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PREFACE

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

Most workshop expenses. incurred in Chma were supported by the
State Selsmologlcal Bureau. Exppenses incurred for travel of the U.. S.
‘delegation. to 'China were supported by the Natioanl .Science Foundation
through. Grant No. ECE-8413408. Encouragement and support of 'NSF .pro--
- gram directors Dr. John B. Scalzi and Dr. A. J. Eggenberg_er whxch made
the workshop possxble are gratefully acknowledged.

Any opinions,. imdmgs, and conclusions. or recommendations: expressed
in this publication are thos¢ of the individual contributors and do not.
necessarily ' reflect the ' views . of the State Selsmologlcai Buréau . or theE
National Scxence Foundation.

Hu Yuxian
Daniel P. Abrams
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WORKSHOP CO-CHAIRMEN

PRC CO-CHAIRMAN

HU, Yuxian
Professor & Director
Institute of Engineering Mechanics
State Seismological Bureau
9 Xuefu Road, Harbin, China

US CO-CHAIRMAN

ABRAMS, Daniel P.

Associate Professor

3148 Newmark Civil Engineering Laboratory
University of Illinois

Urbana, IL 61801, USA

217-333-0565
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ORGANIZING COMMITTEE

CHAIRMAN

JIANG, Jinren

Associate Professor

Division of Earthquake Resistant
Building Constructions '

Institute of Engineering Mechanics

State Seismological Bureau. '

S Xuefu Road, Harbin, China

MEMBERS:

GU, Ping

' Program Director

Division. of Foreign Affairs
State Sensmolog:cal Bureau
Beijing, China

NIU, Zezhen

Engineer & Division Head

Institute of Earthquake Engineering

~ China Academy of Bu;ldmg
Research |

Beijing, China

Ql; Xiaozhai- '

Engineer & Deputy Chief
Research Planmng Division
Institute of Engineering Mechanics
State- Se;smologlcal Bureau

g Xuefu Road, Harbm China

YANG, Yucheng‘ i

Research Associate

Institute of Engineering Mechanics
State Seismological Bureau

9 Xuefu Road, Harbm, China



LIST OF PARTICIPANTS REER

PARTICIPANTS FROM USA . : %@R;{E
ABRAMS, Daniel P. . & Tk

Assoclate Professor’ - .

3148 Newmark Civil Engineering Laboratory REFPFER?
Untversity of Illinois AoutAIBIIEs
Urbana, IL 61801, USA ' e o
217-333-0565 | - IR 285

AMRHEIN, James E. A

Executive Director :
Masonry Institute of America REEE BT
2550 Beverly Blvd. WIT AT

Los Angeles, Cahforma 90057 USA o

. 213- 388 0472

BROWN Russell’ H bif::}

Professor and Head , -
Department of Civil Engmeermg %@ﬁiﬁﬁ;‘t%iﬂ&%
Clemson University EE 5G4

South Carolina 29631 USA :
-803- 656~ 3314

EWING, Robert D. J’C E -
President . ‘ -

" Ewing and Associates ' %EDIH‘H : ,ﬁmﬁmggﬁ
28907 Doverridge Dr. tﬁﬁﬁ :fl

Rancho Palos Verdes

- California, 90274, USA - B-y-3: )

213-541-3795 . ‘

HAMID, Ahmad A. “ R |
Associate Professor - -

Department.of Civil Engmeenng %Eﬁiﬁﬁi}’igkﬁ
Drexel University i*IE?

Philadelphia Pennsylvannia, 19108, USA B &
215-835-2364 :

HART, Gary C. ‘ s

Professor

Department of Civil Engineering REE UM KRE
University of California j;?fﬂ:E?F

Los Angeles, USA : ﬂ&

213-733-2640



HAWKINS, Neil' M.
Professor and Chairman

Department of Civil Engineering, FX-10

University .of Washington -
Seattle 98196, USA
206-543-2390

JONES, Lmdsay R

Principal v

Computech Engmeermg Serv:ces, Inc.
- 2855 Telegraph Ave., Suite 410
Berkeley, California 94705, USA
415-843-3576

KARIOTIS, John C.

Kariotis and Associates

711 Mission St., Suite D

South Pasadena, California 91030 USA
213-682-2871

‘ NOLAND James L.

"~ Atkinson-Noland and Assocxates Inc.

2619 Spruce St.
Boulder, Colorado 80302 USA
303-444- 3620

TAWRESEY, John G..
‘Vice President :
KPFF Consulting Engineers

850 First Interstate Center, 999 Third Ave.

Seattle, WA 98104 USA
206-622-5822

WOODWARD, Kyle A.

Senior Development Engineer
Umvers;ty of California, at San Diego
La Jolla, California 92093 USA
619-452-6801 -
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PARTICIPANTS FROM CHINA

CHEN, Rui

Engineer

Research Department

Institute of Beijing Architectural
Design

Beijing, China

FENG, Jianguo

Senior Lecturer

Xian Institute of Metallurgy and
Construction Engineering

Xlan, China

HU, Yux1an

Professor and Director

Institute -of Engineering Mechanics
State Seismological Bureau
Harbin, China"

HUOQO, Zizheng
_Egineer
Shanxi-Research Institute
of Buiiding-and Construction
Xjan, China '

JIANG, Jinren
Associate Research Professor and Head
Div. of Earthquake Resistant

Building Constructions -
Institute of Engineering Mechanics
State Seismological Bureau
Harbin, China

LU, Xilin
Lecturer

Tongji University
Shanghai, -China

NiU, Zezhen

Engineer and Division Head

Institute of Earthguake Engineering

China Academy of Building
Research

Beijing, China
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QIAN, Peifeng
Professor

Department of Achitecture Engineering

Beijing. Institute of Achitecture
Engineering
Beijing, China

QIAN, Yiliang

Senior Engineer

North-East Architectural
Design Institute

Shenyang, China

SHEN, Jumin-

" Professor. & Director

Institute of Structural Engineering
Qinghua University,

Beijing, China

W, Mmgshun.

Associate Professor.

Institute of Structure Theory
Tongji- Umversnty '
Shanghan, China

wu, Ruif eng
Professor

Departmen‘i of Engmeermg Mechanics".

Dalian Institute of Technology
Dalian, Chma

XIA,. ngqmn

Associate Reserach Professor
Institute of Engmeermg Mechanics
State Seismological Bureau '
Harbin, Chma

XU, Houde

Head of Division: of Forelgn Affairs
State Selsmologncal Bureau
Bexpng, Chma ' :

Xu,, Shanfan

Engmeer L

Sichuan mstxtute of Buxldlng
Research '

Chengdu, China
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Yang Yucheng -

Research associate

Institute of Englneering Mecanics
State seismological Bureau
Harbin, China

YE, Yiaoxian

Director & Senior Engineer

China Building Technology
Development Centre

Beijing, China o

YIN, Zhigian

Associate research Professor
Institute of Engmeenng Mechanics
State Seismological Bureau
Harbin, Chma

ZHANG, Ruyu

Engmeer ’

China Northwest Buxldmg
Design Institute :

Xian, China.

ZHU, Bolong

Professor & Director _
Institute of Structural Theory
Tongji University N

Shanghai, China
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BAI, Xuesong

Semor Engineer ‘
Liaoning Building Design Institute
_Shenyang, Chma ‘

-CAl, Changgeng ,
‘Engmeer and Vice Head
Information Sectlon

o Building, Desxgn Institute
'Logxsncs Department of Guangzhou

Military ‘Commnand of ‘CPLA
Guangzhou Chlna ' ,

CHEN,I_nghua

Engineer::

-Urban and Rural ‘Construction )
Department of Liaoning Provmce

'Shenyang, Chma

CHEN Dasheng

Associate Research Professor ‘
Institute of Engineering. Mechanics
_State Se15mologlca1 Bureau
Harbm, _Chlna

‘CHEN Xmgzhl

Professor’ and Chalrman
"‘Department of ClVII Engineering
‘Hunan: Umversxty ‘
Changsha, China

DAI Nlanzhong

Engmeer

Chongging Research. lnstltute of
. Architecture dnd Building
-Chongging, China

DING, Shiwen

Engineer

Institute of Engmeermg Mechanics
State Sexsmo_logxcal Bureau
Harbin, China

DU, Ruiming

Assoc1ate Research Professor
Institute of Engineering Mechanics
State Seismological Bureau
Harbin, China
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GAOQ, Benli
Engineer and Head
Building Structure Office
Jiangsu Research Institute

of Architecture and Building
Nanjing, China

-GAO, Yunxue
Engmeer -
Institute of Engmeermg Mechanics
State Seismological Bureau
Harbin, China

LE1, Tongshun

Engmeer and Director ‘
Beijing Building Repairing and

. Construction Research Instltute'
: Beumg, Chma

" L1, Yihong

‘Engineer and Deputy Dlrector
Beijing Buﬂdmg Repairing and

_ Construction Research Institute
"Beumg, Chma

.LIN,_ Mingzhou

Research Associate -
Seismological Bureau of Shanghal
Shanghai, China

LIU, Dahai ‘
Senior Engineer
China Northwest Bu:ldmg Design Institute

Xian, China

L]U, Ji

Prefessor '

Harbin Architectural and Civil
Engineering Institute

Harbin, China o

LIYU, Muzhong .

Lecturer

Department of Civil Engmeermg
Huachiao University

Quanzhou, China
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LOU, Yonglin

Engineer and Head

Research Department . -

Building Science Research
Institute of Liaonning Provmce

Shenyang, China

LU, Qinnian

Research Associate

Institute of Engineering Mechanics

State Seismological Bureau
Harbm, China -

SONG, Bingze

Professor and Chief Engineer

The :Architectura! Design and Research
Instltute of Tianjin University -

Tianjin, Chma

SONG, Longbo

Research Associate

Seismological Bureau of Jlangsu Province
Nanjing, China

SUN, Qishang

Chief Engineer

Harbin Real-Estate Bureau
Harbin, China

TU, Jinming
Assistant Engineer

Gansu Building Prospectmg Desngn Institute -

Lanzhou, Chma _

XIE, Kelin
Engineer and Deputy Dlrector

- Anhui. Research Institute of

Architecture and Bu11dmg
Hefei, China

YANG, Liu

Research Associate

Institute of Engineering Mechanics
State Seismological Bureau -

~ Harbin, China
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YANG, Wenzhong

Engineer

Tangshan Urban-Rural
Construction Committee

Tangshan, China

ZHANG, Shuhua -

Deputy Chief Engineer

Tangshan Institute of Bu1ld1ng Design
Tangshan, China

ZHANG Xiaolin

Graduate Student,

The Architectural Design and Research
Institue of Tianjin University

Tianjin, China

ZHONG, Wangping
Engineer and Manager
Department of Computer
The 6th Design Institute of
Machine Industry Ministry
Zhengzhou, China

ZHOU, Fulin

Deputy Chief Engineer -

The 4th Design and Research Instn:ute
of Machine Industry Ministry

Luoyang, China
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Tuesday, May 20, 1986

'WORKSHOP PROGRAM

REGISTRATION

Wednesday, May 21, 1986 .

Chairman:

Spéakers:

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

HU, Yuxian

ABRAMS, D. P. (USA Co-Chairman)
L1U, Huixian (President of CAEE)

‘XU Houde (Head of Div. of Forelgn Affalrs, SSB)

SESS]ON 1z DESIGN METHODS AND OTHERS

Co-Chairmen:

l.

KARIOTIS, 3. C.
EWING, R. D,

JOHNSON, A. W.

, YE, Yiaoxian

TAWRESEY, 1. G.

SHEN Jumin
FENG, Shiping
WENG, Yijun
AMRHEIN, J. E.

GONG, Sili

MO, Yong

(9 15 - 12:00 AM)

‘ HU Yux1an ABRAMS, D. P.

: "'Methodology for Mi_tigation of Earthquake

Hazards in Unreinforced Brick Masonry
Buildings"

ffac’tors Atffecting Damage of Multi- story
Brick Buildings and Their Strc—ﬂgihenmg

‘ Techmques

"Setsmlc Prov151ons of the Uniform Buxldmg
Code"

"Inelastic Beha\{iof of Reinforced Concrete
Frame Subjected o Reversal Cyclic Loading™

"Research and Design of Tall Slender Walls"

"Revision of the Chmese Se:smxc Design
Code---Brick Structure Section” (not presented)

"Crack and Collapse-resistant Sesign of
Multi-story Brick Building with Large
Spacious First Story in Seismic Area"
(not presented) :

lu

1-1

11-7

I-2

111-9

1-4

[-3



SESSJ‘ON 2: BEHAVIOR OF BRICK MASONRY STRUCTURES

Co-Chairrﬁen:

|. BROWN, R. H.
" YORKDALE, A. H.

2. ZHOU, Bingzhang
CHEN, Rui

3. BA, Ronggeang R

4. FENG, Jianguo

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

6. XIA, Jingqgian
DING, Shiwen
ZHOU, Sijun

" Thursday, May. 22, 1986

(1:00 - 4:10 PM)
TAWRESEY, J. G.  ZHU, Bolong

"Structural Properties of Unreinforced Hollow
Brick Masonry"

"An Expenmental Study of Aseismic Reinforcing

~of Brick Buildings"

"An Investigation of the Aseismic Behavior of
Perforated BI‘ICk Buildings" '

" "The Seismic Shear Strength of Masonry Wall"

"An Investigation into Methods and MaterialS
Required to Obtain Flaw-Free Grout in Hollow
Brick Masonry" .

"Test of Aseismic ~Beha\fior of Brick
Masonry Wall" :

~ SESSION 3' BEHAVIOR OF BLOCK MASONRY STRUCTURES

Co-Chairmen:

. ABRAMS, D. P.

2. QIAN, Peifeng
LO, Yongkang
GUO, Zaiyu

3. XU, Shan-fan
LIU, Dexin

4. WOODWARD, K. A.

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

(8: 30 - 10:30 AM)
YE, _Ynaoman AMRHEIN, J. E.

"Resistance of Concrete Masonry Building
System to Lateral Force"

| "Eatthquake Proof Biocks with Good Thermal
‘ Performance"

"Study of Seismic Behavior of Hollow
Concrete Block Buildings"

""Shear Behavior of Unreinforced Concrete

Block Walls"
"On Simulating the Nonlinear Planar Hysteretic

Response of Reinforced Concrete and Concrete
Masonry" {not presented)

15
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 SESSION 4:

Co-Chairmens

l. ZHU, Bolong

2. LU, Xilin
ZHU, Bolong.

3. JONES, L. R.
CLOUGH, R, W.
MAYERS, R. L.

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

MODEL TEST OF BLOCK MASONRY BUILDING
’ (10:45 - 11:45 AM)

HAWKINS,‘ N. M. WU, Ruifeng

"A Review of Aseismic Test for Masonry
Structures in China"

- "ldentification for the Mathematical Models
to Predict the Earthquake Response ot the
Unreinforced Concrete Block Masonry Building
.and Estimation of Its Aseismic Capacity"

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

"An lnvestlgatlon of the Seismic Behavmr
and Reinforcement Requirements for
Single-Story Masonry House" .

"Direct Small Scale -Modeling of Grouted. |
Concrete Block Masonry"

SESSION 5: EVALUATION AND STRENGTHENHNG

Co-Chairmen:

1. ZHU, Bolong
WU, Mingshun
ZHOU, Deyuan

2. HAWKINS, N. M.’

CHQOU, F.
YIN, X.

3. NIU, Zezhen

4, ZHONG, Yichun
REN, Fudong
TIAN, J.iahua

(2:35 - 4:50 PM)
QIAN, Yiliang KARIOTIS, 1. C.

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

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

"Seismic Computation of Strengthened
“ Brick Structures"

- "Repalr and Strengthening of Reinforced
Concrete Columns" (not Presented)

-5

I1-7

- -6

-8

. Iv-11

1v-8

Iv-9

IV-10



Friday, May 23, 1986

SESSION 6: DAMAGE PREDICTION AND RELIABILITY ANAL YSIS
{8:30 - 12:00 AM)

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

l. YANG, Yutheng "Prediction of Damage to Brick T iv-2
YANG, Liu Buildings in Cities in China"

2. KARIOTIS, 1. C "Prediction of Stab111ty for Unremforced Iv-1
EWING, R. D. Brick Masonry Walls Shaken
JOHNSON, A. W. by Earthquakes"

3. YIN, Zhigian "A Method for Earthquake Damage Evaluation v-3
L1, Shuzhen of Single-Story Factory Buildings" '

4. HART, G. C. "Reliability Concepts for Earthquake Resistant 'IV-4

Masonry"

5. WU, Ruifeng "Seismic Reliability of Multistory Remforced Iv-5
CHEN, Xizhi Brick Building" | ‘
X1, Xiaofeng

6. JIANG, Jinren "Seismic Reliability Analysis of Multi-story V-6
HONG, Feng Brick Bu1ld1ngs" . .

7. HUO, Zizheng "Earthquake Re51stant Rehablllty of Brick ' -7

Residential Buildings"

OPENING FORUM
(1:00 - 3:00 PM)
Co-Chairmen: ABRAMS, D. P. HU, Y_umaﬁ
CLOSURE
(3:15 - 4:50 PM)

Chairman: ABRAMS, D. P

17



ALTHOR INDEX

ABRAMS, D. P.

