rZi.2h'

(.9)

Where

'1-- Operiing-relate9- coeffi~"ent of the wall, '7[. 1-1.21'
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p __ Opening ratio of the strengthened vall, ~' ~ I - Ao/Az
Aci-- Cross section ares of the, openings ...
A.z-- Converting cross section area of strengthened wall

. Az ··Am + Ac + 27gAcEclEm '
Am-- Net cross secti~n area of brick wall, the cross section area

contributed by wall pier with ratio'of height to width greater
than 4 shall not be considered

~g__ Coefficient considering nonuniform distribution of shear
. stresses, when h/b~o.5, 'lgao.22 and when h/b<o.5, "lg-0.20

~ -- Width of the brick wall of spacingo! additional RIc columns
Ec-- Modulus of elaBticity of concrete specified 1nthe current

"Design Code for Reinforced Concrete Structures"
fl-- Brick wall type-related coefficient, for solid brick wall and

hollow-brick wall, ,8-1 and for cavity wall, .8 -0.75 -
r -- Shear strength-related coefficient of the orick wall,

when hlb ~ 0.5,1-0.7; when h/b ~ 0.25, 1-0.75
. when 0.25< hlb<oS, calculating by interpolation

Ac-- Cross section sresol an additional Ric column,
OCg-- Longitudinal reinforcement-related coefficient of additional

RIc columns, cLg- O.llRgAglRIAc '
Ag-- Total cross section area of longitudinal reinforcements in an
. additional RIc column ,
RI-- Concrete tension strength of additional RIc columns set forth

. in the current "Design Code for Reinforced Concrete Structures"
RgI- Design tension strength of steel rod
:Agl- Total net cross section area ot steel rods of strengthened,Yall

The strength ot the steel tie rod shalleortform with the following
rl'quirement:

RglAgl ~(l +c(.g)RIAc (10)

When, J3tYR-r!m + (1"l),"g)RIAc + 0.4RIA IJ <::R,Am/l.2j it is necessary to
redesign by changing cross sectio~ aPea of additional RIc columns. and
reinforcement conterit ••. -. .

The comparison between testing data and calculating results by
formula (9) for the brick Wails strengthened by reinforced concrete

.columns arid tie, beam or tie rod is shown in Table 6~

For the brick building up to six stories with regular configuration
both in plan and 'elevation, when its seismic tranSversal walls are
uniformly distributed and lacking in earthquake re~istance and it is .
strengthened by additional reinforced concrete columns and tie rods
with uniform placement o~ columns, the seismic shear ~k subjected by- .
Ric columns and tie rods. of stor.r's Kth transversal wall can becalcu
lated based on the results obtained fro~ seismic evaluation cOmPuta
tion~ After that, the cross section and reinforcement content of



(11)

(12)

Ric 'colUmns and dia~eter ot steel tie rods can be selected by Table 7.

For the transVersal wall with rigid floor slab:
- ,

, [AhJmin - a
o~ • ( "., - Ym) RrAmk
'~k i.2Am/F

'For the tran~versalwallwith flexible floor slabs

( l~JIi"Jmin· a ' )
Qzk· ,'-;:,. -, -Ym RtAmk
,, . 1.2Amkh \c

'For the transVersal wall with moderate rigidity f'loor slab:

(13 )

(14)

USING, REINFORCED CEMENT MORTAR COATING OR REINFORCED
CONCRETE COATINGS TO STRENGTHEN BRICK COLUMNS

Checking earthquake resistance of' composite brick column strength
en~ by reinforced cement mortar coating or by reinforced concrete
coating is in a similar way to~heck eccentric' compression strenlth ot
composite masonry elements- set forth in the "Design Code f'or Brick-and
stone Structuresn (GBJ 3-73).,-

COmput~tion of' Fundamental Period of COmposite Brick Column

Considering the rigidity ot the coating the lateral displacement
under the action ot lateral unit load at the top of the column can be
calculated as follows:

Incase ot using reinforced concrete coating

H3

_ In case of' us1ngre~orced cement mortar coatine, in equation
(lL), the E I shall l:?e used instead of EcI • Where the sign' denotes
the lateralSdis-placement under the action or lateral unit load at the
top of the coluMnJ'H, height of-composite column; Ec ' Es ' Eg, modulus

rvJJ-7



. (15)

of elasticity for coating's (~ncreteJ coating's cement mortar, and.
longitudinal steel bars resnectivelYi Im, I , Is' I I, the moment of
inertia about the centroid axi.s of converti5g cross1section area' of
composite brick column for .brick masonry cross sectionar~a,.concrete
coating cross secti.on area, cement mortar co~ting crOss section&rea,
and for cross section area of longitudinal reinforcements respecti veJ.y.
When calculating the value of "Imll the cross section area of flange is
neglected. "

The fundamental period of composit"e brick column can be calcu1ated
by the following formula: .

T102{ (IIi'11214}J .)1

. g

Where, .TI .denotes thefUridamental period of COmpos1t.eJ~;C?JumIij ~i' part
ot roof weight subJected by one. brick column; W2, se1f~e1ght or one
br.1ck colwrm; g, ac~elerationof-gravity; and )J., modifiedcoeff,ieient
cpnsidering the ,effect of flange of T-cross section column and the
effec't of fixed action between truss and columns. The values of j.J are
listed in Table 8.

Idetificationof'Eccentricity

According to the longitudinal force and seismic moment at the cross
section considered, the height of compression zone can be caiculated by
the' following formula: " ' .

When ,using reinforced concrete coating

1.0$RmSmn + l.85RaScn~ l.2RgAge l + 1.2RgAge a O,

When using reinforced cement mortar coating ,'c'·'

'. (16)

l.05RmSmn + 1.85Rs Ssn 1: l.08R~Ate' • l.2RgAge • ()' (17)

In case the longitudinal force N is applied on the outs1deof"'both
centres of gravity of compre8sionsteelbarS(A~)andof ·teiision stee,l
bars(A~), the positive sign shall be taken forthethi!tdtemin,le!t
hand member of the equations of (16) and (17), otti~ndse.the,negative

sign shall be taken. The eccentricity can be 1dentified~b,ytlie ratio
between the converting moment of cross section.areaot composite brick
colurnn(Sz) and of compression zone area 'ofcomp'ositebr1ckco~Umn(5z8)
about the centre of gravity of steel bars subjected to less compre- ' .
,ssion or tension. In case of Sza/Sz <: 0.8, the _great eccentricity shall
be identified; while in case of Sza/Sz ~ 0.8, the small eccentrlcity ,
shall be recognized. In equations of 16 and 17, Ndenotes longitudinal
force applied to composite" brick ,column; Rm., !s,aDd Rs , axial compre-



ssion strengths of brick masonry, coating concrete, and coating, cement
mortar respectively; R and R~ , ,tensiC?n and compression strengths of
design of re~orcemen~s respective~; Smn, Sen' and Ssn, moment of
compression zone area of cross section of brick masonry, coating
concrete, and' coating cement mortar about apnlied point of vertical
axial force respectively; Ag and A~, cross section of tension and
,compression re,inf'orcements respecti:ve!y; and e and e t , di,stance between
applied point of longitudinal 'force and centres of gravity of Ag and Ag
respectively.