AMRHEIN, J. E.

BA, Rongguang

BROWN, R. H. YORKDALE, A. H.

FENG lianguo

HAMID, A. A. ABBOULD, B. E., HARRIS, H. G.
HART, G. C.

HARKINS, N. M., CHOU, F., YIN, X.
HBEGEMIER, G. A., MURAKAMI, H.

HUQ, Zizheng

JIANG, Jinren, HONG, Feng

JONES, R. L., CLOUGH R. W., MAYERS, R. L.

KARIOTﬁ J. C EWING, R. D., JOHNSON, A.- W.
KARIOTIS, J. C., EWING, R« D., JOHNSON, A. W,

LU Xihin, ZHU, Bolong
. MO, Yin

- NIU, Zezhen

. NOLAND, J. G.,, KINGSLEY, G. R., TULIN, L. G.
‘QIAN, Pe:feng, LO Yongkang, Guo, Zaiyu
SHEN, Jumin, FENG, Shiping, WENG, Yijun
TAWRESEY, J. G.

WOODWARD, K. A.

WU, Ruifeng, CHEN, Xizhi, Xi, Xiaofeng
XIA, Jinggian, DING, Shiwen, ZHOU, Sijun
XU, Shanfan, LiU, Dexin

YANG Yucheng, YANG, Liu

YE, Ylaoxtan

\lN Zhigian, LI, Shu7hen

, Andong, JIN, Ruichun, SHI, Yuan
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:ntroduction

‘There 1s 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 collapse of unreinforced masonry buildings during
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 wvulnerable to
severe shaking. Unreinforced “clay-unit masonry buildings compris'e the
principle type of construction in China today. Unreinforced and reinforced
clay and concrete masonry buildings have been and will continute to be
constructed i 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 dlscussed six subject areas through presentatlons
and open discussions: :

=

te Methods foriaselsmlc design of new masonry construction and streng-
thening of existing buildings. : ,

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

3. Behavior. and response of block masonry stfuctures and measures
for mitigating potentlal damage. 4

4. Earthquake simulation tests of model block structures.

5. Evaluation and strengthening techniques for brlck and block struc-
tures.

6. Damage prediction and reliability analysis for masonry structures.

‘Recommendations

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 scived not only in both countries, but
in all other earthquake-prone regions of the world. As shown from presenta-
tions made i1n the workshop, research and development in this field is
‘going on in each country. The participants agree that technical research
areas of common interest wmch require further study include:

L. Envestigations defining behavior of masonry materials and compo-
sites. Studies should inciude identification of strengths and deformations
of masonry units, mortars and grouts. ‘

2. Experimental studies on force-deflection relation of masonry walls
and systems including consideration of flexibility of floor diaphragms.
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Laboratory techniques should be improved so that the stressed condition
of test walls under reversals of lateral deflection will simulate that of
walls 1n actual structures subjected to earthquakes. :

3. Analytical studies on force—deflectidn reldtions for masonry walls.
Numerical models should reflect nonlinear behavior of walls with openings
or without subjected to deflection reversals.

4. Research on dynamic response of masonry building systems from
inittal cracking through the final damage stage. Physical and numertcal
models which  reflect nonlinear behavior of walls and systems should be
improved through investigations usmg shakmg tables and modern computa-
tional facilities. ‘ ‘

5. Evaluanon of aseismic behavior and earthquake damage ‘prediction
for existing unreinforced masonry buildings. Nondestructive 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. : : g

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 collapse, and may include develop-
ment of new materials, types of masonry units and conceptual schemes
using base isolation and energy d1551pat10n dévnces.

7. !nstrumentatlon of ex1stmg masonry buildings for. strong shaking. -

Implementations

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

(I} The now ongoing cooperative research projects between PRC and
USA should pay due attention to research on topics of seismic resistance
of masonry structures.

(2) Exchange of research information should be pursued. Mutual survey
- of damage to mascnry structures in future earthquakes would provide
a good opportunity for further -cooperative study.

(3) All 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 "PRC 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 1s undertaken by individual institutions. In this case,
the funds for research and exchange of personnel may be arranged as
follews: The researcher's salary and international travel expenses are
paid by . the home institution or subsidized by the host institution; local
expenses and local travel expenses are paid by the host institution.

Resolution

: ‘It is resolved that the workshop has been & good beginning of coopera-
tive effort in research. on seismic r¢-istance of masonry structures for

el‘gmmrmg professionals and rescarchers from PRC and USA. In order

to carry out effectwely cooperative cfforts in mitigation of | earthquake

. damage to masonry structures in both PRC and USA, as a resolunon,

~all participants of the, Workshop from both countries acknowledge the
following objectives-. : :

1. New discoveries and research’ results should be prov1ded to- each
other as soon as poss:ble.

2, (‘ooperatwe research proposals should" be actively developed for
submission to funding agen(:les in respecnve countries.

© 30 Al researchers weICOme participants from other country to joinl
in thexr research projects for: collaboratlon and to their best ability, prowde
cooperatlve research condmons.

4. Futher workshops (bxlateral or multiple lateral) in either country
or specialty SUbJECtS related" ‘to earthquake resiStance of masonry. structures
should be held in 2 3 years. :
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US Participant's Technical Travel Schedule
Sturday;‘ May 17 -- Arrive at Shanghai
Monday, May 19 - -- Visit Tongjt University
Tusday, May 20. -- Arrive at Harbin

May 21 --23 -- US-PRC Workshop at Institute of Engmeermg
" Mechanics, Harbin

SatUrday, May 24 -- Visit IEM, 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

' b
Kariotis, J.C., Ewing, R.D., and Jahnson{.A.Wr

ABSTRACT

Seismic hazards in existing unreinforced masonry buildings were
investigated in order to provide a methodology to strengthen these
buildings to appropriate resistance levels. The testing program was
comprised of static and dynamic testihg of walls and diaphragms,rboth
. in-plane and out-of-plane, and of anchorages between walls and dia-
phragms. In these guidelines for the analysis of existing buildings,
there were several significant departures from the code provisions for
new conStruction. Results can be used as retrofit guidelines 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. '

INTRODUCTION

Building construction using unreinforced masonry (URM) predates the
development of seismic criteria that guide the design’ and construction
of present-day buildings. A substantial number of these buildings are
still being used in seismically active’ areas, éven though investigations
of earthquake damage have confirmed that this type of building has been
a major contributor te loss of life during*earthquakes.. It has become
imperative that a system of analysis methods and; procedures-—a methodology—-
be devised to determine. realistic hazard mitigation requirements that
will lead to cost-effeetive methods of retrofit ‘for these buildings. In
this way, the choice will not remain limited to either an enormous
investment to make existing bufldings conform to present: standards for
new construction or an economic loss resulting. frOm the demolition.of
these buildings. Such a methodology ‘can. help meet seismic hazard
mitigation goals of cities squeezed between . threats to- life-safety and
economic constraints. This paper describes the results derived from an'
extensive research program and gives guidelines far ita applicaticn.

The research program resultéd in the- publication of topicel reports
on various phases of the analysis and testing.m The. final volume,fk_g
entitled The Methodolggz (1) provides ini"guideline" form the: ‘rocedures
for investigating existing URM buildings for the purpose of strengthening
them to resistance ‘levéls that correspond to three levels of’ ground ,
shaking intensity that constitute the principal seismic hazard zoneés: of
the United States. This paper provides a. summary. of the procedure g
discussed in the Methodologz volune. a

ABK, A Joint Venture,_El Segundo, California USA



BASIS OF THE METHODOLOGY

A review of research .work on masonry 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 several types of tests: -

o Dynamic testing of full-scale walls, out-of- plane

o Static and dynamic testing of full-scale diaphragms, in-plane
o Static and dynamic testing of walls, in-plane

0. Anchorage between. walls and dlaphragms

As a result of these experiments, it was, determined that elastic or
equivalent static procedures are not_conpletely 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

0. 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 f0undat10n level and by the diaphragm motion or by a pair of
diaphragms

o Anchorage between the walls and d1aphragms

IN-PLANE RESPONSE OF WALLS

During an earthquake, the ground motion is transmitted from the
building/foundation interface through the endwalls (in-plane response)
to the floor and/or roof diaphragms that drive the walls in the out-of-
plane direction. Masonry shear walls can be considered rigid relative
to the diaphragm stiffness and can be modeled as a rigid block resting
on a soil. Analyses performed over a realistic range of building aspect
ratios and soil stiffnesses showed that the ground motion is transmitted
through the endwalls with little amplificatiom.

ROOF AND FLOOR DIAPHRAGMS SUBJECTED TO IN-PLANE MOTIONS

The dynamic response of diaphragms shows a nonlinear hysteretic
behavior for ground motions of moderate and ‘higher intensities. The
analytical model developed for this type of- diaphragm requires only two
parameters to define the load-deformation envelope (i.e., the ultimate
load capacity and the initial stiffness) and -one. parameter to define the
degrading, unloading and reloading stiffness. “For:. typical- unreinforced
masonry buildings, the diaphragm stiffness 1s modeled by nonlinear,
hysteretic shear springs, and the sidewall mass and tributary diaphragm
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mass are lumped at the nodes. Peak velocities at the top and bottom of
the out-of-plane walls can be obtained.from.the: dynamic model,. .as well -
as relative deformations between the top and bottom of the walls 3

I U P URN T TS 1

WALLS SUBJECTED TO OUT-OF-PLANE MOTIONS
The dynamic stability of fully anchored URM walls subjected to out-

of-plane motions was determined from full sca1e~testing. The parameters
. that affeect stability are:

.v"::; :w ‘-:‘{" (NS

o Velocities imparted by the diaphragms to the ends of the walls .

o Ratio of weight of wall above the story- under consideration to the
weight of the.wall in the story under consideration i o .-;tg

o Helght/thickness (H/t) ratio of the wall in the story under con-“"w
sideration , .

ANCHORAGE BETWEEN WALLS AND DIAPHRAGM ‘ =

Adequate anchorage of the walls to the. diaphragm is an essential in
part of achieving hazard mitigation in URM buildings. Anchorage forces
have been developed for use in the. methodology that are based on. tests. - .
and nonlinear, dynamit analyses of the diaphragms.: Although not a new
concept, the paramount consideration of the methodology is 1life- safety.
This 1is obtained by limiting building damage and by minimizing the
probability of separation of the walls and parapets . from the. floors and
roof. The collapse of parts of the gravity load-carrying system that
are sensitive to relative displacement 1s investigated

NEW CONCEPTS

As stated earlier, the guidelines proposed for the analysis of
existing buildings are not the same as the code provisions for new.
construction. Significant departures are:

o Due to the sensitivity of earthquake hazard mitigation recommendations
to the intensity of ground shaking, the use of state-of- the-art
documents for seismic hazard' zoning. is recommended.. A

o Due to the nonlinear, dynamic response of unreinforced masonry
buildings, the procedures for each seismic hazard zone 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: block on

) flexible soils. This basic response model 1s modified. for walls
with a limited interstory shear capaclty and ductile-like behavior

o The diaphragm response imparted -to the out-of-plame walls 15, baSed
on nonlinear, dynamic analyses that have been correlated with full-
scale diaphragm tests.

o Dynamic stability concepts for URM wall elements subjected to out—
of-plane motions are utilized in lieu of requirements for an; -
elastic resistance capacity.

o Materials resistance capacities are based on inelastic behavior of

materials.
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0

_'considered in’ the response model and the structural
model. - : ‘

All existing ‘materials and. elements in the building that are
distorted by relative horizontal or interstory displacement are
ésistance

FIELD SURVEYS AND PRELIHINARX DESIGN

‘The methodology for mitigating seismic hazards in URM buildings is

presented for the three seismic hazard’ zones described by the ATC 3-06
provisional guidelines (2). These seismic hazard zones are ‘defined by
Effective Peak Accelerations (EPA) of 0.1 g, 0.2. g. and 0 4 g.

The procedure for using the methodology begins with a five step

field survey that is the same for all seismic. zones: prepare preliminary
framing plans for roofs and ‘floors; prepare preliminary elevations of

all walls; investigate anchorage ‘of walls, investigate wall materials;
and test existing materialg. Once these preliminary steps have been
accomplished, the analysis procedure begins. This is done. in the
following steps for 0. 1 g and 0.2 g seismic zZones:

o

o}

Identify all hazardous building elements on framing plans, floor
plans, and wall elevations.‘ :

Calculate recommended wall anchorage force at each floor above the
building base and at the roof level.

Verify capacity of existing wall anchors.

Design retrofitted wall anchorage systems.

Design bracing systems for parapets and appendages extending
above the roof anchorage level.

In addition, speclal investigations may be required by the methods

recommended for 0 4 B seismic hazard zones for the following conditions:

.0

Wall H/t ratios are in ‘excess of historic standards and building
height plan dimension ratio exceeds 3, and the etructure 1s founded
in soft soils.

Diaphragm discontinuities exist adjacent to an unreinforced masonry
wall.

“The building survey has determined that parts of the vertical

load—carrying system may act as a tie ‘to & shear. wall and horizontal
diSplacement of that part of - the vertical load-carrying system
rélative to the shear wall will cause loss of bearing capacity.

‘The building survey has determined that major elemeuts of the
vertical load—carrying system are supported on masonry piers,

and there is a probability that significnnt relative displacement

'will occur in that story.
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ANALYSIS GUIDELINES'

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

The guidelines describe a probable response of existing building
elements that 1s correlated to element displacements that extend into
the inelastic range. Capacities of exlsting materials are given as
yield capacities. Yield capacities of structural elements are used for
désign of retrofitted systems.

1. Anchorage of Wall Elements. Calculate the recommended
anchorage force at each floor above the bulilding base and-at the roof
leveI, where the anchorage force 1s 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 dypamic
. amplification. This upper bound of amplification is appropriate for
diaphragms that have near-elastic response.

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

TABLE 1. ALLOWABLE HEIGHT/THICKNESS RATIO OF UNREINFORCED MASONRY
: WALLS WITH MINIMUM QUALITY MORTAR

Buildings with - All Other

Crosswalls Buildings
Walls of one-story buildings - 20 : 14
First-story walls of multistory buildings 20 20
Walls in top story of multistory buildings - 14 9
All other walls 20 15
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Table 1 uses the plot of predicted dynamic 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 H/t ratio of the wall in the story under consideration

1.75

7/
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At

: V, SRSS = SQUARE ROOT OF SUM.OF PEAK VELOCITIES AT
° :‘,5— ‘TGP AND BOTTOM OF WALL SQUARED.

H1 - HEIGHT To ‘THICKNESS RATIO OF wALL

.0/ = OVERBURDEN WEIGHT TO WALL WEIGNT RaTIC

LT3

FIGURE 1. UNREINFORCED MASONRY WALL STABILITY CRITERIA
98% PROBABILITY OF SURVIVAL
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Crosswalls conforming to the minimm requirements of Figure 2 may
be introduced into the bullding to Increase the acceptable H/t ratio of
walls; or walls that exceed the recommended H/t ratio may be braced by
supplemental members spanning between diaphragm levels.