-Formulae for 'Checking: Earthquake Resistance

Great Eccentricity in COmpression

Using reinforceq. concrete coating:

KN~ fz ,( 1.05RmAma + 1.8SRaAca :+ 1.2RkAg - 1.2RgAg ) (18)

Using reinforced cement mortar' coating:

KN:~fz( 1.OSRmAma ..: 1.8SRsAsa +·1.08RkA~ - 1.2RgAg ) (19)

Small Eccentricity in Compression

Using reinforced concrete coating:

KN ~fz (0.85RmSm + l.5RaSc + lo2RgAg ( he - ag)1/ e ,-, '(20)

Using retnrorcedcementmortar coating:

KN~<fz lO.85RmSm + l.5RsSs • 1.OBRkA:k ( he - ag )1/ e (21)

Where,
K ._- Design strength safety factor ot composite column,

for intensity 7, K=1.7; for intensity 8 and 9, K-l.S
Am~' Aca ' Asa -- Compression zone area of cross section of brick

masonry, coating concrete, and coatirig cement mortar
, respectively ,
ho -- Effective height of cross section of, composite column
a' -- Distance between centre of gravity ot At and the nearest

g aide of cross section , ' '
qz -- LOngitudinal bUckling coefficient of composite column

<fz • 1/ (1+ l.S(Rz/E )(Ho!h) 2 ) ,
Rz , Ez-- Converting strengt~en and modulus ot,elasticity ot cross

, section of composite brick column respectively
Ho-- Computation height ot composi~~ brick column, and
11 Cross section hei'ght paralJ:el t.o the direction of seismic

load for composite brick column ,

IV-9-9



., ,,'"

The" comparison;ot, Nvalues betwe~ntest1hg and· calculS.ting res~ts '.
for conlposi'te brick'coltiDui-"is '.'showilinTa'ble9. It showS that the cal-, ,

, culatingresuits- are"ingbod a'gy-eement With testing one •
.' , '--.......
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Table 1 MECHANICAL PROPERTIES OF CEMENT MORTAR(kg/cm2).~i~}~t~;~~:~~~~;r::~~~- -;~;;;~::~-..-:i:~~:i~~---l
,--:~g.---- -----~---~r------ -------U~---- --~:i=~~---~~J'

, 1,0 77' 17,',' 9.6~lOL'
. , --------- ------------------- ---------------- ---------------

·O.1?9
. ---,.;..

21
4

13
27

1.007
1.340
1.21, ··.:Q.107, ".qe:Q88.,
1'~639 .. O~2jO "" 0~140 -

_______.:.' .i..' ..;...-. • __

, ,---------,',240
180 ",

'r80
240 '

solid
solid' "

ho1low-:-brick.
cavity'

thickness of number of .'
VB11 ------"T"-~~~..;;.,.......;;...;:p..~

.,(min)' speci.m~s
.'. - .

--------~--- ----~-~-~--~-

. .
Table 2 COMPARISON OF IATERAL' LOADING CAPACITY BETWEEN TESTING AND '

CALCULATING VALUES FOR ,STRENGTHENED SANDwICHLIKE 'WALLS '
r:----~---_ ..-
;type of wall

Note: (1) Building Research Institute ot Liaoning Province
(2) BUilding .Research Institute at Y\uirianPronnce
(J) BUilding Research I~tituteat·S1chuanProvince '
(4 ) Building Research Institute OtJi8ngS~ Province . "

. ,

Table 8 MO:pIFIED COEFFICIENT OF FUNDAMENTAL 'PERIOD FOR' COMPOSITE· .
BRICK COWMN '

~- ---'-'-~--------_.-_-~--.;~--~----_-:--~-~--~-- --~- -----~~ ~~-----"-'~--
, . . ", " . ii~1ige ,width ofbrick.columnmo,dif1ed

type.ol'roof, '~ruBS .• ·.webrldth'..of 'brick,column '908££1(:.
r.------ ~_~_~ ~ ..... ~. ~_'-,;,~.-~~ --'..~~.:_-~.~~'~ ~~"~~~~'~:.--.~' -.i'~.~~~:.;~~~~~',

"RIc ',' .~, 5' ', '~Oia ..
<·5 ioi9.,· I" • ~ ,,'

'. ' : .:':, ..

I', '

wooden, stee.l and
wooden, light steel

. ~ " '0.9'
<. 5·+;0

, i
1



TABLE 3 ;~CEMENT COEFFICIENT OF LATERAL STIFFNESS OF STRENGTHENED
SANm1ICHLIlCE BRlSX WALLS (<tci)

, ('.

, ::

. number .ot coat1rurs' sin~le double
thickness ot- grade of 4 25 4
coat~(rnm) coatine: 'mortar _ 10 10 2$

100 1.39 1.12 -- 2.71 1.98 1: ... 70
2
0 _~l!:2~~O__--I---~l!..o.r::;~;8~...:!1:.!.•.=..lL1L-+------.:-==-=----:----1_....L1i~&2~2=--+-:2:_':.7-2~7~1 ,9:..:;:1'----_

'-- , 100 1.71 1.30 1&1~ ~.r::;7 2.L7 2 06
. 30 1~0 2.00 'l.h6 1.26 -L_ ~~ 2... 90 2 17

uO 1~0 2.43. 1.70 l ... hh t;.Lh 1.r::;h 2.81
, .

Note: The values' in the Table shall be used for solid and hollow-brick
walls with thickness of 24cm. In case its thickness is t mJ ~d1n
the'Table shall be corrected. When using double coatings,
oldt • 24d.d./t m - (24/tm - -1); and. when using single coating,

'. d-.dt -24cld/tm - 0.75 (24/tm ;. 1). For cavity brick wall,
o(d' • 1~67 (~d - 0.4 )

TABLE 5 INSTALLATr"ON OF ADDITIONAL COLUMNS FOR BUILDING WITH HEIGHT
EXCEEDANCi ,

c.,

" ,

spacing between, .' iritensit'1
transverse wa1ls(L) 7 8 and 9

Intersection of interior and Intersection ot inter.' ..
.-exterior walls at every other and exterior walls at..