Recommendations for design and installation of the supplemental
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. mazximum.

o The vertical bracing members should be anchored to the 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.
Tabulate the weight computations ‘as in-plane wall weight (W) and
weight tributary to diaphragms (W ), at each 1eve1 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

Yield capacities, vu, in U.S. units of typical diaphragms are given in.
Table 3 -

o The restoring shear capacity, V., of any shear wall composed of
piers need not exceed 0.2 W 8 2. W /2, and the diaphragm shear at
any level need not exceed tﬂe yield capacity (v . D) of the
diaphragm. Co i

o For analysis of in-plane shear in each shear wall, when determined
to be critical, use V = 0.4 W_+ 0.4 W_/2. However, the diaphragm
shear at any level need not exceed the yield capacity (v + D) of
the diaphragm '

The seismic response factors, C_ of the diaphragms are given in _
Table 2. These factors equal or excBed 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 walls 1is the
yield capacity of the diaphragm

The building responae‘ie ‘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

B , " 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 FACTCR, Cp’ FOR SHEAR CONNECTION OF DIAPHRAGM

Single layer of boards with applied roofing 0.45
" Double layer of boards or blocked plywood o 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

TABLE 3. YIELD CAPACITIES, v, , OF EXISTING ROOF AND FLOOR CONSTRUCTION

Yield Capacity of Materials

Description of Construction in 1b/ft., shear
Straight sheathing with roofing :
applied on-the sheathing or a single 300
layer of tongue and groove sheathing - o
Straight sheathing with plywood ' 650
overlay
Unblocked plywood sheathing with 400
‘roofing applied on the sheathing
Plywood sheathed floors or roofs 2-1/2 x shear values listed in
with blocking at panel edges design codes such as Uniform
. ' : -7 Building Code
Double board systems with ' , - 1800
board edges offset : o
. Metal roof deck system designed for 1800
minimal - 1ateral load capacity
- Metal roof deck systems designed , 3000
-for lateral load capacity

Concrete filled steel decks ' As determined by static yield
' : - , ' eapacity teeting

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

¢ For diaphragms without crosswalls:
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Calculate demand/capacity ratio Wy
2v_-D
u

where W Total weight tributary to diaphragm

v, Yield capacity of diaphragm (see Table 5)

D= Diaﬁhragm depth
From Figure 2, using the demand/capacity ratic 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 Vg OT crosswalls may be added to limit relative
horizontal displacement. :

@Iu‘.cmn OF DEMAXD/CAPACITY

" ’ RATIO AND SPAX OF DIAPHRAGMS
FOR QUALTFICATION AS "NITH

CROSSWALLS" AS'NOTED IN

TABLE 1

@ REGION OF EFFECTIVE USE
OF CRDSSWALLS AS NOTED IN

125 = TABLE 1

@ REGION, OF DERMAND/CAPACITY
RATIO,  AND SPAN, OF DIAPHRAGH .|
WHERE ""ALL OTHER BUILDINGS"

SHALYL -BR -USED

“E\

50 &

DIAPHRAGM SPAN IN H'ETF!!S

5.~

o L
e t 2

—L
'3

DEMAND-CAPACITY RATIO, HP/ (Iv"‘D)'DR HD/ (ZVDMIVE)
FOOTROTES : ’ '
1) Maxioux epscing of crosavalls is L2 nmetres maasured in the direction sf span.

2) Minfzuz upu:i:v of crossvails 18 30 percent of disshragm capecicy.

FIGURE 2
ACCEPTABLE SPAN FOR DIAPHRAGMS
(BASED ON DISPLACEMENT CONTROL CONCEPTS)
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o For diaphragms with crosswalls:

Calculate demand/capacity ratio: -, W,

2v - D+ 3V
u - c

IV = total yield capacity of crosswalls that are spaced not to
exceed that spec1fied in Figure 2.

o If the spacing of existing cros.walls is that speeified in Figure

2 and the capacity EVC exceeds 20% of W the span of the diaphragm
shall be unlimited. '

_o‘For multistory buildings, V utilized for diaphragm analysis at any

upper story shall be added to 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 L is‘calculeted. The wall weight, WW’ at the open end 1is
used to calculate L. : ‘

1
L, = 2(.wW - L 4+ L)
1 R _
‘ | R

Compare demandycapacity ratio of diaphragm with an acceptable span
calculated as‘Ll. If acceptable crosswalls exist, calculate
th+ Ww‘

for entry to Figure 2.
vu - D+ ZVC

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;

Vo = 0.9 PD/H | Where P = Axial load on pier
D = In-plane depth.of pier
H = Least height of pler if
opening height on sides
of piler varies
For computation of restoring shear, the staﬁility msment of a fully

cracked pler system is used. Compare the total restoring shear capacity

I~1-10



with the minimim recommended restoring shear:

Compare calculated V of each pier with its in-place shear capacity

V, where
‘Where A = Area: of pier

Where v, = 20th percentile of in-plane test ehear values reduced
to equivalenE shear .at zero axial stress

If Vi{ < 0.2 lqw + -0.2 wb;/z

and for all plers V_ =« V. supplement restoring shear by materials
designed at yield capacity. TIf for any pier V. >V, in-plane shear
failure is probable and piers must be analyzed for. shear capacity, using
the following four steps: :

o Distribute response shear V ‘to pler system using stiffness as D/H

o Calculate v = 1.5 V/A for stiffest. pler.

o If vav a’ increase shear capacity of wall with consideration of
relativ® stiffness of existing and new materials.

o For walls without openings and with height/length ratio .< 0.5,
calculate v = V/A,

6. Intercommection of Building Elements. A continuous load path
for all response forces should be provided. However, interconnection
capacity of existing materials need not be analyzed Two design steps
must be undertaken: design the tie system parallel to the shear wall for
distribution of calculated response forces, and design the distribution

" tie system 4in the diaphragm for retrofitted crosswalls or shear walls.

7. Review of Vertical Load— Carrying,Elements. If the building .

~ survey has determined that major elements of :the’ vertical load-carrying
system dre supported.on masonry piers, provide independent structural
steel columns or equivalent at the face of the masonry pler. An indepen-‘
dent foundation systen is not required. If a shear wall is retrofitted
into the line of bearing masonry pilers, the independent support columns
are not required.

—SUMMARY
A useful methodology for the mitigation of seismic hazards. in

existing unreinforced masonry ‘buildings has been established based on a:
research program that -combined analytical and experimental investigations.

:If-1 =11 .



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 imn a report produced by ABK, A Joint Venture,
entitled The Methodology.
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SEISMIC PROVISIONS OF THE UNIFORM BUILDING CODE
| By

; John G, Tawresey'

| 'SGM’M;&RY

The Umform Bunldmg Code ‘has: extenswe requnrements for, SEISITIIC design.
Recently the entire masonry demgn chopfer, Chap’rer 24 was revased Many of the
new provisions affect the seismic: desng of. ‘mosonry Many of the provisions in the .
other chop'rers of the UBC. also affeét seismic. de5|gn.~ Th|s pdper presents. the
major provisions for seismic. desngn of musonry structures., A simple design
example is presem‘ed. .

l'\lTRODUCTiON BUILD!NG CODE STANDARDS _

The building . codes in fhe USA are - admlmstered at the Iocal levels . of
government, Each local fevel (town,. city, county ‘or’ “township) adopts one of the
mode| building codes as a:ilaw. Usudally - the local unit of governiment adopts the.

" mode! building ‘code without modlflccmon, but’ some'nmes codes are. modi fied to

conform to local specml reqwremen'rs

There are three model bunldmg codes in the USA the Umform Bunldmg Code,

the Basic Bunldmg Code and’ the “Southern Buuldmg Code. These documents are not
actually codes, since to be. a building codé they must be adoptéd into law by the -

local unit of government. The mcdel building codes are more correctly referred to
as "sfondords" :

The only standard with extenswe seismic prows:ons is the Uniform Bunldmg;
Code (Standard). This standard is ‘written by the International Conferénce of.
Building Officials (ICBO). ICBO is com_posed ‘of the building officials from each of -
the local units of 'government that use the.ICBO standard.

ICBO doesn't normolly write the prowsmns of the standard. Typlcally, 1ICBO
only votes to accept or reject the new.provisions. The new provisions and changes
to existing provisions are written by individuals or organizations lnvoived in design
and construction. The organizations inciude: Son

.- The structural engineers of the states of Collforma, Woshlng'ron, Oregon and:
Arizona. .

I Vice President, KPFF. Consulting Engmeers, Seattle, Woshmgfon
President, The Masonry Society ,
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2, The organizations represenhng matenai suppliers. such as the Portland
- Cement’ Assocmflon, The:National Concrefe ‘Masonry Assocnonon, The Brick

Insfltute of Amenca, Western States Clay Produc‘l's Association, and many
. ofherS. :

3. The professnonal societies. such as the American Concrete lns’mufe (ACI), the
American Society of Civil Englneers (ASCE), and The Mcsonry Society (TMS).

The process for review -and: dpproval ‘of new prowsnons is tedious and beyond -
the scope of this paper. However, the process. is often called the consensus process
wherein before adoption,. afl objec’nons must be. removed. This is accomplished
though a combination of-revising the proposal, further review of the supporting fest
and resecrch data, uddmenul testing and political compromrse.

This paper presents a: summary: of the sersmlc provnsmns of the 1985 Uniform
' Bwldmg Code.. The point of view is that of ‘@ structural engineer designing a
masonry structure. The sequence is: Thqf normally - occurring during the design
process. First, the provisions offechng ‘the design’ lodding cre- discussed, followed
by a detailed review of provisions Spele]C to masonry de31gn and construction. A

design example is presented which ouﬂmes the process used to desngn a four-story
maseonry building.

 SEISMIC PROV[S[ONS OF THE WwBC

There is no_ single sec'non of the. Umform Bu:ldmg Code' document that
addresses seismic. des:gn. Often it is dlff]CUH’ to separate the selsmlc provisions
from other provisions of the standard: This is. .because .good seismic design also
'resuh‘s in good.design for other loadings. The provisions-of the standard are often
written to address severcl requnrements snmultdneousiy.

_ Bose Shear Equgtion - Section 23]12(d)

To begin, the UBC confcuns a. rdther involved. procedure for establlshmg the
seismic loc:ds. In most bwldmg‘demgns the' snmple bdse shear equation is used:

Viz ZIKCS‘W‘ o S : Eq. |
- Where each term is as fol‘iows: |

. "2V s the numencai scahng facfor dependent on’ 1he sensm;c zone or level or

ground motion expecfed in. the région. where the' bu:ldlng is to.be constructed.
The value of "Z" lies between 0.0: und | 0 : :

2. "I"is the occupancy lmporfclnce fuctor That depends 'on the building use. The '
value:of """ lies between: 1.0-and: 1:5; The valveiof 1.5 is-used for essential
fcc11|t|es which must be usable following a design: level earthquake.

3. "K' is the numerical scaling factor dependem‘ on the fype of building
structure frame. Each different type of bunldmg structural . frame has
different requnrements. The structurc! frqme is defined in Section 1702 of
the standard as:
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"The structural frame shall be considered to be the columns
(walls) and the girders, beams, trusses and spandrels having direct
connections to the columns (walls) arid 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 connection to the
columns (walls) shall be considered secondary members and not

part of the structural frame:"

The values for "K" are given in Table 23-1 of ‘the standard. The value of "K"
for most masonry structures is 1.33 since rnasonry buildings are usuaily
classified as "box sysfems . : ,

"C" is the factor that relates the magnitude of the base shear to the bunldmg ,
dynamic characteristics. Most masonry structures have ‘low penods, and thus
the value of "C" is usually set at the maximum valuve.of 0:42,  The UBC

standard provides the designer with an approximate method for the determm-

cmon of the period #T" by the use of the followmg equation:

T = 0.05 h/sqrt(D) : Ec‘:. 2

where "h" is the height of the buiiding 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 unalyms of the structure. The elastic analysis is the
preferred method, but is only used on projects large enough to Jushfy the
extra cost of desrgn.

"SM is a factor relating the base shear loading to the relationship between the
soil stiffness and the building stiffness. The value lies between 1.0 and 1.5.
If the characteristic site period'(Ts) is known, then the value of "S" is given
as: - :

S = 1.0+ T/Ts - 0.5%(T/Ts)**.5 when T/Ts 1.0 . Eq.3
5=1.24065T/Ts -0.3%(T/T)*+.5 when T/Ts 1.0~ Eq.4

Since most masonry structures have iow perlods, the first equation normally _
applies. The UBC limits the value of T in this equation fo not less than 0.3
seconds and the value of Ts to between 0.5 seconds and 2.5 seconds. For
masonry structures where the building height is less than the plan dimension,
the characteristic period will be less than the 0.3 limit and the first equation
applies. For rock founddtions or stiff soils, the site characteristic period will
be low: Therefore, the maximum value of S becomes .42 (T = 0.3 and

S =0.5).

"W" s the total dead load of the structure including porh’"r:on loading (20

pounds per square foot wheh partition focations are subject to change), plus
25% of the floor live load in storage and warehouse occupancnes and snow
loading in excess of 30 pounds per square foot.

Equation | 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 requrred to anclyze the bunldmg for the resultant of the two
directional forces. . .
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The base shear loads are then distributed to the building floors using the
following formula:

Fx = (V - FDWxHx/(sum(WiHi)) i= 1, N Eq. 3
where F1t is the force at the roof defined‘os: |
| Ft=0.07TV Zq. 4
but neéd not be greater than 25% of the total b—ase shear.
Distribution of H'orizo.nfol‘S‘heor - Section 2303(b)I

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.

Acc1denToI Torsion - Section 23I2(e)4

In addition to the dlsfrlbuflon of the base sheor, 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 the shear was dlstnbuted.‘ However, the resulting
shear forces cannot be used to reduce the shear force on the supporting element.

Load Combinations - Section 2303(1‘)

" The UBC specifies the loads that must be combmed with seismic " loads.
There are two loading conditions, as follows.

l. Dead load plus floor live Ioud,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 20%
of the dead load in these cases as an additional conservatism.

‘ Stress Increase - Section 2303(d)

The allowable sTresses for "worklng stress design" may be mcreosed by one-
third when considering - earthquake (seismic) forces either acting alone or 'in
combination with vertical loads. This one-third. increase has been justified as a -
short duration stress increase. ‘ : W
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Reinforced Masonry or ConcreTe Sechon 23[2(])28

" The UBC requires, all concrete cnd mosonry bm[dmgs in. SEISmIC Zones No 2,
3, and &4 to be reinforced. Both horizontal and vertical remforcmg is required. ln
- mosonry structures, the following minimum remforcmg is requnred ‘

.. In Zone 2, vertical #4 bars (area equol to .2 sq. in) are requ:red at four foot
on. cem‘er, at the edge of each opening and at the element corners.

" n addition, horizontal #4 bars are req'mred‘ at the bottom and top. of wall
‘openings, at connections to floors and roofs, at the bottom. and fop of the
wall and at fen foot maximum seporcmon. o o

For smck bond masonry, fhe minimum area of honzon’rul remforcemem is
0.0007bt where "t is the specified thickness of the wall and "b" is the bar
spacing. . ‘

2. " In Seismic Zones 3 and &4, there is the additional requirement that the area of
vertical and horizontal reinforcement must exceed 0.002bt, with the area in
any .one direction to be not less than 0.0007bt. Additionally, the horizontal
reinforcement spacing cannot exceed‘four foot. . )

The seismic steel reqUJremem‘s are ofTen referred to as arbnrqry steel since
there is no rational basis for. the values specified. However, actual performance jn
earthquakes has demonstrated good behavior at these levels. Additionally, recent
testing at the University of California at Berkeley has shown that these levels of
reinforcing provide high levels of duchllty and energy qbsorptlon. : :

It should be noted that UBC. Section 2312(j)2B also requires that relnforcmg
be placed:not less than two foot on center when the masonry is used .on buildings
relying on a moment-résisting space frame. to resist seismic. forces ‘Thus -the
~ standard masonry infill panel used on concrete or steel moment frames rnusf have
reinforcement spaced at two foo'r or less in both directions.

Lorerol Support of Mc:sonr-y - Section 23[2(])3

In Seismic Zones 2, 3, and 4 the anchoring of rnosonry walls to honzon’rol
wood diaphragms cannot be cccompllshed through the use of nails ploced perpen-
dicular to the longitudinal grain of the wood, .or rely on. the resistance of wood in
cross-grain bending or tension. The provision was added to the UBC as a result of -
experience with failures' in actual earthquakes. Moreover  in Section 2310,
connections between walls and horizontal dlaphragms must be designed. for. 200
pounds per Ilneol foot, or the de5|gn ]ood whichever is greater.

Mosonry walls may be supported loterally by wood hornzon'rc:l d1apragms
provided the wood ' diaphragms do not resist forces by rotation. Vertical wood
diaphragms may not be used to support masonry. However, these restrictions do
not apply to buildings of one story in height. ' '

Chapter 24 Masonry

The UBC contains desngn and consfruchon provrsnons for each mcter[al in
separate chop\‘ers Masohry provisions are contained in Chapter 24. Because
. masonry must be remforced in earthquake sensitive areas, many of. the requrre'
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ments of this chapter that address reinforced mderiry may be considered seismic
provisions. 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 gravel
uggregm‘e to which is added suffncnen'r water to assure placement and hydration.
Grout is typically placed with slumps in the range from 8 to {1. If this material
acted like concrete,.then its strength would be very low. But, because grout is
ploced 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 units commonly used in seismic regions are hollow clay brick
and hollow concrete block. The units typically have two or more cells which line
up in running bond to form a continuous vertical cell the full height of the wall.
* The reinforcement is placed in the cell after the wall has beén constructed to a
specified he:ghf often up to sixteen feet. After The reinforcement is piaced in the
cell, the cell is grouted.

Horizontal 'reinforcing is commonly placed 'in units with s channel sliced
through the cross webs. The reinforcement is placed during the construction of the
wall and grouted when the 1op 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
biocked leaving the cell clear for grouhng the vertical reinforcement.

- The UBC limits the height of-grou'r pour by the size of the cell in the masonry
units. Table | herein presents the limitations. For grout pours in excess of twelve -
inches, it is required to mechanicaily v1brcte the grout after the initial loss of
wo'rer and before initial set. ,

Addltlonolly, the code requires the plocement of stee] within specified
tolerances. It must be placed within | /2-inch for flexural members with d less than
8 inches, within |-inch for d less than 24 inches and within |-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 materials in seismically sensitive areas.
There are no restrictions for Seismic.Zone 0 and 1. In Seismic Zone 2, Type O

mortar, masonry cement, plastic cement, nonload-bearing masonry units, ond glass

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 additionai .limitdtion that ‘rype N mortar cannot be used as part of the
structural frame.

Design Strength Limitations - Section 2407(h)

, There are. three methods used tfo determine the strength of masonry. The
. first relies 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 unit and the proportions of the mortar. Whenever the third method is used
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~and the project 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) IR .

, Bearing walls in Seismic Zones 3 and 4 must be at least § inches in nominal
thickness except that 4 inch high strength load bearing construction is allowed
under certain conditions. Column dimensions are limited to |2 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 [.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, whife maintaining the same
margin of safety for the fiexural mode of failure. The more duchle flexural mode
~of failure is thereby encouraged.

Reinforcement 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
increases the factérs of safety by |mprovmg the quolny of materials and
workmansh|p

It is also required thcn‘ shear remforcement be: terminated by a standard hook
or with an extension of proper embedment Iength beyond the reinforcing at the end
of fhe wall. The hook or extension may turn.up, down, or be horizontal.

DESIGN EXAMPLE

Figures | through 7 present a design example. The building is a four-story, six-inch
load bearing, reinforced, brick structure. The design example is for Seéismic Zone

' CONCLUSION

The major provisions of the Uniform Building: Code for masonry design for
areas of high seismic risk were presented. A design example was presented to
- demonstrate their use in general practice by the structural engineer. There are
many other provisions in the Uniform Building Code that are related to seismic
design and the designer should not consnder the material presented here to be .
comprehensive, : :
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TABLE NO. 24-H — GROUTING LIMITATIONS | -

‘Least Clear Dimeﬁsionsj

Width

Grout F’ourl' of .
Maximum Grout Cell Clean-
Grout = Height * Space, ‘Dimensions Outs
Type M(F1) MM(In} MM(In) Required
Fine 3(1) T 19.4(3/4) o 38.1x50.8(1-1/2x2) . No
Fine 1.5(5) 38.1{1-1/2) 38.1x50.8(1-1/2x2} No
Fine 2.4(8) 38.1(1-1/2) 38.1x76.2()-1/2x3) Yes
Fine 3.7(12) 38.1(1-1/2) 44,5%76.2(1-3/4x3) " Yes
Fine 7.3(24) 50.8(2) 76.2x76.2(3x3) Yes
" Coarse A1) - C38(1-1/D) 38. 1x76.2(1-1/2x3) . No
-Coarse 1.5(5} '50.8(2) 63.5x76.2(2-1/2x3) No
Coarse 2.4(B} 50.8(2} 76.2x76.2(3x3) Yes
Coarse 3:2(12) 631.5(2-1/2) 76.2x76.2{3x3) © Yes
Coarse 76.2(3)

7.3(24) 76.2x101.6(3xh) - Yes

IGrouf‘spuc_e width shall be Increased by the horizontal projecfidn of
- the dlamefers of the horizontal bars within the cross section of the
grout space. : :

2C lean-outs may be omitted if approved provisions ore made to keep
the grout space ¢lean prior to grouting.

Ithe clear dimension is the cell or grout spoce width less moriar pro-
Jections,

“For grout pours over .5M (5 feet) high, see 2404(N)1.

* Table ! - UBC Table 24-H-

3

(10)

TABLE ND. 24-H -- GROUTING LIMITATIONS

. Least Clear Dimensionsd
‘ width .
Grout Pour of
- Maximum Grout - Cell Clean-
Grout Height - - Spa(:el Dimensions Outs
Type M(Ft) MM( In) MM{1In) Required
Fine .3(1) 19.1(3/4) 38,1x50.8(1-1/2x2) No
Fine 1.5(5) 38.1(1-172} -38,1x50.8(1-1/2x2) No
Fine 2.4(8) 38.1(1-1/72}) 38.1x76.2(1-172x3) Yes
Fine 3.7(12}) 38.1(1-172) 44 5x76,2(1-3/4x3) Yes
Fine 7.3(28) - 50.8(2) 76.2x76.2(3x3) Yes
- Coarse .3(1) 38.1{(1-1/2) 38.1x76.2(1-1/2x3) No
" Coarse 1.5(s) - 50.8{2) 63.5x76.2{2-1/2x3) No
Coarse 2.4(8) 50.8(2} 76.2x76.2{3x3) Yes
" Coarse 3.7(12) 63.5(2-1/2) 76.2x76.2{3x3) ‘Yes
Coarse 7.3(24) 76.2(3)

76.2x101.6{3x4) . Yes

lGr-out space width shall be increased by the horizontal projection of
the diameters of the horizontal bars within the cross section of the
grout space. .

zClean-cuts ma,y‘be omitted 1f approved provisions are made to keep the
grout space clean prior to grouting.

The clear dimension {s the cell or. grout space mdfh less mortar projec-
tions. - : .

fror grouit pours over 1.5M (5 feet) high, see 2604(f)1.

Figure 2 - UBC. Table 24-H
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CRACK- AND COLLAPSE-RESISTANT DESIGN OF MULTISTORY BRIC:

BUILDING WITH LARGE SPACIOUS FIRST STORY IN SEISMIC AREA

*
Mo Yong -
J SUMMARY

This paper recommended that an earthquake-proof structural pProgram
of the first story should be rationally selected in the seismic
area for a five- or six-storied brick building with a large apa=-
cicus first story, that rigid ratio of the second story to the
- £first one should be controlled, and that the crack- and collapse-

resistant design should be made in accordance with two criteria of

" no cracking under the alight earthquake and no collapsing under
the heavy one ".

Under the glight earthquake, it is necessary for the crack-resis-
tant design to be made, and for the sections of ptruciural members
to be selected; Under the heavy earthquake, it is necessary for tne
collapse-resistant design to be made, and for the equivalent .
strength of the first story to be 'checked And under the basic in-
tensity of earthquake, it is necessary for the structural design

to be made, with the emphasis on strengthening earthquake—proof
structural measures of  the first and second atorles.

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

I, DE‘]EHMINATION OF DESIGN BASIC PRINC'IPLES

Structural cha:::actariatics of the multistor:had brick building
w:.th a large spac:.ous first story are as follows-

The first, story is more spacicus, and different structural sys=
tems and different building materials will be respectively used
for the first story and asbove the first one, That is not very

favourable for resistance to earthquike of the building., It'is,

therefore, v@ry necessary to select and draw up a basic pI‘lDCi— R

ple of design, which will ensure earthqua.ke-proof safety for
- the type of structure,

After summing up experiences and lessons of the serious disas-
ters caused by all previoua heayy earthquakes for the mankind,
the scholars at home and sbroad unanimously thought that it
would be appropriate to adopt two design basie primciples of
. " no cracking under the slight earthquake and no collapsing
under the heawvy earthquake " in the earthquake-proof design
for the building s'tructures (1) Although China Current Stan-

»

Chief Englneer, Gansu Building Prospectln.g
Demgn Institute, Lanzhou, China
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dard TJH-'{B has covered the principle of " mo cracklng urder
" the: slight ea.rthquake ", it has not yet covered the specific
.and"definite stipulata.om for " mo no collapsing under the heavy
. earthqua.ke n, The author thought that it would be proper for
two design basic pr:.nciples of " no cracklng under the slight
~ear thquake and no collapsing under the heavy earthquake " to
be adopted in the earthquake-proof design of the multistoried
‘brick buﬂding with a’ la.rge spacious first story in the seisw:
mic area,

(&

CTION OF . S’]BUCTURKL PBOGRAMS

The :.nvestigation of Tangshan ea.rthqua.ke diaa.ater showed that
the disa.ster suffered by the multistoried brick ‘buildings with

1arge spacious first stories being frame or inZernal frame

' struecturres was considerable serious. ‘A phenomenon of serious-
ly deformed concentration oecured in the first story. The
frame-columms or the brick piers were subjected to a higher

. ghear foree or axial force. With. the result that the bending,

crush and excess elagto-plastic deformation oecured, the stru-
ctm:e was led to a serious damage, even %o collapse.

,'I'he eé.rthq,aake disastets suffered by the wul tis toried brick
buildings with flexible first stories in other countrles were
also as_ similar as the said above. :

Actually, the main reasons are: the f:i_rst story of the buil-
ding is more spacious, the upper structure is r:.gid and the-
bottom one is flexible, the rlgdity will change unexpectlvely,
' the top is heawvy and the toe is light. Por such a serious
disaster due to the’ earthqueke, it is not satisfactory for
this building to take general structmral neasures. The struesu
tural program has to be rationally selected. The reinforced
concrete siructure of frame-shear valls used for the first

' story and- the briek structure wvith structural eoluzms used for
the upper" strueture will be a better structural program of

~ the five-or six-storied brick building with a large spacious
first story in the seismic areas of Chipa.

Th.e reasons are as follcws-

"A certain number of shea:r wa.lls set in the first story can _
avoid the- upper structure to be rigid dnd the bottom ome to .
be flexible, arnd also avoid the rigidity to be suddenly
‘ cha.nged. Thus, the concentration of deformation of the first
story under the action of earthguske will be eliminated and
the weak story will be turned into.a non-weak one so as to
avoid the serious disaster ;of éarthquake a:d ensure eacth-
quake-proof safety of the«mhole building.

I=-3~2



2. 48 a result of the elastic modulus of concrete being great
different from that of brick walls’, the quantity of- shear wallsg
roquired to control the rigid ratio:of the ﬁrst story 1o the
second ope fs limited. Therefore, it will: 84111 ensure the .
first story to have a given large space, which can'’ meet the

. needs for the first Btory used ‘as the shop, restauxant. garage.
ete, Do

‘EII. COFTHOL RIGID. RATIO OF THE EIRST‘ STORY ‘To""'ﬁi%"sr:conn ORE

‘How %o contxol mgj.d ratio of the second story o.i’ the brick
structure to the spacious first story is “the key of changing
suck a weak first story into a nor-weak ome. The author thought
that it would be necessary to control rigid, ratio of the second
asfory to the fz.rst one in order to prevent the first story

. from forming a weak one and suddenly changing the rigidity,
otherwise the earthquake disaster would be more aerious.

The rigid ratio should be less than’ 2 a.nd mm:e than 0,5. Iﬁ
is eloge to 1 as poasiblu. i.2¢

o’5< Y: 12/ x1< 2 ceese 0......-.‘.000 (1)
Y:‘a 1 as: possible ....‘;..‘.."......v (2)

In eonsideraﬁon of shear dafomtion. shear rigid.it:lea X1 JQ'
of the first and seconi stories are respectively. '

K

T

sssnsesss --‘ aa .ro ‘:oc - .?. 5".‘ .5.. (5)

Kp = YoTA2  iiiiieeeerieiniaian ()
T EE T

whers 61, are respeetively the ehea.r elastic
‘ ‘ mdnfm of concrete of the first story and
tbat of the brick masomry: of ‘the- second one,.
Yo is an ipereasing coefﬁcient of ea.rthqua.ke-
proof capacity dus %o the struectiral columns
addad to the brick structure of the second
. atory,
A1 is the sum of net total area of shear walls
' in the first story ( The area of colum
‘sections, cons:.dered as: a aafe resorve, is.
negligible. ), -
Ayo is the sum of net area of bric:k wans in the
' second atory.
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IV,

,.'IIV.

DETERMINATION OF BEAVY AND SLIGHT E AHTHQUAKE
INTENSITIES AND SIMPLIFICATION OF CRACK-RESISTANT

V-DESIGN UNDER ’I‘HE SLIGHT EABTHQUAKE IE‘I‘ENSITY

The earthouake intenslty is random. It is a main current ten-
dency to study the randomness of the earthquake actlon with
a probability me thod . Taklng the slight earthquake intensity
as a usual 1nfens:.ty and the heavy earthquake intensity as a
rare one, .in accordance with the Reference (2), the result
of analyzing earthquake risk suffered by 43 cities and towns

. 1n Chind and the characteristics of the briek structure showed

that:for  the multistoried hirieck building with a. 1a.rge gpaeious -
firet story, it is proper for the slight earthguake intensity
to be taken 1 degree lower than the basic intensity and for
the heavy earthquake intensity to be taken 1 degree higher
than the has:Lc intensity. ' ,

'

For the mil tis toried ‘brick huilding with a 1arge spacious

firet story, through comparison and analysis we know that the
crack-resistant design made with two. methods ‘under the slight
earthquake: intensity corresponds to the earthquake-prosf de-

sign made with the method stipulated inifkhe Standard under the

' basic intensity. For the sake of simplifying the calculationm,

the basic 1ntensity will be direetly taken as the design in-
tensity, and the. ea.rthqua.ke-proof calculation can be made with
the method stlpulated in the Standard ( C = 0.45 ).

CH ACK-RESISTANT IESIGN

CRACK—RESISTAHT DESIGH ABOVE THE FIRST STORY OF BRICK BUILDHvGV

There ‘are now tuo methods described respechvely in Chipa Cur-

rent Standawd and in the Reference (3), which have been used

for the crack-resistant design of brick houses above the first

story.Based on the ptatistic analyeis and aheck for the earth-

" guake-proof st:e.ngth 6f over 400 hrick buildings during 6

" heavy earthquakes in Tangshan, Haicheng,etc. of Chima, Mr.

Yang Yucheng and others of Engincer:.ng Mechanics Research
Institute proposed the main parameters of crack-resistant -
design for the multistoried brick huildinga. Main characteris-

'tics of the method are as follcnrs.

: The pa.rameters of cra.ck-resistant design have been obtained
- from failure probabilxty of the brick walls. These data are
‘reliable,

The integral earthquake-proaf capacity of the brick building
can be measured by che.cking the earthquake-proof strength be-

-, tween its stories; )
.The criteria digcriminating different earthquake disaste.rs

under difi‘erent intensities have been given.

1-34
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In view of some cha.racter;stics as above, the author thought

that the method described in the Reference (3) should be pre-
cedently adopted in the crack—resistant degign for the brick
houses above the first story. Based on comprehensive policy
decision of eeonomy and safety in the statigtic.analysis of
a large nuaber of carthquake diaaaters, when checking average

‘ earthquake-pmof strength of the stories with the. method des-

cribed in the Reference (3), the load coefficient K, for de-

.signing ea.rthqnake w111 take the values given in ‘I'able 1.

Pable 1, Values of Lcad Coefﬁclent KO for Des:.gning Ea::thquake

R

The method stipulated in ‘the Standard will Be also used for

"tHe brick houses above the first story in order to adopt the

same method in the earthquake-proof calculai:xon of uppér and
bottom structures. On the basis of the J’.nvest1gat10n and sta-
tistic analysis ‘of earthqua.ke disasters, a preventlve cri-

" terion of resisting 7-degree earthquake i.ntens:.ty is somewhat

low, that of resisting 9-degree earthquake intensity is some-
what high ani that of resisting only B-deyee earthquake ins:

‘tengity is moderate in design of the mil tis¥oried brick buil-

dings with the method stipulated in the Standard. When the me-
thod sitipulated in the Stamla:l:& is used, the earthquake load
can be adjusted based on ear’chqua.ke disasters. The expression
is as followa.

“ R =7co&n§;x g_w‘- (5)
(- 2.3...n ) IR

- where' 1l is a.d;iuatment coeffic:.ent of earthquake d1-
saatu' ( see Table 2 Je. ,

Pable 2. Values of Mjustment Coefficient of E’arthqua.le

Disagter
'Design Intensity ' ‘ 1.- R 3 . », .9 ,
7 [ = 0.94 | 0.68

CRACK-—EESISTAHT DIEICR\I OF FRJU‘E-S.EEAR STRUG‘EURE
¥R THE FIRS'I‘ S'IURY

I=3-5 .



2.1

2.2

- In crack-resistant design of the frame-shear structure for the

first story, it is necessary %o solve the calculation of two
external forces such as tine earthquake shear force of the first
story and overturning moment of earthquake, and to solwe their

‘distribution in the earthquake-proof structural members.