L <4.5", 'bay, intersection of interior as ch bay and quoin of
'. and'exterior walls ot stair": ex~erior walls,,

case and quoin of exterior
wa"" ,-

L,~L.5m e~ch'bay along, exterior longitudinal walls and Quoin
of 'exterior walls.

ior

, ;'"

TABLE 9 OOMPARISON 'BETWEEN TESTING AND CALCULATING VALUES FOR
AXIAL" FORCE (N) OF COMPOSITE BRICK COLUMNS

. ,:",

",'" :

strengthening specimen testin~/calculat1ng data
eccentricity standard variate prove

measure number average deviatior. coer!. by

'~8t
..

:3 .0.909. 0.108 0.119Ric co~ting small 6 1.29.3 . 0.268 0.207 0)
reinforced cement: 2

1~02l 0.163 0.160.. .. great 3 1ST
mortar Goating . emaIl 6 . 1•.300 0.249 0.192 T3T

. Note: ,T.h~ name or-O". see Table 2; and (5), See Table 6
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TABLE la ENHACEMENT OOEFFICIENT OF LATERAL WADING CAPACiTY OF STRENGTHENED SANDWICHUKE BRICK WALL (Jp )

thickness lIUIIIber uade of masonr'y 1II0rtar la 10 25
of nIb of " th1clmeS8 of grade.of SJ)8CW of steel bars(DIIII) -..::"-.----,---

em) costing eoiltirig ellllll)coat. 1II0rtar 150' 200 300 laoo 50q no 150 200 300 !loo 500 no 150 200.300 400 500 no"'

100 -- - -- -- -- 1.LI - -- -- -- -- 1.0h -- -_ __ __ __
20 11)0 __ .__ _ 1.6 -- -- -- -- ,--,1.11. _

100 2. 1 2.23 2.06 1. '3 1.Bo 1.BII1. 0 1.50 1.35 1.33 1.32 1 27 1 1~ 1.07 __ __ __
single 30 150 2.11 2.29 2.12 2. III 2.0 1.9' 1~ )h 1.t;h 1~!l1) 1 44 1.43 1.LO 1.19 1 12 1.11 1 11 1 10 1.0B

lao 100 2.116 2.11 2.16 2.lh 2.1 -- 1. l:J 1.57 1.51 1.51 1-~0 -- 1 21 1.17 1 16 1.16 1.16 __
2laO . . 11)0 2;12.1012.17 2.62.1 --11.21671.6616" 1.610 -- 1.101.291281271.26 _

20 100. -- - -- -- -_. 2 0 -- -- -- -- -- .1.106 '"- -- -- -- '1.11
1"0 -- -- -- -- -- 2.1 -- -- -- -- 1 62 -- -- -- -- 1.21;-
100 .h2 1.22 2.97 2.Bl 2.70 2.<:; ~. ~I) 2.22 ~.Ol) 1.9h 1.B 1.72 1.77 1 66 1.1)2· 1.101 1.10':\ 1,3B

double 30 11)0 .la93.uI3.07 2.91 2.B9 2.8 2. 2 2.29 2.11 2~05 2 0 1.981.82 1.711,t;Q 1.';81.1)7 1.1],:\

laO 100 ."31.1611.121.021.01 -- ~.'JI) 2.322.11) 2 lli 21 -- 18L 1.710 161) 16<;11610 __
150 .6laI3.4613.3213.31~J.30 --12.22.39 2.3h 2.342.3 -- 1.901.811.801.801.79 __ ,

2 100 -- -- -- -- -- 1.2 -- -- -- -- -- -- -- -- -- __ __ __o ·150 -- -- -- .-- 1.3' __ __ __ __ _ _

single 30 100 1.88 1.n 1.63 1.53 1.1)1 1.la .2la 1.16 1.16 1.15 1.11) 1.12 -- __ __ _ __ _
150 1.9h 1.82 1.69 1.68 1.61 1.61.28 1.19 1.18 1.16 1.17 1.16 __ __ __ . __

lao ·-100 1.96 1.81) 1.15 1.1h 1.1h -- .2h 1.2h 1.23 1.22 1.22 -- -- __ __ __
360 .. 150 2.03 1.9h 1.93 1.92 1.91 .31 1.36 1.36 1.35 1.35 -- 1.06 1.06 1.05 1.Oh 1.04 __

1-- " 20 100 --. -- -- -- 1.7 -- -- -- -- 11. 0 -- -- -- __ __ __
. ISO -- -- -- -- -- 1.8 -- -- - -- 1. 11 -- __ __ __ __

dOuble 30 100 2.762.60 2.LO 2.27 2.17 20 .881.1111.021.53- 1.511.17 1.39 1. 0118 1.17 1.17 1.11
1 0 2.113 2.61 2.h1 2.37 2.36 2.3 .9h 1.82 1.68 1.61 1.66 1.61 1.laJ 1. ~L 1.29 1 2Q 1.28 1 26

401':)() 12.862.71 2.51 2.h1 2.h6 -- .9011.1l5 1.15 1.1h 1.71.& l.h" 1.61.35 1.14 1.3la
150 2.952.80 2.13 2.72 2.71 -- .03 1.94 1.93 1.92 1.91 1.501. 9 1.49 1.481.48

Note: 1. "no" denotes that there are no steel bars,in coatings.
2. The diameter of steel bars in the Table is ¢6, and R • 24ookg/cm2•
3. For cavity brick nIl, the grade of masonry mortars~ll be decreased in one grade.

.'_1

.-~.

~
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TABIE , 6 qOMPARISON' BETWEEN TESTING AND CALCULATING VALUES OF
LATERALtDADINQ CAPACITY, OF BRICK WALL STnENGTHENED
BY ADDIT.IONAL REINFORCED CONCRETE COLUMNS

.. ~ ,

rromber testing/calculating data
,type of brick-wall opening of standard variate provo

specimen average deviation coeff. by

12 ' 'e;
, '

,9 ' 6
solid orick wail no ' 3 0.991 0.136 0.138 7

, , 2 '3
1 8

no ~ 1.161 0.106 0.093 (9 )
1/4 scale solid wall I

" opening 14 1.:p8 0.191 0.167 10)
cavity brick wall no 12 1.191 0.136 0.114 4

,N6te: ,(3) and (4j ~ee T~~le 2;
(5)-- Institute of Earthquake Engineering, China Academy of'

Building Research '
(6)-- Dal1 PolYtechnica:! Institute
(7)-- Institute of Structural Theory, Tongj1 University
(8)-- Bui+ding ~esearch Institute of Ganshu Province
(9)--Building Research Institute of Shandong Province,
(10)- Building Research Institute, Beijing Design Institute

TABlE 7 SELECTION OF CROSS SECTION AND REINFORCEMENTS FOR
ADDITIONAL COLUMNS 'AND OF STEEL TIE RODS

, NO. QZk(t) cross.sect!on'ot columns longitudinal steel remark' ,"(min 'bVinm)' , reinforcements tie rOds
I, 12 2501'150' , ·4(/)12 2(/)16 -mark of
2 ,13

. ,

24ox200 4(/)12 2~16 concrete
J 14 ; 250)(200 - 4~12 2016 is 200
'4 15 240)(240: 4~12 2tb18

" -16' : 300)(200 411)1.2 2Cb18 grade
6' " i6 - , ,25.OX250 - Wbi2 24118 of ,

'T' , ' 17 j QO;ll240 4C!>12 2cb18 steel.
8',

',' 18 390)/240 41)12 2tb20 ' is I
9 "

20 ' 300)(250 4~1Ii 2cb20
10 " 20 300)<240 44)14 2cb20
,11 22 360)1240 4tb14 21$)20
12 24 360)(240 4Cb16 2022
13 26 350",250 4CblB 2022
14 19 '120><500 61$)12 2020
15 24 120"'700 8(/)12 2(20
16 29 It L'" 120)(600 8012 i~24

IV-9-13



REPAIR AND STRENGTHENING OF REINFORCED CONCRETE COLUMNS

Zhong Yichun
1

,
2

Ren Fudong ,

INTRODUCTION

Tian Jiahua 3

Reinforced concrete frame is one of the most common structural
types in industrial and civ,il bUild,ings in China, there are large quan
ti ties of exiSting. RIc frames withOut having seismic design • During
the 1976 Tan-gshanFarthquake, many of them suffered serious damages or
even fell- down •. The main problem of the bUildings are the lacking of
requisite str:e~gth arid a~eq'uate ductility of columns.

. '-;~_;

"This paper' presents the experimental results,~f_ the RIc columns
repaire4 andstrengthened'by 'steel angles at the four corners , and puts
forward the calculation methods of their stiffness and strength; .

EXPERIMENTAL PROGRAM

To evaluate effectiveness of column repaired and strengthened by
steel. angles, we carried out three sets of tests for column. Each Se t.
includes original column, repaired and.strengthened ones. Inad:iition.
a'set of columns oniy strengthened by flat bar. hOops was tested.

The diniimsions, _axial force ratio
mens are shown in.Table 1 and Fig. 1.
properties. '. .'

and steel ratio of eleven speci
Table 2 summarizes the material

, A photogragh of the test set up is shown in -Fig. 2. Each specimen
was loaded laterally with two 'antisymmetric forces applied through the
two beam-column join~s and a constant axial load was appli~d at the top
of column.

After testing specimens YZ83-1.2and YZ 83-3, the column ends near
the .j oints were considerably damaged, and then repaired by high-strength

Section Chief,' Iristitilte of Earthquake Engineering, China Academy of
Building Research, Beijing.

2
Engineer, Beijing',Building Institute, China.

3 Senior Research Engineer, Beijing Polytechnical University, China.
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concrete •. The binding me te:-ial used· between ~teel angles and conc~ete

column faces is cement mortar added 5% vinyl-acetic ester.

OBSERVED BEHAVIOURS

turing- the' tests, the main behav'iours of the repaired and/or
strengthened columns are as follows:

1. Due to the ,tensile effect of the steel angles, the crackin::;
load of the specimens can be substantially increased even for the large
eccentrically loa;ded columns. In general, the ·first flexural crack of
concrete occurred at about 70-80% maximum load.

2. Before the maximum load, the steel angles can work as an, in
tegralwhole with the concrete column. After the maximum load, the
bond slip between the steel angles and concrete faces gradually occur
red. but the additional tensile force of the fla tbar hoops, caused the
dift~rerit vertical displacements at its ends, would also increase the
frictional force of the contacting faces, the load carrying capacity of

. the column didn't speedily decrease, and ·the steel angles could carry
load untill the severe damage of the compression zone. The typical
hysteresis curves of the specimens are shown in Fig. 3.

3. The final failures of all specimens were the concrete crushing
at the "plastic hinge" in the vicinity of,the critical'section. Then
because the compression zone of the column was enclosed by closely
spaced flat bar hoops, the crushing concrete was hardly broken down.
Fig.4 shows the obvious difference between the'reparied and ordinary
columns after the tests.

4. 'The deformation of ordinary column concentrated at the "plas
tic hinge" zone, and the rest part of column shaft almost remained its
original shape. The. deformation of the repaired and/or strengthened
columns distributed along the column shaft comparatively uniform, and
the damaged specimen obviously appeared. the antisymmetric flexure as
showed in' Fig~ 5.

\

CALCULATING METHODS OF STIFFNESS AND STRENGTH

One of the most important behaviours .obtained from the test is
that the steel angle can combined action with the concrete column, so
that the calculations of stiffn~_ss and strength ,can .'Ii'se the similar
method for reinforced concrete column.

The following formula for calculation of stiffness.is proposed

EI =do E 1 + E Ic c a a

IV-1o-2
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in which
EI -- the elastic stiffness of repaired and/or ~trengthened

columns;

. E 1- the elastic stiffness of original column;
c c

_E I - the elastic stiffness of steel angles,;a a
~--- a reduction .coefficient cf stiffness reflecting the

damage degree 0: original oolurnn
when undamaged d :.0;
when severely damaged ~ , = = 0.4.

The results -obtained from, the calculations and esperiments are
list,ed in Table 3.' It is seen that the proposed formula, is acceptable.

Fig~ 6 shows the, strain distributions of the steel angles at the
critical section of the columns., It c:an be clearly seen iha t most
part of the steel angle section, especially the compressive steel angle,
had reached the yield strength under specified axial compression ratio

(bd~6\ o. 5 ) •

The folloWing espression is recommeded for the calculation of the
yield strength~

in which

M =pM +Af·h
Y , oy a ~y I

M'--- the yield moment of repaired arid/or strengthened
y columns; .

(2 )

Moy
'A '
a'

f ay
h

the yield moment of original column;

the. sectional area of steel angles atone, side of the
column;

the yield strength of steel angle;

the dls-tance between the centre lines of steel angles
at two sides of the column;

reflecting---.--- a xeduction coefficient of the strength
the damage degree of original column,
when undamagsd (3 = 1.0; ,
when severely damaged f3 = 0.6.

Table 4 lists the calculated results. Evidently, good agreement
between experimental and calculated valves was obtained.