These problems as above are described reapectively witk the
me thod s‘tipulated in the Standard. ,

E R TEQU AKE SEE‘.AR FORCE OF THE FIRST STORY

The earthquake shear force of the firat story is related to
the rigid? ratio of the second- story'to the first ohe,

Por ¥ £ 1, it is not possible to exist any concentration of

deformaﬁon. and the earthquake shear force has no- a.mpljﬂing

effect;
For )Y> 1, the earthqua.ke shear forece has an anplifying
eifaci,

‘ﬂa amplifying value is _(2 /V cectvmerrrasnonas L&)

n

Then, % = 2 =2 &, Pt = S2C0pax W 20 (1)
(notﬁe:rpr Y<1, S=1.) |

g_mmqum. OVERTUANING MOMENT OF TEE: FIRST, S'IOB;Y

Characteristics of the mal tigtoried brick bullding with a
Iarga gpaeious f:Lrst story are :

Tha earﬂu;uake—p::oof brick walls on and ahov; f.hg second -atory.
are used as vertical bearing memhers.. It is. ﬂmrefore, Re-
cessary to calculafe not only the earthqua.ke shcar force of
the members but the additional axial force proc!uced in the
walls am eolumms by the overturni.ng mmen‘l caused kg the
¢a1thquake lcad of every story above the first story..

The overturning moment wh:l’.ch :Ls dirgctly tr:ansm.f.tted from the

brick walls ahove the first story to-the fram or ﬁ:ame-shear
vallsanjuiais. ‘

Hj = Z Pij ( By - Hy h)_-.-o..--?-'..-.? (3)
i=2 ‘

where Pij is . the earthquake load of the brick walls
of every story a.cting on J exis of 1 story,

1-3-6



2.3

2.4

YI.

Hi and H4 are respectlvely the helght from
outside ground level tc i floor and to the
floor on the top of the first story,

DIST4ISUTION OF EAHTHQUAKL SHi AR FORCE OF ”HE FIRST STORY

The distribution of earthquake shear force will be dependent
upon rigidity of the floor on the top of the first story. 4s
a result of the cast-in-place floor, which is thicker, used
2s the floor on the top of the first story, all mezsures of
increasing rigidity will be taken as precast slabs used,

There fore, the floor on the top of the flrst story can be ccn-
sidered as a rigid floor. For individual members of resistance
to the lateral force, such as walls, columns, etc. of the
first story, the earthquake shear force should be distributed
according to thelr rigidity of side sway.

.

nIbTRIBUTION CF EnﬂTHQUAhE OVERTURNING MOMENT OF THE FIxST

How to distribute the eérthquake 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 force should be dis-

~tributed according to the side sway rigidity of individual

eacrthquake-proof members owing to have a rigid floor on the
top of the first story. The principle fs also same for distri- .
bution of the earthquake overturning moment, But the problem
depends on whether side walls of the first story can form two
pieces of vertical rigid walls,

. From analys;s of the actual arrangement, for two large doors

opened on two side walls, which foundations are mostly isola~
ted foundations, It is difficult for the side walls to form
vertical rigid walls. Therefore, the overturning moment is
£till mainly transmitted from the brick walls above the first
story to each frame or frame-shear wall, amd it is determined
by the equation (8). In order to simplify the caleulation, it
may be considered that the total overturning moment is appro--
ximately distributed in accordance with the sectional arez of
brick walls on each 1atera1 axis of ‘the second story.

COLLAPSE-REbIbTANT DESIGN

COLL AP SE-RESISTANT DESIGHNOF BRIGK HOUSES ABOVE TH FI
DTOHY

I=3=17



a8 4 consequence of tne brick masonry teing a brittle strue-

" ture, it is necessary to check the equivalent strength under

thie he-vy earthquake intensity in collapse-re51stant deslgn
of brick houses above the first sotr:f. ‘

Jefore there is no spec1flc calculatlon methed t¢ cheek co-

liapge-resistant equivalent strength in China Current Stan-

dard, the method desceribed in the Reference (3, will be ten-
ta tlvely used : ‘

Statistics of tke collapse prohability for-a lot of drick
buildings in Tangshan, Haiecheng, etc. 5f China was described
in the Reference (3 ). when the buildings suffered from the
heavy earthquake effect which intehaity is 2 degrees higher
than the design intensity, collapse would not generally accure
(3). The author carried cut the collapse-resistant caleulation
for some six-storied brick buildings in the seismic area of
eight—degree intensity in Lanznou District. The calculaticn
result showed that all these buildings were able to resist

the intensity little less than 1C degrees. And the eollapse-
resistant design was made in acccrdanee‘wlth the heavy earth-
quake intensity.

A8 mentioned above, in cage the heavy earthquake interisity

. which is taken is 1 degree higher than the deaign intensity

and 1 degree lower than the collapse-resistant intensity cal-
culated actually, the collapse-resistant capacity is more

- enough. It may be, therefore, considered when the multiatoried

Brick building with a large spacious firat story meets the
needs of resigtance #o crack, it can also meet the needs of
resistance to ecollapse,

COLL APSE-RESISTANT IESIGK OF FRAME-SHE AR STRUCT'RE

FO3 THE EIEST SMORY

During the collapae-resistant design of frame-shear structure
for the first story, it is at first necessary to analysze and

determine two problems. Firstly, the uwltimate deformation or

1ltimate strength will be checked; Secondly, the strength is

an ultimate bending strength or *am ultimate shear cone if it

is checked.’ ' :

It is well known that for the reinforced concrete frame struc-
ture which is a flexible one, the elasto-plastic deformation -
should be calculated and. the value of ultimate deformation
should be checked under the action of heavy earthquake so

trrat it is proper #tc prevent the sfructure from eollpasingz.
But for a large spacious first story of the miltistoried -
brick bullding, it is necessary to take another czonsideration.

neproduced from | Sy
g

T=3=8 , Lbest available copy.




VII.

The author carried out preliminary calculation of elastie-
plastic deformation for B six-storied buildings with frame-
shea;: structures of the first stocries under 9-degree heavy

_earthquake in the area of 8-degree earthquake intensity of

Lanzhou, The calculation result showed that the value of re-

lative deformation for the first story is in the range of

1/300-1/500, much less thar the ultimate value 1/100, That is
due to the frame-shear structure as a medium rigid one, the
rigidity of shear walls being higher and the gelection of sec-
tions of the sghear walls mainly according to the strength

~rather than the control of the rigidity under the slight earth-

quake, For the pultistoried brick building with a large =mpa-
cicus first story, it is,therafors, necessary to check the
ultimate etrength of the first stnry, not to check the ulti-
mate deformatmn. . .

During checking the ultimate strength. it is necessary to

check the ul timate shear strength. The rezsons are two: The
first fe. that the shear-span ratio of shear walls for the
frame-ghear structure of the first story is generzlly small

. and mainly sheared. The second is that allstheishear walls for
 the first story of the brick building are those with side

frames.

.The -test and analysde in the Keference (4) showed that the ru-

pture of side-frame shear walls were mostly sheared failure,

. The check of ultimate shear strength of the shear walls is
.-referred in:the Reference (4).

DESIGN STEPS AITD BLOCK—DIAGRAM

For the desig;n steps of the mult:.storied brick building with

. a large spa.clous first story { see the Block-Diagram of the

Design )e

I-3-9



Block-Df.{ag:am 6f Earthquake-Proof Design for the Multistoried
Brick Bullding with a Large Spaciou First Sitory

: Star['_
Rrelimiﬁarily de termine layout of the brick
structures and sections of the brick walls on
and above the second story combining with the
building. o : ‘ Co ‘

yout of

the brick

Control shear strength and rigid ratio of the
sscond story to the first one, preliminarily
select the quantity of shear walls for the
first story. o LT

F-ArTange shear walls, network of columms and
structural columns above the first story. .

' Make crack-resistant design of the brick struc-
ture above the first story underthe slight ear-
thquake intensity, check and select section of
the brick walla,

Make crack-resistant design of frame-shear

structure for the first story under the aslight
earthquake intensity,select shear walls and:. |
zection reinforcement of beams and columns,

If it won't do, readjust the 1a

the bullding and the area of

walla,

s readjust
oos of shear walls,
colunns of the

Iye

. Make collapse-reaistant demign of frame-ahear

)

Latruetu:re for the first story under the heavy

earthquake intensity, check equivalent shear
atrength of the first story.

If it won't da

the -gecti
beamg and
firgt sto

‘ i
ﬁake structural design under the basic intensi-
. tyy Strengthen the earthguake-proof structural
'Lmqaaures of the first and second stories,

‘ Approvél
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RESEARCH AND DESIGN OF'TALL,‘SLENDER.WALLS'.

by James E. Amrheinl S.E.

o

SUMMARY

For many years, the design and construction of load-hearing
masonry walls were limited to a,height/thickness ratio of 25. This
conservative limitation was recognized by the Structural Engineers'_
Association of California and, accordingly, they organized and con-
ducted a research program to demonstrate 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 paraméters
based on strength design were established limiting both the lateral
deflection of the wall and the. vertical lecad 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* h/t limitation of 25 was imposed due to
lack 'cf 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
(SEADSC) and the American Concrete Institute-Southern California = &
Chapter (ACI-SC) recognized the limitation due to this unnecessary h/t
code restriction. They conducted a research program 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.

Executive Director, Masonry Institute of America, Los Angeles; Calif.

Published by the International Conference of Bu11ding Officials
(ICBOY, 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 Crade 60 steel. All masonry
walls were solid grouted.

_ The clay masonry walls were 3.5", 5.53", 7.5" and 9.6" thick for
respective h/t ratios of 57, 52, 38 and 30. 'The concrete masonry walls
were 5-5/8", 7-5/8" and 10'5/8" thick for h/t ratios of 51, 38 and 30.
Note that all of these h/t ratios exceed the allowable limit of the
1982 Uniform Building Code (UBC), therefore they are considered by
definition tall, slender walls.

The materials for the hollow Concrete‘ﬁasonry, hollow brick and
solid brick panels conformed to the requirements of ASTM (€90, C652,
and C62. .

Fig. 1 -- Masonry panels in'p1§Eé>reédy to be tested

Loading on Panels

Panels were loaded to simulate a:typical roof load, using an eccen-
tric vertical lqad applied to a steel angle ledger. Lateral pressure
was applied through -an air bag for‘ité full heighf and width

‘ g " Lateral Loading. To simulate the 1atera1 loads'on a panel due to
--w1nd or earthquake, an air’ bag was placed between the test frame and
. 3the 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‘f;aﬁe (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 Socigty for Testing and Materials, Philadelphia, Pa.

\
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- y 1] .
 — ] Vertical load

i onto

! Yedger angle

Test specimen
Yertical load

¥

kI
-

-« Pin connection

Fig. 2 -- Loading frame and wall spec1men setup

Vertical Loadlnﬁ Vertical load to simulate floor and roof loads
was applied to a ledger anmgle with an eccentrit:lty of three inches plus.
half the thickness of the panel. This vettical 1oad 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 changlng the amount of

- water in the drums. This simple mechanism permitted various loads to
be applied. ‘

The typical roof load of 320 1lb/ft is charactef'istic of wood root
on a commercial building in California. . A’ roof load . of 860 1b/ft was -
used on seven tests to simulate heavier roof- syste.ms ' This eccentric

vertical roof load increases the PA effect which was consudered in
wall buckling.

Eccentricity

.Fig.. 3 - Application of vert-icall load

T=d=3



Fig..4 -- Panel #31
8" CMU deflected 17.5".

Typical Test Results

The load-deflection curves for the specimens followed a typical
pattern. The wall under initial loading remained uncracked 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 lcad-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- — — — —— = © M, = Moment at initial cracking
{ M; = Moment at service load
3 ‘ . i Mj = Moment at yield of steel
£ "o : | Mg = Moment at tension failure of steel
§ M, | ; | or crushing failure of masonry
£ | |-
S M | | . N :
= 1 | | D, = Deflection at initial cracking
| i i D, = Deflection at service load
; : | | Dy = Deflection at yield of steel
- - i D, = Deflection at tension failure of sieel
D, D, D D, - or crushing failure of masonry
Laterai Deflection of ‘Wall - ‘

Fig. 5 -- Typical pattern of load-deflection curve
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! SLENDIR WALL .TEST RESULTS
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530 6 21 9.50 | 4000 30:3 320 B3 7.5 12.__,
CE=ZO 4 v .
22 7.25 | 4000 | 3%.9 320 57 5.4 12.2 :
Wovon o 23 7.25 | 6000 | 39.% 320 52 7.4 11.8 b1 |
Mo 24 7.25 [ 4000 | 39.7 g0 57 7.6 11.8 65 |
% (NS Can A ! ‘ ‘ '
Como 25 5.75 | 4000 | S2.5 | EE&D 51 6.1 13.2 59
: 26 5.75.1 4000 52.4 £s0 42 7.2 11.1 ad
I 27 5.75 | 4000 | 52.4 20 |- 42 8.5 12.4 44
5 28 | 4.75 14000 | 60.5 | 220 32 11.6 | 12.0 £
Z 29 4.75 [ 4000 | 60.% 320 34 12.6 19.2 40
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ADDITIONAL TEST WALLS o
[ ewar | 163 [29e0 [ 38 [ se0 | .55 | 168" | 1350 | 129 |
[ ner 32 1 25" [ecoo dosr [ Ty [ we 1 7 I se |
CONCLUSIONS OF THE RESEARCH PROGRAM ‘ '
I. Buckling. There was no evidence of elastic and.irnelastic 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-

ity.

2. Pe Moment Effect. The significance of the eccentric moment from

the applied simulated light framing roof load was small.

3. PA Moment Effect. The significance of the PA moment was most pro-

nounced 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.

T4
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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 predicting midspan deflection 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 h/t 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 deflectlon in walls
after being subjected to service loads. h

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 1is no limitation fdr 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 con51ders the effects of axial lcad and deflec~-
tion in the calculation of required moments '

Py

T

"Midheight .
‘ — ’
o .

Fig. 6 -- Loaﬂing‘and ‘
free body diagrams of wall
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Parameters of Design

For the first time, two conditiona of design have been imposed on
wall design. These are serviceability ‘and’ ultimate strength.

Serv1ceebility.~ Due to unfectored service loads, which are the
actual -code loads. for. design, including the’ PA effect, the lateral
deflection of the walls - is 1imited.,

| Maximum lateral deflection =0, Olh (SEAQOSC & ACI-SC recommendations)
'"_= . 007h (approved ‘by ‘ICBO)

This value will be. less “than deflection at nominal or yield
strength of the wall. ‘Thus .this maximum'allowable deflection will be
within the. elastic limit and the wall should rebound without permanent
set., - :

Strength Desigg For factored loads (that is loads increased by
‘the UBC load facters) the'walls shall have a ductile strength and be
stronger than the moments and loads imposed on them. :

"The strength of the wall is determined- based on a limitation on
the amount of steel. used .and thus ensures a ductile condition at yield
strength. This will ‘prevent the possibility of a brittle failure.

Maximum Vertical Load

The design procedure is limited to walls in which the vertical"
load stress at ‘the location ofAmaximum moment does not exceed- 0.04 fm
thus .

Pw;" Py L v , ‘
—a - <£.0.04 £ _ . .
g ‘ R
where :

P, = Load from tributary floor or roof area

P, = Height of wall tributary to section under consideration
£1 = Ultimate compressive masonry stress ‘and shall not

.M X

exceed '6000:-pai |
Ag = Gross area of wall = bt

Maximum and MinimumfReinforcement

The maximum reinforcement shall not exceed the following ratio,
p , of reinforcement area of the gross masonry srea, pg ’bt

‘ fy ' Pe

403,000 psi .... 0.0060
- 60,000 ‘psi .... 0.0040

I=4~7



Al though the steel ratio p, is based on gross cross-sectional area
ic applied only to steel assumeg to resist tension forces. Therefore
if steel is used on each face, consider aonly the amount of steel on

one face as being limited to the Pg ratio.

" The minimum reinforcement shall not be léss 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 bottom, however, for
other support, fixity and continuity conditions, the woments and deflec-
tions may be calculated using principles of mechanics.