,

OTHER BEHAVIOURS OBTAINED FROM TESTS



During the tests, a number of the other·behaviours obtained from
the test data can be summarized as follows:

1. Underre~ersal loading, the repaired and/or strengthened co
lumns had good loading reproducibility (see Fig. 7).

2. Fig. 8 shows that the hysteresis energy dissipations (W) .and
the equivalent visous damping coefficients (he) of all columns streng
thened by steel angles were larger than that of the oridinary columns.

3. The external hoops of flat bar can w9rk well with the concrete
column untill the final failure of the specimens, and et:llarge the plas
tic hinge. region (see Fig. 9). If· the column was only strengthened by
the external hoops, expecially the space of flat bar hoops was not
close, the strength, ductili tyand hysteresis energy were not obv~ously

improved ..

CONCLUSION

1. The concrete column re.paired and/or strengthened by steel ang
les at the corners can obviously enhance the strength and improve the
ductility of the- R/C frame, but almost has no effect on the· stiffness
of structure and the function of building.

2. The proposed calculation methods of stiffness and strength for
repaired and/or strengthened columns were simple and practical.
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Table 1

Axial Longitudinal Transversal reinforcement
Set Specimen Compres- reinforcement

Middle
No. No. sian

ratio bar Angle Bar Flat bar Bar Flat bar

YZ 83-1 0.52 4~"h8 ¢6.5@100 ¢6. 5@1 00
.1 YZ 83-1J 4,25.(3 3JC12@1 00 3.(12@200

JZ 83-1 0.31 4¢12 ¢6.5@200 3>t16@50 ¢6.5@200 3)(1b@200

YZ 83-2
4014 ¢6.?@1 00 ¢6. 5@1 00

II YZ 83-2J 0.18 4L.25'<) 3.c12@1 00 3~ t2@200
JZ 83-2 408 . ¢6. 5@200 06.5@200

YZ 83-3 06. 5@1 00 .. 06.5@1 00
m YZ 83-3J 0.47 4018 4425.0(3 Y<12@50 . :J.<12@200

JZ 83-3 ¢6.5@200 ' 06.5@200

IV JZ 83-4 0.47 4018 06.5@100 3<12@50 06.5@200 3.ot12@200
JZ 83-5 3<12@1 00

Concrete (kg/cm2 )

Set
RNo.

I 192

II 282

m 318

IV 268

2.96

Table 2

2. Steel (kg/cm .)

f y f su

06 ··2680 ·4310

~8 2430.· 3820

012 2570 ·3620

014- 2900 , 4600

018 2950··. 4100

. 3 )(12 2600 3800

3<16 3140 3890

*L25x3· JOOO 4100.

L 25)(3 3400 456b

* Only. used in specimens JZ 83-1 and JZ 83-3.
R -- cube "compressive ~trength of concrete (15,( 15-(15);
f y ---. yield tensile strength of steel;
f su -- ultimate tensile strength of steel •
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Table ;,

Set· Specimen Experiment Calcula tion (EI)E
No. No. '2 2

(EI)c(EnE (t· m ) (EI)C(t·rn )

YZ 83-1 422 406 0.92

I ·YZ 83-1J 281 305 0.92

JZ 83-1 454 522 0.87

YZ 83-2 508 471 1.08

II YZ 83-2J 301 309 C.97

JZ 83-2 603 548 1.10

YZ 83-3 527 522 1 .01

m YZ 83-33 325 . 330 0.98

JZ 83-3 603 640 0.94

Table 4

Set Specimen
Experiment

Calcula tion PE
No. No. PE (t)

Pc (t) PcPositive Nega tive Average

YZ 83-1 9.59 '8.23 8.91 10.96 0.81

I YZ 83-1J 12.50 -9.50 11 .00 13.06 0.84

JZ 83-1 14.50 15.00 14.75 12.62 1.17

. YZ 83-2 9.37 8.54 8.96 8.80 1.02

II YZ 83-2J 11 .79 13.27 12.53 1L76 1.07

JZ 83-2 11 . 95 11 .80 11 .88 12.03 0.99

YZ 83-3 13.04 13.02 13.03 14.05 0.86

m YZ 83-3J 14.81 14.61 14.71 15.18 0.97

JZ 83-3 20.03 20.03 20.98 0.95

IV JZ 84-4 13.58 12.09 . 12.84 12.94 0.99

JZ 84-5 . 11 . 45 11 .16 11 .31 12.94 :: R'7V_,-I

. IV..10-6



( I i

~-~
,
I i"--

I I .j

r 50.5
~

300 ~ 600

~
MI7"0 150

,
r

A. specimen dimension

I I , , Ii .r--

B. reinforcing bar

.

c. strengthening angle steel

[OJ

OJ

Fig. 1 Dimensions and reinforcements of the. specimens

Fig. 2 Test set up

IV-1o-7



,~.

~ )t... :J11

"1'];: .'
P~~·.....;,...,}:~·rlJf!,::.~ ~~--'-t"'.'

./

'. ,~, ~.

Hysteresis'curves'of the specimens

rv-10-8



Y283-1,'

Fig. 4 Specimens YZ 83-1 and YZ 83-1J after test

,
i

.!
!

Fig. 5DefQrmatioILofthe~pec1menB·Y2 83-3
·and tz 83;';2J.after .t,est·

':.~. ,"

:N';10.;.9'c" "<" _. J"

,. -,:" "

, . .
'", .



.
i

i~·

• •
1
l-·------
of

Fig. 6 Angle strains



1.0
. YZ83-1J

~~--.
YZ 83-1

·7~"

YZ83-?J,

/ .::s=: 0 • • ar - ----.--. •

YZ 83-2

o~ ----~,~---____:'~I ~,:-- ~I__---eU

. 0·5 t.o f·5 2.0 •

N.

1,0
YZ 83-3J

~--4-.-' G(
~-~~--:!":.--

YZ 83-3

I , , I eG
().'; -o.s 14 f5 2.0

-'-' pos itive load nega tive load

Fig. 7 Load decresed ratio

rv-1o-11



G.2'60,

40.

20

YZ 83-1 '

k------·
. . ..,.-.::.

-;,.....--. ~---
,', ,YZ 83-1J

·O.1',~
YZ 83-1

J
I

'J
I

, . n
[5-"

,
.t~o

YZ.83-2J

o~t '." .-"""""--L-..-
~---

. YZ 83-2

'.' R
_.

1.5

O~,

YZ 83-3

JZ 8J~5

. I.. . .,j"'! ,'. ,~.' t V"to . (5- -1\ hc-ol.---..-..;~, ~f:O~"~~-1..L.h-· R
YZ 83-3

YZ 83-3

20

20

Fig. 8Hyst~resisenergy
"

, ' rv-1o-'f2



l'ZU-I.

1%...--

fla t bar hoop ------- general bar hoop

Fig. 9 Stirrup strains

IV-1O-13



SHAI<IOO TABLE SI'UDY. OF A FIVE-SIDRY UNREINroRCED- .
BlOCK MAS:>NRY r-oOEL BUILD:m3 SI'REml'HENID WITH
REINFORCED CONrnEI'E .(l)IJ.l.1NS AND TIE PARS

Zh:ro Deyuan 3

.. A five-story unreinforcaJ. concrete block masauy roodel b.1ildirg
strergthened with reinforcaJ concrete 'colunms and tie tars was tested
on stak.i.rg.. table in TOn;Jj i 'university. Fran the test results it can

.' ,
b= found that. the fa~ll.lre mectanisn ana asei$llic capacity of str€!l"XJ..,.
thened tuildin;l are. quite ~:l.ffferent fran tlBt .of unstrengthaled one.
Just as it is sro"", inautli:Jrs I previOus paper(i), the' pseudo-static
test can not smw the actual oollap~' phenanenm of the strax;rthened
b.1ild~. On the resis of shakin:J' table test· results, all atove-:.
mentioned problems ~e discusseiin this paper.

,mrrowcrION

D..1rirq Tan:}stan Eartb:Iua,ke of July 28,1976, one blilding' with in
ternal reinforced concrete frame cirrl external b8ar:in,;J brick wall stIeg
thened with reinforcErl columns ras eKPerienced the strorq ground iTlotion
with:Jut collapse. Since tl'a1, .usi.n;J reinforced concrete oolmms am
tie tars to stren;rth:!n unre~orcErl.brick or concrete block blildirqs
is widely adopted in seisnic area in China. In the past eight years a
number of psaldo-static t~s of ma~nry walls st:r~henErl with rein
forced concrete colunms have ~onred in many universities am research
institutes. The general conclusions qm be SlJ'lTlla['ized as foll"",s:

(1) The .oolumns COl1trib.1te to shEarii"g capac:ity only at the limit
state as well as at descendiD;J l::ranch. of skeleton curve of masonry wall.

(2) 0Win:;l' to the fact. t'tat the section area of col\lm1 canparErl
with mas,:)nry wall is· very gnall, tre static tests srow that the s~
capacity of stre11Jthe!1ed v.eJ.l is only 20% larg~than tl"at of unstreI'l'J-

:-',.

1 ~of. of·Civil ~ineering, Tongji University, Sharg'tai, China

2 Assoe. Prof. Tongj i University, Sl"BrxitBi, China
. ,

Master of Structure ~ineer:L!l1, Torgj i University, ~1"ai, China
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. thened one.
(3)' Because the masonry wall. iscanfine:l by reinforced. colUlTU1s, the

deformability of rrasonry ~l is greatly ~ovErl. .

It should be pointe:J Ol.it. Hat the static test can not explain the
following phenanencn: 'durirg Tangsh:m Earth:IUake' the stren:;rthened. rrasonry
'wall could resist strong gro\IDd mot: ion or t~ times rrore than that of
unstrergthene:l one. Besides, the static ·test also cannot soow row the
strerqthened build.i.rg is collapserl. It is neCessary to carry out a
m::xiel-strengtb:ne::l block b.1ildi~test on sh3kin;1 table to study the
failure proce:lure during "eartl'quake". The test results of the first
strerY;1trenerl CCR'lcrete block model blildID;J. is presenterl .in this Paper ..

OtJr-LINE OF THE TESI'MJDEL BUILDING ANDINPl1I' .DATA
, ' ' I "

The ge:metry of the st.renqth:!ne:l model blildi.rx1 is the, same as the
\IDstrergthened' one which was testerl on 4 x .mt.sh:t.k:i.rig table at Tangj i
University in 1984(2). The spale of the model wilding is.1:4, and it
satisfied with tb= similitude requirenents of the protbtype 'block mascnry

. buildin;J' ( 2J. . . ' "
J , ,

The mOO.el 1:l.li.ld.i.rq was strer¢tenai by reinforced oolurmsraviI:q
6 x -5ansectian and 2 4' 6 steel tie tBrs to c#IDect tw:> colurms in the·
transversal directicn, ,besides, in the lon;;Jitudirial direction of every
floor tre colunns were CClinected by reinforced concrete· lintel l::ands
with 6 x 5 em' section, as sl'lowil in Fig. 1 •..'

The strerqth of tre rrortar was 2.14 MPa and the strergth of con-
, crete block \eS 15 MPa: besides, all tlE ccncrete of oolurrins and lintel
1::ands la:la strE!gth of 15MPa. . - ..

The nodel blildirg was built 00 rei.nforcerl 'cOncrete crisscross
beams as a fa.trrlation. In order to increase the nonnal pressure on the
mas:mry \talIs, theaMitianaJ. mass was fixa:1 on everyflo6r Of the. mode]
build.inJ', and then the total weight of t~ merle! l:Uildftg w:ithfounda- '
tion is aoout lltons. When the rrOdal tiJildi..rg\tBscranerl an the smk
ingtable,t12 crisscross beams were fixed with a set of 1:o1ts.

ni-irg dynamic test .15 acceleraneter~'werearrarged on ,every floor
as well as on t12 crisscross bean1S and toof • Besides, 2 ~ain. gages
were gluerl to the Surface of every tie barto ~Sure its strain, res
pJl1se, am 44 strain gages were gliJ.e:ltO the surface of main 1::Brs of
reinforcerlconcrete colunms to measur~ the deformation, of'Steel.

An .artificial.earth:;{uake accelera;;Jramcorre~to tre third
cate:;}ory of soil corm.tion of Chinese "Aseisnic Design Code for Indus
trial and Civil Ibildirqs,,(3) was usedas~an i.np.lt'data.•. AccordiI'g to
the similitude requiranalts~ becauSe the i:-c!.tio between the natural' fre
quericies of 1IDde1 and protdtype bJildirq is ~.l to 3.448, the time of
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dUratial 12 sec. slnlld be ~ressed to 3.48 se= •

.' 'rbasc:;:~e ofPEBk value Of input data durin1 the test is srown
in Table 1. . . . ,," . .. "

Table 1 .