Strength Design

Load Factors. The strength of the cross—-section shall not be less
than that required from the application of factored loads. ,The factored
loads are based om U = 1.4D + 1.7L or
0.75 (1.4D + 1.7L + 1. 87E) or
0.75 (1.4D+ 1.7L + 1.7W) or
= (0.9D + 1.43E or ‘
0.9D + 1.3W

coaa
nu

[}

where : c , ‘
" D = Dead loads or related internal moment and forces
E = Load effects of earthquakes or related 1nternal
moments and forces
L = Live loads or related internal moments and forces
U = Required strength to resist factored loads or
‘related internal moments and forces
W = Wind load or related internmal 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, M,, is computed as follows:

_w,hl o |
M = ; + Poy (3;._) _+‘Q>wu+Pou) 4,

Design Streﬁgth of Cross-Section of ‘Wall

The design strength, ¢M,, provided by the reinforced masonry wall
cross-section in terms of axial force and moment is computed as the
_nominal moment strength, Mp,’ multlplled by strength reduction factor,

b, i.e. u < ¢ M -

1-4-8



where .
M, = Minimum required moment capacity
M, = Nominal moment strength for cross-section
subjected to combined flexural and axial loads
. = 0.8 for construction with special inspection
L. 0.5 for construction without special inspection

Deflection Design

_ The mid-height deflection, Ay, under service lateral and vertical
lcads (without load factors) must not exceed

4; = 0.0lh (SEAOSC - ACI-SC recommendation)
Ay = 0.007h (ICBO Technical Report No. 4189)

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

.Deflection when the service moment does not exceed the cracking moment:

: ‘ 2
5Ms h
< Ag = 8
Mg < Mcr s = 7% BT,
Deflection when the service moment exceeds the cracking moment, i.e,
5 M, L 5 (Mg - M) n?
< ‘ A= r Cr
r Mg <M & ABEmI 48 Eg
where
h = Heilght of wall between supports, simple supports
. M_ = Service moment at the mid-height of the wall

including PA effects

Modulus of elasticity of masonry = 1000 f'm;
3,000,000 psi maximum

I %‘Gross moment of inertila of cross-section, usually

BF'J

g
I = st
g 12
Icr = Cracked moment of inertia of cross-section

3

: Iey = nAge (d - )2+ E%‘
M., Cracking moment strength of the masonry wall:
‘M = Nominal  moment strength of the masonry wall

n
The cracking moment strength of the wall is Mcr =35 fr
m
where - 2
Sm = Section modulus of gross cress-section S = bt
£ = Modulus of rupture of the masonry wall 6

r
Values for f_. for determining deflectin are:

2.5 f'm for hoilow brick and concrete block masonry

2.0 f'm for two-wythe brick masonry

I-4~9



Deslign of a Tall Slender Wall —
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Design of a Tall Slender Wall — Cont.
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THE DYNAMIC PROPERTIES AND ASEISMIC DESIGN OF
JINLING HOTEL AND SHANGHAL GUEST HOTEL

YU‘Andong- S JIN'Ruichun*" " SHI Yuan'

SUWW&U _

In the original dynamic analysis of anling Hotel 'the calculated
natural periods are wrong. The result based on experimental formulas,
- simplified formula and FEM program SAP V are all in agreement with
that obtained fram survering.

It "is shown by the surveying and results ofISAP V that the original
dynamic design of Shanghai ‘Guest Hotel is reasonable and reliable.
The dynamic characteristics neasured fran the actual structure is close
to the value adopted in the design. ' -

The choosing of parameters in dynamic design and simplified mefhod_

is discussed.

- INTRODUCTION
Jinling Hotel and Shanghai Guest Hotel are the highest hotels in

Nanjing and Shanghai, respectively. The structural system of Jiﬁling
Hotel is frame-tube of 109.85m high (Fig.l). Shanghai Guest Hotel
is frame-shear wall structure and 88m in height (Fig.2)."~

Jinling Hotel was designed 'by the Pﬁlqer. and Turner Architects
and Engineers, Hongkong. In its aseismic design, intensity 7 was taken
Lnto.accbunt. Shanghai Guest Hotel was'deSigned by the Shanghai Civil
Building Desigﬁ Institute. The ;uthors,_as'staff of Tongji -University,

were involved in the Aselsmic design. Considé;ing the safety problem

*, Institute of Structure Theory Tongji Unlver51ty
Shanghai, China

** Computer Centro Tongal Unlverslty Shanghal, China
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of this mn:ortantbuxlding-intensity?was _a”f_l';o takenmto accou.nt
After these ‘two_ buildings bad been. constructed, surveyings with
surrounding exci‘-triati’-l:;rr‘i‘ was | carr ied OUt by .t‘l}g_-_‘- in's'_t:i."tAu‘t(é"“c;f ) St'i-}h‘c.‘:tura_l/l
Theory of Tongjl University in'-1983. ‘The lst. - 4th natural modes,
periods- and correSpdﬁding‘ élénpi_ng‘iratlos are obtained in the sﬁrveY";qgs.
| In this pﬁper. thel fesu’its of surveying | aﬁd 'asei$xnifc de,‘s"‘i.gn: of
both tall buildings are compared. The aseismic design of those build-
ings are e-valuate‘d,‘t‘hen the method fér choosing the dynamic.‘prope‘;rties

in aseismic design is discussed.
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DISCUSSION ON THE ASEISMIC DESI@N .OF"JI-NLING HOTEL

According to the document on. the -static and dynamic an'al'yses' of.
Jinling Hotel prqvided by Palmer and 'Ifu;ner,besidfé‘ the dynamic ana-
lysis,the static analysis is in accordance wrthr-Chinese', New Zealand
and'SEACO (Califorﬁia) ‘qudes. But there are some’ proble:nsin the design.
It seems rather sg‘;;ﬁrising, t‘hat _thev natural period of this tall building
is 7.877 sec. as a result of dynamic anal?sis-. It is unusual and dis-

agrees thh the result of stanc analysxs

1. The Aselsmic Des_gn of Palmer and. Turner Architects and Engineers
(1) Dynam1c Analysxs. ' f ‘ .

Response spectrum analvs;s was carried out usmg spectrums in El—
" centro earthquake (18.5. 1940/NS) and Osaka earthquake (27.3, 1963/EW)
The peak value of ground acceleratlon was assuu:ed to be 50 cm/sec?
and damping factor of 10% was used. For design pur;:oses. if the ground
accelerationl;. increases, the results should increase linearly. Masses
compﬁted from the ‘str_ucturalf'deal load plus 1} supermaposgd load were
lunmped at each floor level. The -ccmi::uted fundamental periods are as

shown in Table 1,

Table 1-
Mode S R T 4 5
Natural frequency 0.7966 2. 787 5’.'?-79 9.405'; 7 13.76
Period : _ ‘7.887‘ s 2. 255 " 1,087 7 0.668 0.456

'

It is obvious that the designers regarded the natural frequency
~as cyclic ‘freq‘uency (cvcl‘es\/s_ec)'.‘ so that

r - 2T 6.282

TS T 007966 = 7.887

This result is in c'ont'radiction ‘with expefience of tall buildings of
30 ~ 40 stories. For example the fundamental penods of Baiyun Gaest
Hotel in Guangzhou (33 stories) are T 1 440 '1‘ = 0, 350 in lateral
direction and T, = 0.835, T, =0.273" 1nllong_~1tud1na1.. In "Earthquake .
Engineering” by L. Wiegel, a '4v1’-st.ori'§d tall building, as discussed

bby M.’ Newmark, has the peridd 'I'1 = 2.3,
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~ The deéiﬁnérs of jinling Hotél themselves ﬁ!éo admitted "the cél-
culated fundamental period of the towér is high®, In Januafy 1984,
one ﬁnﬁth after the dynmnic anal?sis. they used the Rayleigh's method
.{o calculate the fundgmental period and obtain 'I‘1 = 3,5,
(2) Static Analysis ‘ ‘ _
In the static anainié. Chinése Code (TJ11-78), New Zealand Code

'(NZSS1900, 1965) and California Code (SEACO, 1966) were used. The

results are as shown in Table 2.

Table 2
Code ‘ o Formula Ty Q, A
4 (sec) ~.70. for.design

TJ11-78 T = 0, 45+ 0.0011H*/D 0,87 0. 0322W  0.04W

'NZSS1900, 1965 T, = 0. 32 VD ©0.91 0.05W  0.04W.

SEACO, 1966 ' * T = 0.05h n/ ./—.. S L.77 0.041W  0.04W

. They adépted Qy = 004W to détermine the ,mabximum lateral force
'at the base. Then in the "Tower Block Sexsmxc Analysis » this datum

was also applied in frame and shear wall de51gn

2. Surveying:

The results of surveying with surrounding excitation in March,
1983 - are summarized in Tables 3 and 4, which were recorded b? RTP-
500B.and processed by 7T085

Table 3 Natural frequency and period
Mode 1 2 3 4
f  0.6832 2.5864  5.2704  7.1248
N-S g 1.464 0.387 0.189 ' 0.140
f 0.6832 2.537¢ . 5.1240
E-W A :
: T 1.464 0 0.394 . 0.195
o f 1.1712 31.5624 . .
Rotation L ‘
: T 0.854 0.281
~ Table 4 Damping ratic (%) ‘
‘Mode 1 2 3 4
Flexure =~  5.85 2.88 1.79 1.43

: Rotation 2.08 - 1.37
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[he transfer function and mode are as shown in Figs 3 and 4.

t!ﬂf)

Fig. 3

s
RN

3, Discussion

(1) Experiential formula

Based on surveyings, a.lot of experiential forﬁulas'fof determining
the natural period’ of tall building e#ist. Usually, the results fram
these formulas are shorter than the actual periﬁd. Many data acquired
in San Fernando Earthquake show that the period of buil&ings iﬁcreased
1.1~2.0 time during the Seism aﬁd 1,0~1.4 time after the Seism.

By choosing ten experiential formulas applicable to Jinling Hotel,

- the results are as shown in Table 5.

A
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Note

_ Formula : B T&
Los Angelos 0.108 B/ /F o 2.114
Los,Angwelos 0;09 H/;/'B_ ‘ ' " 1.76
California 1974 1 0.05 H/ /5 | \ 0.978&
Romania 0.075 N 2.8
Beijing 0.01156 H - 1.2698
Shangha i 1 0.4740.166 H/VE 1.047
Japan’ 0.07 H/VE~ o 1.37
China 0.054 N ©1.998
China 0.042 N 1.554
China(for chimmey) 0.45+0.0011 H?/D | 0.87

. mean value ~1.573
(2) Simplified formula : :

Te simplified formula for determining‘the natural periéd of flexural

vibration of cantilever beam is

=‘ '2— . g
T, = 178w/ Ao | |

where: H: height of the building;

‘g weight per unjt height;
E: Young's modulus of concrete;
I: inertial nnmentum' B

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

in‘tﬁe column 1 of table 6.

 Table 6 _ o
w1 2
DL +%—LL - 1.0 ©1.976
DL +31L . 1.508 . 2.016

2

Result T, = 1.47 is reasonable.

(3) SAPV - .

The computér program SAP V is used to check the above results
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obtained experiential formulas and simplified formula. DL + % LU

is used and the,corner fuﬁeeis'taken fnto account. Major computed

results are shown in Table 7. .

Table 7
Mode o1 2 3 4 5
‘Frequency (HZ) ~ 0.6965  '4.378  12.34  24.30  40.18
Period (sec) 1,436 0.228  0.081  0.041  0.025

( 4) compar 1son

If we regard the natural frequency as f in the dvnamlc analyszs

of the building. then we have Table 8.

| Table 8
Modle o 1 2. . 3 4 5
Design f  0.7966 2.787 5.779 9.405 . 13.76
(Modified). T ~ 1.2553  0.3588  0.1730  0.1063 0.076
- f 0.6832 2.5864 . 5.2704 7.1248
Surveying. o ‘ i T
, T 1.464 0.3876  0.189 0.140
f . 0.6965 4.378 ., 12.34  24.30 40.18
SAP V o T ‘
: ‘ T 1.436 0.228  0.081 ' -0.041 . 0.023
Experiential f 0.6357- ‘
formula T 1.573 .
Simplified f. 0.6803
T

formula - 1:470

All the five values of T, are close to each'othef. The results
of mode 2~ mode 5 fram SAP V are not s'o,‘goe_(’i because the 'model" is
over - simplified N , | | 7

It may be concluded that Tl = 7.887 is wrang, but the aseismlc
‘character of Jinling Hotel is strll_rellable,-s1nce

(i) 'The structural 'de'fail of Jinling Hotel desxgned by’ Palmer;

- and Turner is only based on their statlc analys1s h
"(i'i)' Qo-; 0.0{4 w leads to Ty=0. 87, SO a larger earthquake load-‘
ing is adopted. In the design spectrum, Q, is conStant

at Tl = 1.47 and less then 0.04 W.
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(iii) 'I‘he damping ratio in surveymg is 7% and it is 10% in de51gn
It has no problem because the dampmg ratio will increase

in the nonlinear range

DISCUSSION ON THE ASEISMIC DESIGN OF SHANGHAI GUEST HOTEL

1. Aséismic Design

A n’emﬁer—storir model analysis. on the dynamic' responses of tall
buildings subjected to earthquake e:_r;citation was presented by the
authors and their collabgrators. There thé.aut'hors have also deriv-
ed: (i) the inelastic and éeomeirically nonlinear stiffness matrix
of a member with two rigid zones af its ends, using one-component
model of a n:emberr and considering axial, shear and bending deforma -
tions; . (ii) the. spatial stiffness matrix with three degrees of
freedom for every floor-sorres'pondingz to two E:aiq:onen_té of displace-
v‘rrjxent.s 'ahd- one of rotation coqs'i'dei',ing t_he' interaction of shear
walll‘s ‘and frames; 'and‘l (11'1.) the concept of transition stiffness
pe}tainviing to the tiu'ni’ng poists of hystere‘sis loops. According
to the’ model mentioned above, a program MS was developed and applxed
in the design.

When ‘the dimensmns of structural stiffness are only one ‘dimen-

e i b

wxx = g 'Ka cos? ¢

sion, then:

where:

W = CZ! K,cos ¢G(Ymsin¢q = Yggcos ¢a) = Wax
ng = é Ka (J’quin-¢a- YyaCOB fbu)
in which: K, is the lateral stiffness matrix of a 'R lateral load

resisting element .and is formed by stiffness matrix of a single

nenlbef. K.aqu- The stiffness matrix of single member with rigid
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arms at. it's ends iis derived and the matrix considers both the.
elastoplastic and 'P-ﬂ‘ éffec.ts. As evérs’r member of the tall
building is vert," large, 50 tt is rather difftcult to deal with
the turning p01nts -of hysteresls loops svnchronously. Those points
transiting . fra-n elastic state to plastic state must be made much
-account and treated by the concept of tran51tion st1ffness

By usmg the MS system programs the dynannc ana1y51s of Shang- ‘
hai Guest Hotel was made bv authors and collaborators . In the
analysis the  four earthquake wfaves we»r,e_imported. and they are
El-Centro, 1940 NS; Taft 1952, EW, Tianjin, 1976 and Haichen,
'1975, while the maximmm gtoun‘cl' occél‘_e'i'at‘i’on was taken to be 100
gal. The diso'iacernent ht'si?to:y,c.urvés .(ot the top of bui‘lding)-'
of the elastic dynamic response are shown in Fig.5.

m i
4 - FRVEEE SN R
oleN D I A (4 B 1L
- P |
. .T;i-anjin -‘ El -éép_-tro_

Fig. 5

The elastoplastic dynamic aﬁalvsi"_s_‘-was:also macie for another project
of this building a-ndr‘ it results in the displaceroeot history curves
in Fig.6. -

The: pr‘ogrém_ .with member-story model may offer. a series of
*data for story" as the maximum 1nterétory drift Bmax , rooximm
absclute acceleration ( [:I{‘[T]e\) max etc. Het’ein the inlaxinmn means
the maximun wvalue during_'the wholre ronge of the time history.

Some exatnples are shown in Fig.7 and Table 9.
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Fig. 7b Bmax-' ‘ R Fig. 7c Q
' . Table 9 } |
input - TJI11-78 Tlanjin =~ * El-Centro
u .- " 13.08 - 8,37 " 9,58
6 ax - - 0.965 0.962 0.851
' , - 202 s 167

" "

. - (U + U-) i
- | e'max
Tﬁe' mémbéf—story model -can supply the *data for member" too. Some
moments. and shear- forces in coupled walls and coupling beams are
obtained and can serve for the design purpose directly. Few fexa.mple-s
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are shown in Fig.8. In the design of Shanghai Guest Hotel, those

data have been used,

2oi“

o]

20

osll

Fig, 8a M

x 10 t-m

10;

2. Surveying

. s0 - door  t
Fig. 8b Q

20

10;]

200  t-m
Fig. 8c M,

i

The results of ,survgylng ‘with surrouﬁding "excitation, May,

1983 are shown in'Tables 10 and 11,

1-5=11



" Table 10°  Natural frequency and period

Mode 1 2 3
f 0.684 3,333
N-S ¢ .
T 1.46 0.30
E-W .f 0.926 - 3.704 - b.607
T 1.08 0.27 0.15
Cf 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
Rotation = 2.08 1.37
3. Analysis

.SAP V is used to analyse the structural system of Shanghai
Hotel, - The fundamental natural periods (NS) are shown in Table
12. o

Table 12

SAP V 1 2 3. 4 5
o £ 0.7526 4.067  11.06 21.58 36,18
T © 1.329 . 0.2459 0.0904 0.0463 0.0276

T, = 1.329 is close to T, = 1.46 obtained from surveying.