. I1lPUtNo.
Dire:::tiQ1' 1 2 3' 4 5 6 7
-----;""--;--".....,,....--'-------'-----'-----------------,--
__X_--+-'-O...;.~1...;.ag=',-'-_0_·.-,.3.....,;8g=·._--'0...;,~-.::.79:::....-· ~1-,-'.• --,.15g....:....,__1...:...5g...:::-·_~2g~__..:::2~g.._

YOO.· O· 0 0' 0.7~ 0.8Sg

REsULTS OF~. 'IMLE TESl'- . , .' .' - . -. '. ~

wren the Strenjtl'eled mCxiE:U Q.Ii.ldirg was eKcitai at peak accelera
tion, of O.lSg, the response oftliEiroode1 was elastic, am the deforma
tion of that .WiS very snaIl. TIE peak value of the acceleration res
ponseat roqf was atoUtO.4g~ The story-displacenent of the top floor
WiS only' O.77nm, and the stress of the steel in reinforced column vas
under 250 kg/dn2

• .W1Jan the strerY;;Jthene:1 model b.1i1dirg W3.S excited. at
, peakacceleratiCl'l of 0.3ag, the SlBll cracks appearai in 'the lateral

\lall of the hu1ding '5 gJ:'OUIrl floor. At tlBt manent, the maximum acce
lerationat the roof 'WiS' up to 0.95g.~ The 6tory~iSplacenentof the top
floor l"ad iilcreasEd tol.54nm, ani the stress in the steel of reinforced
concrete oolumnitise lEd inCreaSed' to 900kgfan2 • The earUquake res-
ponse of s1:reti;1thena:i b.1ildinJ at roof'level is sl'Pwri in Fig. 2. .

When the input PEBk acceJ..etatlC1'l·~s increased to O.7g,the crack§
became larger arid longer in tle,la.tet.al \'211s of' the grourrl floor, arrl
sane local ro.rizontal micro~ckS apPeared in the l~itudinal valls'
of tre .secorid· floor ~ 'I'he .peak value of acceleration resj;x:>nse at the
rCX)f W3.supto 1.3g. Besides, the Cracks also appearai iri t'he rein.,.
forcai. concrete columns, and the streSs Of steel W3.S increasai to
1700kg!ari2 at crack sect~on.

. . .

The c~is::>nof test results between tre stren;rthenai andtl-e .
unstrenqthenerll 2

} mcXiel bJ.ildiD;;rs shJws tha.t because t'he .cross section
of reinforcED cOO.crete column is' nm.ch sraller thm that, of masohry W3.ll,
the darrag*=sof ,the tW:J b..1i'ldin;;s· ar~ very .similar ~ It means tratwhen
the strengthene:J. prototype,.bJ.ildfrgmeets an e¥th:luake correspondirYJto
Inetnsity '8, .which W:l.S estimated by tlie input peak value of aceelero-
gram accordirg to' similitude relatiooship, the Cont.ribltion· of r~in-

for-cal concreteeoll.m1llS isrela'tively snail., . .

-. W1'e1 thestrergthE!1ed'model b1ildi.~\eseXCitaiat the~kvalue.
,of L lSg, the }:xlI:izi:iltal .cracks in tl1e wall of grourrl floor. camect.€d

each otter, to form a stepp¢ diaJ'onal crack' with a width of 2 ~:l rnn
(see Fig .3). Besides, the'stress of t~ l::ars in reinforcEd cCI'lerete
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columns on the ground floor reac'had yielding point. The tiIne history
of roof acceleration is sh:>wn in Fig. 4. It can be fouiid that l.::ecause
of th:! decreasiIlJ in stiffness of the wall at groun::l floor, , the max:iIiu.m
dcceleraticn, at the roof only reacherl 1.4g. The maxirnui:rLrQOf disPlac~
rnent was equal to 4.81mn (H!790, H - the height of rnode1bJildirg) •

Fran th:! carparison of test results l::etween strerqthenal and un":'
stra'lgthenal( 2) rncx:lel blildin;:Jsit can l:e four'rl, Hat, the aaIDages, are '
quite different: Wten the unstrenJt.henal m:ldelb.ti.ld.ii'g \oS.s-exciterl
3.t 'tre peak va lue of 1, 2g, partia1 masonry' of ,the externa1lateial \\611
crushed at first story (Fig. 5), arrl the drift of roof 'WaS,~l to 1/46
of the height of mcdel ,h.1ildirg. Because tle nasomy \\811s are confined
by the reinforcErl concrete cohmms, the darra;;res of stren;rtheIDEd: model
blildirg is much iighter tran- tret of unstrEm]thenal one. It~s't:l'Bt
after tre formation of steppErl cracks in tlE walls, thecoritril:11tion of
reinforcerl calcrete columns is evident. ' ,

It shalld be mentioned that the unstrEm]thenErl merlel :b.1ilding was
only excited in one direction, and it ....e.s collapsed at fifth r:Uh of
repeatal excitations with a peak value of 1.2g. Just as show'lin,Table .
1, when tre peak value of excitation ....e.s increasErl to 2g in, X.;;;airecticn,
another eKcitation in Y~irection vas inputal to tre' b.1ildirg'sirrn.llta
neously, arrl tte strel'lJthe1ed b..1ild:irl1 "as collapsal dUrirg the rep:a.ted. '

excitation at trat penk level.

DJrin;l tl'e first t\\O-vay excitations the damages of strerqthened
mcdel wilding in the ....aIls of ground floor were seriOus: sane concrete
blocks near the openin;;r in the lateral valls of grOJrrl floor ':E:ell dbYJn,
and partial concrete blocks in the lOn:;Jitudinal1£lls moval out-plane
al:out 4 - San and even fell, down too, (Fig. 6). At tlat mcinent the
Steel strain in reinforced :coJ-umn at ,the groUnifloor reached 4390,l.c"l! •
The sericusly deforme:l columns even ~e separate:i fran the 'ITa$6rlrY
(Fig. 7). It s'tnlld t:e pointed out that the damages on the sa:oro arid

, uwer floors' were much lighter thanth:>se on tl'e gr<:llI'rl floor.

Frcm tee t~e history of acceleration (Fig~ 8), it can l:e' fourrl ' ' ,
tlBt tre rnaxi.nuJm response of acceleration is O.8g, \t41i.ch is smaller
thm the input peak value. It means tra't tre input energy wlsdissi
patErl by the crackirg 1£11s.