Allthdugh Ti = 11".~3‘Z9' is".s‘maller than 'T1 = 2.0 which is used
in the design, it séems reasonable. The non-linear behavior of
the-s;ructufal syétém during-earthquake is cbnsidered, E is reduced
. by a coefficient. However..ﬁ is not reducéd for SAP V. ‘The résults
can compare with data of surveying. It may be noticed from these

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

value-obtained‘fran’sureﬁinglqr the linear elastic analysis.

The comparison between the- fwo“response ‘histories obtained
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from two programnes in which El-Centro earthquake wave as .imput.

It is as shown in Fig.9.

T
o~ ] “l‘ 3 P
AN L4 /X
7 AR /RIS B
cer/1R Y AL
LN ERINID .
i B RS j‘ SE L'
3 Ll W,
Y IN17
\ g V ’i"‘.h
+— e
'F_i»g-.. 9 |

‘"It can be noticed that ii) E was reduced when SAPI V was used
and T = 1,89, it was close to the value obtained from MS program;
(ii) 'I'he‘ response histories between two results had some diffei'encé
partly, because the different structural model had been \ised. The
storey model had a larger eror at the range where the influence |
of higher vibration mode was -stronger.é But {iii) the maximm value

of displacement and its instant were close to each other.

PARAMETERS IN ASEISMIC DESIGN

This 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.gl.

%L) and non‘reduced Young's modulus should be adopted, while in
aseismic design it should be on the contrary. o

The da:rxping ratio reduces when w increa’ées. The Reilaght form
of da.:ﬁping, which is often used in the dynamic analysis of stru-

ctures, is

1Cy=a (M + [K]
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From the definition of the damping ratio,
‘(¢i)T (C)(@i)

i Zwi‘Mi

. - % -
where @; and @i are circular frequency and mode of vibration.

Mj = (¢;)T () (¢5)

Hence, - ‘
' = . a 3
El" % ( - + b(ﬂl)
1
‘ The relation of . to glven in I7lv ia as shown in Fig. 10,

so the following experimental formula is suggested:
& =40.25/ +0.0005,, a =0.50, b = 0.0009.
Therefore, if b is small, then the effect of [K] is negiigible,

~

that is, _ .
‘ [Cl = alM]
0.10}4
¥ * Jinling Hotel Flexure
s e Jinling Hotel Rotation
] & Shanghai Hotel {N-S)
1 - : o Shanghai Hotel . (W-S)
0.05 . = Shanghai Hote] Rotation -

0 e W U W U WA BT R PR B

It fact, ,f'increases when [K] decreases, A test on a single

{fame:[QI obtains the results shown in Table 13.

Table 13
Spec imen Before Loading " Cracking - Yielding
K 2-1 0,027 0,034 . ' 0,055
K 3-1 C o016 0,043 0,061

- ‘Although. the data ih Table 13 are limited, the tendency sﬁggests
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that b should not be taken as a constant and it should be a decreasing

" coefficient with an- increasing (K] when it is not negligible.

Both the detailed éhalysis ‘and simplified calculation are worthwhile

to continue to study, since the .comparison between these two can indi-

cate the applicabilify of simplified methods. The surveying' and analy-

sis
for

the

of dynamic characteristics also provide the valueable information
the reliability of the existing design as well as the guidance for

choosing of parameters in dynamic design.

i
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REVISION OF THE CHINESE ASEISMIC DESTIGN CODE
- BHICK STRUCTURE SECTION

Gong S8ili 1
ABSTRACT

The design philosophy, computation and certain important earthguake
resistant measures for brick structures proposed in the revision of the
code which is being carrieéd out are introduced in the paper. Owing to
the fact that brick strueture is the main type of siructures 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 psst two decades provides a basis for the revision of the
code, which is also briefly mentioned in the paper.

 INTRCDUCTION

The current Chinese aseismic code (TJ 11-78) is the revised version
of 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 deszgn specification of brick astructures in the
iraft and the main difference between the draft and the current ‘code.

BASIC REQUIREMENT FOR EARTHQUAKE RESISTANCE

Requirement for buildings in the current aseismic code is: '"when a
building is subjected to an eartihquake with an intensity corresponding
to the design intensity, certain damage to the building will allowed and
the bulldlng can still be serviceable without ‘repairing or with minor
repai_ing. This is the requiremént for.the design intensity only, no.
requirement is glven for 1nten31tles higher or lower than the design

¢

Senior Research Engineer, Instltute of Earthquake Ehglneerlng, China .
Academy of Building Research, Beljlng. China.:
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intensity. Therefore, consideration is only taken for brick buildings
subjected to an ‘earthquake of design intensity in the current code, i.e.
"cracks which can be repaired are allowable'. While draft of the revised
version states: "buildings will be intact in minor earthquakes and will
not collapse in major earthquakes"., Thus, three levels of earthquake
resistance are proposed: ‘

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

Second Level. Vhen 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 can still be serviceable without repsiring or with minor repairing,

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

‘Based on the statistic analy51s of historie earthguakes occurred in
more than 60 ¢ities in China, tl:ere are some relatlonshop between the
above levels ‘and basic 1nten51tles approx1mately

Inten81ty, exceeding probablllty of which is about 10% within 50
years, corresponds to the basic intensity given in the current Chinese
Seismic Intens1ty Zoning Map. Such intensity will be taken as the Second
Level 1nten31ty ‘ ‘ .

Intensity, exceedlng probability of which is about 62.3% (i.e. the
expectancy of intensity) within 50 years and which is about 13 grade
lower than the basic intensity will be taken as the First Level intensity,
i.e. intensity’ of earthquakes often occurred.

Intn691ty, the exceedlng probability of whlch is about 2% and which
is about 1 grade higher than the basic- 1ntens1ty. will be taken as the
Third Lefel 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 guarantee
building structures, when subjected to earthquakes commonly occurred, to
be in an elastic state and no repair or strengthening is required.

For Second and Third Level of earthquake resistance, no strength and
deformation checking is stipulated in the draft.  Under the action of an
eartliquake of higher level intensity, earthquake-resistance of brick
structure is guaranteed siainly by aselsmlc measures.
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CALcUﬂATION OF SEISMIC ACTION

It is stlpulated in'the draft of the revised ver31on that for struc-
tures in different conditions, different methods of calculations for ‘
seismic acticon should be adopted, such as equivalent lateral force method,
modal analysis, time history analysis, etc. for brick ‘structures, equi-
valent lateral force method should be unanimously adopted, i.e.

- Qverall horizontal seismic action of structure:

¢

Fa B Ct1Geq
Horizontal seismic action of 1umped mass i
Glﬂl : -
Fi = G H 1 - pf) - _;f} T‘1’2’:'.fn?

T

for brick strubturé, Cx1 = C(maX'

Table 1 = -

"Ihtensitj“ ‘i o 71 - 8 _ __— 9
max,' ] 0.09 . _ 0.18 . f' 0.36

where C§\ —_— addltlonal seismic . effect coeff1c1ent on the top .
(see Table 2). .

Table 2
Type of site soil - .p S thf
| oo N 0.08T, + 0.07
o . L o 0.08T, + 0.01 |
m - Iv“ S - o.oés*r’1 - 0.02

G — equlvalent total grav1ty load of the structure,
eq\- Geq 18 taken. equal to O 850

G = effective total gravity 1oad for produc1ng the seismic

effect G = 23. .

iy

Design and Checklng of Cross Sectlon

Follow1ng equatlon is: adopted in the draft for calculating the
T-6-3



combination of seismic effect and other load effect..

f
4

S = Ial% * {mCmByx * 2%k * 2 %i)@ic.czi' ik

. wgerg GK.——— standara‘value for permanent load{
By — standard value for horizontal seismic action;
E2K — standard value for vertical seismic actionj
- standard value for the ith variable load,
'"%Ci — a coefficient for the comblnatlon valus for the ith
variable load; ‘
CG’CET’CE2’Cai —— effect coerficienﬁé.

Expression for Desigp'ahd Checking of CrdSs-Section

< . k .
SER/G e |
where - R — résistance‘of member section;
)R_-—— aseismic regulated coefficient for resistance; for-

unreinforced aseismic wall, Yg=2; for aseismic wall: w1tP
constructional column Xﬁc—T 8. - :

For the deslgn of brlck structure cross- sectlon, the above formulc
. is expressed &s :

Q<—p— 14 Je

- ;' R ftp-
where 'Q — design geismic shear force. subjected by aseismic wall;
—— inhomogeneous . coefficient of shear stress in the cross-
section; .
(TE‘___ average compressive siress;

.‘ftp -——-principal terision stress of brick masénry-'

For brick buildings, effect of vertical seismic load:is not consi-

dered in the new revised code. No checking is need also for the earih-
quake resistance of foundation. '

- GENERAL REQUIREMENT OF THE ASEISMIC
MEASURES FOR BRICK. BUILDINGS

As mentloned before, brick structure is & kind of structure made by
brittle material. It‘s deformablllty and energy absorbability are very
-small.. Strength and earthquake resistance of such structure in the
elastic state - can only be estimated through calculation. when subJectea
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to minor-earthduake. Cncea cracked,.i.elwsebjected to earthquake of basic
intensity or higher than basic intensity; it is difficult to estimate the
earthquake-resistance of brick structure through calculation. ‘

Under the actlon of an earthquake of hlgher intensity, eaarthquake-

resistance of brick stiructure can be. guaranteed mainly be aeelsmlc mea-

sures. In summary, these measures. are prlncipally
* " Adopticn of regular conflguration | |

Adoptlon of approprlate aseismic structural layout; to use trans-

versal wall or both of transversal and longltudlnal wall as aseismic wall.

Limitation of the space between aselsmlc wells
- Limitation of the overall helght of bulldlng

”"atrengthenlng the bondlng and deformablllty of bu11d1ng materlals,
such as limitation of the minimum strength of mortar, addition of trans-
versal and vert1cal reinforcements in the brick masonry.

. Strengtheningvintegrity of brick structure, e.g. bricklaying in
the connection of transversal and longitudinal wall must be overlapped,
layout of spandrel beam at each'storey and layout of R.C. constructional
column. in the conmection of transversal -and longitudinel wall.

- Preventlon of local weakenlng, such as flue 1n51de a bu11d1ng.

. Strengthenlng -of assoc1ated members (parapet. canopy), stlengthen-
ing of the anchorage of the .cornice and ‘the main structure.

These measures are developed based on the experlence of strong-
earthquakes.

Limitation of the Oveéerall Height of Buildijg,”

‘For brick structures in seismic region, limitation of overall height
of building is a key measure for earthquake—re31stance, the purpose of .
which is' to prevent buildings from seérious damage or collapse. It is
shown by the damage of the recent strong earthquakes in China that, for
the unreinforeed englneered brick structures (or unreinforced by cons-
tructional columns), three-storey buildings would not collapse in earth-
quakes of 1nten91ty IX, five-storey buildings would not collapse in
earthquakes of. intensity VIII; while in earthquakes of intemsity VII,
bulldlngs with atoreys more than five would not collapse generally.

Based on ‘this concept and on account of safty approprlately, limi-
tation of the height of brick bulldlngs has been specified in' the cur-
rent aseismic design code, and 'such limitation will be relaxed if the
effect of constructional columns is con51dered ‘

T=6=5



leltatlon of bulldlng helght

“in the current code . 53:‘;' ; Table. 3
A | ‘Infehsity
Type of walls . —

T vin . oNm - IX -
. |MWithout comstruc-'|-  19m f 13m 10m
24cm and more | tional columns - | (6 storeys) (4 storeys) (3 storeys)

than 24 cm’ [— — — -
sclid wall | With construc-. .} . -25m = 19m : 16m
- {"tional columns l:f_(B‘storeys) (6 storeys (5 storeys)

ot
Al

leltatlon of the height of multl-
storey. brlck buildings in the

new rev1sed code (dreft) . ‘ ‘Table 4
. Il - S Inten51ty
Type of walls : - — - —
: ‘ ‘ cowir, . vm - IX
Without construe- | tom oo . 9m 0 6m -
24em and more | tiondl columns (4 storeys) = (3 storeys) (2 storeys)
than 24 em — — - , -
solid wall | With construe- | . 2lm - . 18m ° "12m
- | tional coclumns (7 storeys) (6 storeys) (4 storeys)

From;the‘aboVe tow tables, limitation of ‘building height in the new
revised code is more rigorous than that in the current code. This is
because, ‘in the new revised code, the fact that buildings would not col-
‘lapse seriously when subjected. to. earthquakes of intensity higher than
the local basic intensity will be taken into account for example, in
the reglon of basic intensity VII, no. of storeys of brick buildings
wlthout constructlonal columns is limited to 3. If earthquake of inten-
51ty IX would occur, no collapse would héve occurred to such buildings,
based on the performance of recent magor earthquakes

R C. CONSTRUCTIONAL COLUMN

‘It is spec1f1ed 1n the current code that ‘at the connectlon cf in-
ner and outer wall.of- mult -storey brlck bulldlngs, R.C. constr uctlonal
column should be. erected -based.on the experience of the Tangshan earth-
quake. During the earthquake, brick buildings without any reinforcement
gseriously collapsed, causing heavy casualties. But, in some accidental -
cases, no collapse occurred in brick bulldlngs de51gned with R.C. columns,
although damage was suffered thus proving safety of human beings. .This
experience has been 1nvolved into current code (TJ 11 78}, taklng as 'a
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provision.

Views on the above prov151on have been unifled after the current
code was effective for several years. But different views on the func-
tion of construction column specified in the code exist. Some considered
such column as structural column, thus enlarglng its cross-section to ...~
bear loads. Of course, 1t 1s not necessary Co

Constructlonal column is not required in the code to suffer (axlal)
loads but considered as. a kind of vertical constraint member of walls,
such as spandral beam which is a kind of constraint member in the hori-
zontal plane. Both constralnt members improve 1ntegr1ty of brick
buildings.

Therefore, the main purpose of construct10nal column is' to. prevent
collapsing after cracklng of the resistant wall. Thus, no requirement
for the design of créss-section and structural analysis of constructional.
column is specified in the current code and its revised version. Only
the basic cross-section: dlmen51on .and ‘amount:of relnforcement for cons-
tructicnal column .are specifled. ‘

In the new revzsed vers1on, it 1s propoeed ‘that the cross sectlon of
constructlonal column ‘may not. be too large, and-it amount of reinforce~’
ment may be too large also, based on the: fact that, it's function is’ only .
to-constrain the masonry. The min. cross~ sectlon of constructlonal co=
lumn is restrlcted to 12 x 24 cm in the revised’version while 18 x 24 ‘em

is required in the current code. But LP12 of . longltudlnal relnforclng ‘

bars is 8till specified :for constructicnal column in the- rev1sed version,
accordlng to the requ1rement in’ constructlon. : S

Since no structural analysls 1s requlred for constructlonsl column
in the new reV1sed code, so llmltatlor cf overall helght -of brlck bUll-
dings is spec1f1ed as in’ Teble da : c

Strengthened with constructlonal columns. earthquake resistance of
brick buildirig can bé raised 10-15%, based on experimental study. This
has not been reflected in the current code, ‘but is considered in the new
revised verslon. ‘ : ‘ :

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 OUTER R.C. COLUMNS (TYPE 2)

. These structures are made of two kinds of materjals, ile. 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 w1dely used both in Cltles -and towns.

Type 1 brlck building is a klnd of structure with R.C. frame of lar-
ger span in the 1st floor for commercidl use 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 designed based on R.C.
- structure with brick shear walls while the other part is designed accor-
“‘dlng to the requlrement for multi-storsy brick buildings. But the limi-
tation of overall-height of Type 1 building is more rigorous than that of
common multi- storey brick buildlngs.