It sb:uldl:e note:i that the· -confined effect by the reinforce:i con
crete oolums results in the fact tlBt the 6penirgsinrrasCnry W3.ll'l::le.:.
came StBller arrl snaller.' It means tlBt durirg ~ke t.he doors .
and windows of stren]thene::1 b..1ildirg naybe coold, not re 0pE!ned; ,~
their frames \tH"e not stren;;rthened. .', " " . ' ,

Wh8n th3 str~hene::1mcdel bJildirg was eKcited at peak -vaJ.u~ Of
2g in X-direction am O.8Sg in Y-direction; the first storY \\6S col~'
lapsed b.1~ the upp~four stories did .n~ coll~pse ani stocd entre' ,
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ruins (Fig. 9). ,The damages in the upper four stories were minor. This
ph=nanenon als:> can -l:e illustrated. by the strain responses of steel in
reinforced concrete columns at the ground floor (Fig. 10) am the third
fl~ (Ftg. 11). '

Accordin'J to the similitud.e relationship the esti.rratEOpeak' acce
1eratioo of tre strerqth:mErl prototype b.1ildin:;J can be calculataJ fran
the test, results of themerlel. Table 2 srows th= estimated peak value
Ap of' strengUened prototype hlildil"Q. In order to carpare. the aseisnic
capacity with unstren;rthened 'b..1ildi~, its test results are als:> li.st.Erl
in '!able 2.

1m (g)

O.l8g
0.38g
0.7 9
1.15g
1.5g

2 9 ,

Ap (g)

0.065
0.183
0.237
0.402 ,

0.2g
O.s6g
0.72g
1.22g

1m (g)

EstirnatErl 'Pea.k Value Ap Table 2.

Unstrergthened B.1ildinJ Strerqthened, B.1ildiIg,'
- -- ,------- r

I
, Ap (g)l, O.O~lg
I O.lOClJ
, 0.200:;1

0.~27g

0.471g
O.58cg

DIS:USSION

Effect of Reinforce:i, Coocrete' Columns for Strergthene::i, B.1ilding

The Test results of strengthenErl arrl unstren:;Jthened(2) merle1 b.1ild
in:;;rs srow that when tre strergthenEd. merlel b.1ildil"Q W3.S excited with a
pea.k value of acceleratioo less Uan O. 7g correspomin'J- to Intensity 8
for prototYPe b.Jilding, the effect of reinforced concretecolunns is
not very, evident~ hlt when tre peak value iricrea.sed to 1.15 - 1.22g the
damcges of the two h.1ildin:;;rs were quite different. The damages of un
strerqtl'ened b.Jild1.llJ is more serious than that of stren:;;rthened one.
The displacement of s1;:ren:;Jthened hlildin;;l' due to the confined acticn
of' reinforced coocrete Columns am tie l::ar systEm is much less tl-an
tlBt of unstreI'lJthened.

Aseisnic Capacity of Streri:JthenEd. BJ.ildin:J

Because the stteI'lJthened merlel hlildi.n;)" coIlapSErl unJer the'~
W3.y excitation, it eanbe est:im3ted that if the unstrehJthenedma:ie1
'blildiD;l leS als:> excitErl urrler tv.o-\08Y excitation, tle pea,k value of
acceleration in main direction may l:e l1U.lch less tlBn 1.22g.' It mea.ns
that the aSe.isn:i:c caPacity of stren:;Jthened b.1ildin:;;r rray be arout one
tiine laJ;"ger tran trat of the unstren;rthened one. The convincin:;;resti
mation maybe given ' bY the next test of unstrergthened blildinJ '
ex:cite:l by two-\oaY inp..1t in 'I'orYJj i University.
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Differertt-CollapsePatterns

Fran Fig. 12 it can 1:e fa.md that tre unstrergthenErl model hrildi.n.J
canpletely collapsed, rot the Fig. 9 srows Hat the upper fou:I- stories
of stren;rthenErl blildin:] stoCrl on' the ruins., It mams that the 80%
inlBbitants may be servived in the stren;rthena:1 b.lildirg ,conPara:1with
in too unstrergthenErl one during stron:] eartl'quake. - -

IinprOVaTIent_ of Aseisnic C3.p3.city for StrerqthertedBii-ldilg :'

It is evident t1"at the' v.eak point of stren;;rthe11Erl mOdel- b.1;i.ldirg
is the open.irqs. Because tre openin:]s did not strE3n;1theri, the' .ccinCrete
blocks easily marErl to the openit'l1s. If -all too openirgs :were Strerg
thenedby rei,nfarcal concrete frames, it can be believedflBt th3
damages of s;trerIJthened b.1ildin:1 may be lighter: am the Piilding can
resist 'strOl'lJer ~th:Iuc3.ke.
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Errata

The folJowing correction should be made to the original papers:

Page 11-4-2, line 3, the 8th word: Should read Sinha instead·of:mha.

Page 11-4-2, line 15, the 2nd word: Should read stress 0; instead of stress.

Page 11-4-7, Eq. (9), the lift hand: Should ~ead:: instead of -'-, •

Page 11-4-8, Table 2, the forth row of the last doumn: Shouldre,ad,
. C v =0.143 instead of C v = 0.43

Page IV-2-11, line 7 and 8, the last words:~hould read ·Fig. 5 'and Fig. 6
,irist~adof Fig. 3 and Fig. 4 respectively.

PageIV-6-7, Eq. 30, the numerator of right hand: Should read 
'(0.77+0.23 (f )Eb instead of (0.77 + 0.23)Eb

Page IV-i-6, line 3 from bottom, the 3rd word: 'Should read :O.~ginstead

ofO~4g
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ADDENDUM

to

COMPARISON OF U.S. AND CHINESE METHODOLOGIES
OR THE SEISMIC EVALUATION AND STRENGTHENING
OF EXISTING UNREINFORCED MASONRY STRUCTURES

Neil M. Hawkins. F. Chou, and X. Yin

This paper compares the U.S. and Chinese procedures only in those
&SpeCts were such comparisons h&ve some validity. namely, the mathe
mQ~ic&l models, used to characterize the building's response. calcula
tions for the in-plane sbear strength of ~lls. and the need to consider
openings. Complete calculations Bith either procedure predict lower
strengths and,different relative ~alues to those shown in Table 1. For
example~ ~Table 2it is clear that for the U.S. procedure for ~alls

A and 6 a~ floors 1 through 4, the restoring shear characteristics of
the piers rather than their direct shear strength co~trols the in-plane
shear strength. Similarly, the building's pier proportions do not meet
the empirical.requirements of the Chinese procedure. Further,. it should
be recognized that in Fig. 6~ the NBS and Tongji relationships are
curves representing test results for which the shear strength of the
vall is taken as the test strength and the shear strength of the masonry
as Vt times the vaJ.:l9 s cross-sectional. area. The ABK and- PRe curves.
however, are the design recommendations of Eqs. (1) and (3) expressed in
terms of stress. If those recommendations are expressed as forces and
account taken'of the correction factors in Eqs. (1) and (3) for workmao
ship~ safety~ and non-uniform distribution of shear stress. ~hen the
relative positions of the ~our expressions become as shown in Fig. 9.
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