Type 2 brlck building is a klnd of structure with outer brick wall
As lateral force resistang wall, and inner R.C. frame. congisting R.G.
beams and columns. The inner span of Type 2 brick bu;ldlng is relatively
ldarge, so-this kind of buildings aré often used as commerical buildings,
‘multi- storey plant for light 1ndustry, library and office buildings, etc.
Based on the field survey after the Tangshan earthquake, this kind of
building were seriously damaged more than the others, thus, in the new
revised code, restrictions for Type 2 buildings are more rigorous than
those of commeon multi-storey brick buildings, such as limitation of ove-
rall height, more constructional columns are needed and contrecl of the
lnterval of transversal walls

Earthquake dam&ge to Type 2 buildings were Very complicated. Damage
t0 tne top storey was often more serious than the lower storeys. The '
cause and mschanism for the damage are not get known. In the new revised
,code, the ‘seismic load on the upper storey has been increased appropria-
tely for compensatlon of the above drouback. :

CONCLUSION

_ Brick building is one kind of structures widely used in Chinese ci-
ties and villages. A lot of data on its performance during recent strong
earthauake in China have been collected and cumulated, which c¢an be taken
@3 a basis in the revision of the aseismic code. In the draft of the new
revisad code, such building plays an important rcle, But the bshaviour
or brick buildings post elastic working stage is not yet known, thus some
problems not yet to be solved are not involved in the new code. There-

ore further investigation has to be carrled on, ’
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AN EXPERIMENTAL STUDY OF
ASEISNIC REINFORCING OF BRICK BUILDINGS

Zhou Bing-zhang® and Chen Ruill

ABSTRACT

In order to investigate the aseismic role of relnforced

concrete columns attached on the exterior surface of ‘the exterlor 

wall, tests of 14 single valls and 2 building models (1/4° scale)
have been done, '

To investigate the reintorcing role of netting with a layer -
of mortar on the original brick wall, 33 single walls have bccn )
tested The tests show- ‘The two nethoda are offect1v0. ‘ :

" INTRODUCTION

The 1976 Tangshan earthquake is one of the most destructive -
carthquakes quite rare in Chinese history. Apn earthquake with
centre focussed exactly on a century-old industrial city of 1,06
million people is the omly instance kmown toc us. The tremendous
toll it took of life and property is a shock to many. T

In our attempts to sum up and nnnlyse tho oxperzoncol and
lassona we learn from it calmly, we realise that one of’ the. im-
portant  factore that accounted for the enormous loss of life and
property to people is that the entire city and its subtrbs comp-
rise buildings whose load-bearing structureas were all of brick
construction not aseismatic. Under the impact of a high inten-
sity earthquake, 85-100% of these magonry bu11d1ngs were serious-
ly deetroyed and collapsed. This ie the direct cause for the -
deathﬁndinjury of many people and the loas of much property.

China has a vast terrltory with a seismlc area of ovor one-
third, In building up cities and towns in the past brick was
the major material for laying load-bearing structures of count-
lese buildings whieh are found throughout_the country. Briek-’ -
laid structures are in themselves low in both tensile and shear
etrength and poor in aseismic performance., Thus, they fora =
kind of comstruction destroyed the most in Buccessive earth-
quakes, In view of this, to find some measure to reinforcé ma-

1’ Director, Senior Research Enginébr, 11 Beuelrcﬁ‘Eﬁg{neer,
.The Research Department of the Beijing Architectural Des1gn
Institute, China . ‘
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aonry buildingu and improve thexr aselsmic performance is of pa-
ramount importnnce.

The Tlngahan earthquake taught us that in order to prevent
such a disaster from recurring in other cities, the crucial point
lies in’ carrying out the aseismic reinforcing of the large amount
of hrick bnildings in seismic regicns in a planned way in batches
and in stages 80 as to promote their ability to withstand earth-
quakes. The main objective of such a move is to prevent their
collapee iii case of encountering high intensity earthquakes{mag-
nitude surpassing that designed for). Of course, during ordi-
nary ones(of designed intonalty) reinforced buildings should not
‘be damaged above norm,.

S Through the mncroacoplc earthquake damage survey, two rela-

. .tively better methods of reinforcing brick buildings are derived:
One is to erect roinforced concreta columns on the exterior sur-
face of the exterior wall with pull rods or girts to strengthen
the connectzon of interior and exterior wall bodies to serve as
restraints to aseismic tranavarsa walls from shattering and fal-
'1ing down after their damage, thereby. utilising the force of
friction of broken brick walls and the additional reinforced con-
crets construction columns to resist the horigzontal shear of ear-
thquakes. At the same time, vertical load is borne by the wall

. body broken into four large pieces(a common comdition), thereby,
‘preventing the load- -bearing wall bedy from collapse. The second
1is-to affix a netting or two on one or both sides of original
~brick wall that is of insufficient shear atrength or already im-
- paired, and then plaster the. reinforcement with' high grade cement
mortar. ‘Phess two methods have been proved by tests done on sin-
‘gle walls and monolithic models to be effective,

I. An exgerimental study on aseismic reinforcement bx
“erecting reinforced concrete constrnction columna

oxternally on the exterior wall

- In order to ihvestigate the aseismic role of reinforced con-
- ¢rete columns attached on the exterior surface of the wall body
- of buildings, tests have been done on 14 .single wall bodies and
‘two blocks of building models., Two kinds of mortar have been
.used for bonding'bricks to study the effect of such columns on
“wall bodiea of different strength._-

Bpecinens and teats

Single wall apocimens: an-x'SBch;lin 4 gfoups. (aoe,rig.1
and tab.1) ’ '

The two #-story monolithic modol test specimens are made af-
ter the 76 honsing -8tandard residence designed by Beijing Archi-
tectural Deaign Inatitute with geometrical dimensions one-fourth

CIT-Te2



of the actual size.' Model I has columns sttached éxtérnaliy,.
while model II goes without. Its height is 3 moters'with layout
plan dimenslona ag shown in figure 2e

A girt is built for every storey. Bara used for it are 2¢6
and are anchored in the columns, Boetwesa the eolnmn ard the wali,
two pull bars are provided for each storey. ‘

The construction structures of the additiomezl column and.the
girt as well as the wall body ere shown in figure 3.

' : B 2
Loading: A vertical load of compression stress 3.5kg/cm ia
applied on the top of the aingle Wall body, and horizontal loading io
applied at. the ends of the concrete beam ztop the test spec1uon. ‘

Horizontal loads are repeatedly applied at every layer in the
direction of the transverse wall of the monolithic model. & ree=-
verse triangle appears along the vertical distribution.(Fig.4).
Dynamic and static vibration excitation teste of the model are
carried out. Such methoda as the pulsation, the tension-release
and the vibration starter excitation have. been enployed, Finally, .
dynamic damage tests have been done with vibration starters pla-

" ced on the tops of ‘the models.- :

2. - Results and analysis

Wall bodies bonded by mortar above #10 and strengthened with
additional reinforced concrete columns and pull rods have gone
up 56 % in 1oad-bearing capacity under test conditions described
here, while that of those using mortar prepared from #5 grade
cement and lime in the ratio of 1:3 for bonding has only gome up
23 %. Obviously, the results are quite different. Table 2 shows
the load-bearing capacxty of the test Bpecinens.

Comparison of load-bearing capacity of monolithic nmedels I
and II: Models I and II are damaged at 8.93.and 5.81 tons res-.
pectively., After adding construction columnms to 3ach, the load-
bearing capacity ie raised by 54 %. With singls wall ‘bodies andd
models not reinforced, they will rapidly be destroyed once cracke
appear. But after being reinforced by exterior comstruction co-
lumns, wall bodies are restrained by them, thereby, strengthening
the integrity of the comstruction., As such, after the cracking
of wall bodies, the force received by the additional comstruction
columns increases: until the steel bars "flow", The concrete on
the coclumns cracks or is shattered. Only then test specinena .
reach the limit of their load-bearing capacity..

stress of steel barsz To measure the atrcss of steel bars
at the bottom of the concrete column of the single wall body and
at the middle of pull rods: Under the action of horizental loads,
the test specimen, Y21, like the suspension arm components and
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the steel bars of loaded side columns, are all subjected to ten- -
sion, while theose at the other end are subjected to compression,
But with test specimen, Yz2, the common action of wall columns

is rether poor as the grade of morter used for it is relatively
low. .

The strain veriation characteristics of additional construc-
tion steel bars of the model: (1)} Prior to the cracking of the
wall body, the atrain of bars basically presents a linear rela-
tionship, After cracking, it will develop into a non-lipear one
with respect to the variation of loading; (2) Strain decreases ‘
with the increase of the height of course, The strain of a column
along courss height is basically of the same sign; and (3) When
. the construction approaches destruction, the wall and the column
are detached at the base which is subjected to tension, and steel .
bars have almost or already yielded,

. Characteriatics. of cracking and damage: Cracks mainly occur
at ‘the first storey, After horizontal loading of modsl II has
reached 5.21 tons, destruction and collapss due to brittleness
. suddenly take place during the- process of dynamic agitated vib-

. ration. However, althéugh model I undergoes repeated static and
dynamic tests showing signs of wall body damage, cracking of ada
ditional columns occurs with concrete broken.and detached from
. them, and even a number of steel bars at the base have enapped,
- 8till the structural model doss not céllapse in spite of the se-
- rious oracking, These phenomena: are shown ir Fig.5.

. Deformation and ductility: FProm the load deformation hyste-
resis loop, it can be seen(Fig.6) that at the initial stage of
cyclic loading, the growth of deformation is small, After the
cracking of. the wall body, deformation grows more rapidly. The
area encircled by the hyasteresis loop of model II is smaller than
that of model I, This reflects that it has a relatively larger
snergy absorption capacity, i.e., after the addition of the ex-

. terior construction columns, the aseismic performance of the st-

ructure. is raised, On the basis of load displacement relation=-
ship, make a soketch showing the rigjdity and deformation varia-
tion of models I and II like figure 7.

When fiinding tho ductility factor, it is neceasary to find
the diaplacement of the yield point of the idealised e¢lasboplas-
ticity system based on conditions like the energy absorption
phase, etc, The ductility factors of the two models are found
to-be ul = 3.43 and ull = 1.8, i.e., the ductility faetor of
model I is 1,91 times that of model II. :

Dynamic charactoristicsz 800 table 3 for the dynamic cha-
racteristics of tho models at different stages of work.v

" From the tablo 1t can be aeen that the self-vibration fre-
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quency of models with columns is olightly higher thnn thnt of
those without. Thies shows that after the addition of coluuns,
rigidity is raised somewhat, From results of actual deterainas
tions, we note that the frequency of a model decreases markedly
with the increase of both load and degrese of severity of the da-
mage. After the cracking of brick wvalls, the rigidity of the moe
del is immediately lowered, damping increased and frequency dimi=-
nished, The self- vibration periodicity of the dostrnctivo stage,
when compared with that of the elastic stage, has prolonged 2.3
fold approximately, BEpecific damping determined at the elastic’
s*age is about 0,07 which is increased at the destructi:e stage.
The dynamic destruction process of the model approaching collap-
se as revealed by dynamiec teste is like this: When seen from

the deformation at the time of collapse, maximum displacement.

at the apex prior to the collapse of model II is 2.5cm, whereas, -
model I is still standing when it is 3,5¢m; when seen from the
prolongation of vibration time, model II collapses within a few .
seconds from the commencement of vibration agitatio: t> resonancs;
when seen from the characteristies of destruction, the collapse
of models without columns reveals the destruction characteristiecs.
of brittle structures; whereas, with models with columns, their
structure can still support them althcugh their wall bedies are
terribly shattered = thanks to the restrictive effoct of the con-
struction columns and the girts.

3. The discussion of calculation of the exerior reinforcod
concrete conatruction columns

Reinforcement of buildings to withstandiordinary'oqrthQnakoa
calls for erecting coléimns with respect toc structure, The method
of celculation proposed here is based on test results and may
serve for reference, The working formula for shear strength is:

P& 4,5? + 0.07 ZbhR, X 0.9 + ZAR,  --- -=(1)

in the formula, o, = consider the factor of whether the masonry
envelope is monolithic or not at the time of reinforcing, If mo-
pnolithic, then &, = 1; in working out, 0.9 may be taken when re-
duction of strength is envisaged, and O.4 is taken for wall bo-
dies bonded with mortar below #10,

n’r, = nj./ 1.4 -gf

R, : Strength of maig tensilo stress of br1ck masonry
3 envelope (kg/ca”) -
Gb : Averagz compression stroaa of nasonry envolopo
(kg/cm”)

g = Non-uniform factor of shear atross of section, tako
" 145 for rectangle -
A - Area of wall cross section
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b - Width of comcrete coluzn
ho- Effective height: of concrete column profile
: Ra- Anti-coapression strength of concxete core
‘cla= Teke 0,25 as the factor of ateel bars in uorking
' -condition

" A - Tensile sgrength of column Bteel bars; - take
: 2#00kg/cm ‘for that of #3 bar
II.I The experimental atudj of using plaatered steel
nettiqg to reinforce wall bodies ‘ L -

conparative tests have been done on 33 single wall bodiea un-
der the action of lateral force, and a coumparison has been made
of their bearing capacity and destruction characteristics before
“and after reinforcement, In the tests, variable factors like th~
following have been conaidered.

- Prior to roinforcenent, wall bodies ars oithor intect or da-
naged;

- Wall bodies are to be reinforced either on one or on both
'“sidea, »

Wall body thickneaa to be either 12 or 24 cm}

1

Reinforcement layers at the point of flooring are wholly or
partially continuous; the influence of vertical preassure, (J,..
within the wall bodies, etc, The conditions for the test speei-
mens are seen in table 4. : L

1. . aning test specimens and conditions of tests

#100 machine-made bricks were used for. uall bodies of test
 specimens, and #10 mixed mortar for bonding., Wall thickness was
-either 12 or 24 cm. The dimenaions of these specimene are given
in Fig.S. . ‘

The specimenﬂ wvers rendered with #100 cement mortar to give
. a reinforced layer of about 3 cm thick. $6 steel bars were used
-for the reinforcement netting with bars arranged vertically and
horizontally -and spaced at 20 and 25 cm. $6 bars used for lin-
king are set at 50 cm intervals in a Quincuncial fashion.

Lqgading: Average pressure (,, for the masonry envelope is 3.5
kg/cm” which corresponds roughly to the compression stress of the
second floor of a S-atérey residence, Then apply lateral force
repeatedly in one or two directions nt tho ond of the concrete .

‘bean utop the wall body.
2. Test reaults and their analysis

Soo table 5 for experimental destruction load v;luee. Froam
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the table it can be seen that no matter whether the wall bedy ie
damaged or not, the method of reinforcement with bar nstting ren-
dered with a layer of mortar will promote bearing capacity. If
¥all bodies are not damaged (or has bean rostored), 1t will be
raised much more after reinforcement., A comparison of the load-
bearing capacity of group I test specimens before and after reim-~
forcement shows an increase of 2,03 fold, Wall bodies that ere
intact like those of group III show s 2,84 fold increase when both
sides of the wall are reinforced., ' If this is done on one aide,

the increase is only 1,65 fold,

¥hen the plasterod layers at the lower part and the stsel net=-
ting of the test specimen are partially broken, the weakest part
along the bottom layer of the specimen will be destroyed, thereby,
lowering the load-bearing capacity. From a comparison of a few
groups of test specimens, it is pessible to analyse the influence
of the vertical compression astress ¢.: Compare groups IX and I
before the specimens are reinforced-G,= Qe Comparing this with
Ob = 3.5, we see that destruction 10&8 is lowasred by almost 7.6
tons. Also make a comparison of the reinforced wall body, group
VII, withk thg test specimens, group IV, When G, = O is increamsed
to 3.5 kg/cm”, the load-bearing capacity shows a 9.9 ton incréaao.

Under the action of horizoatal loading, the cracks that rosnl-
ted are shown in Fig.9. C e e

3. The discussion of calculation methods

On the basia of wall body tests, an investigation ia made on
shear strength of walls reinforced with a layer of steel netting
plastered with mortar. With the understanding that brick walls,
mortar-reinforced netting layers and reinforced steel are seve-
rally able to withmtand sarthquake locads 1n commen, the following
formula is proposed:

RTA R . A
© +m -ERTA_+m B BB aceeeea(2)

KQ = m,

'1n.the formula, K - Vhen components are shear-resistant, the sa-
fety factor to have is 2,3x0,8 =1, 84

Q = Seismic shear borne by vall body

By- The integral factor of wall body at reinfor-
cement(when wall ‘body has through cracks, 2,
=0} when it is- 1ntogral, takea 0e9)

8 - Factor for reinforcéement and working condi-
tion; Choose from 0e5-0.9 according to dif-
ferent working conditionss

R - Compression strength of cement mortar

II-1-7



R = Compression‘strcngth'of magoﬁry
Aa- Planar area of mortar reinforcement layer

m - Take O.45 as factor for working condition of
g vars

'A - Area d!'ggpiécé of transverse steel section
g {when onh'fdce of wall is being reinforced)

Rs- Tensilo strength of steel bars

B -~ Actual length of reinforced wall

§ = Mesh spacing of reinforced nettlng (horizontal
: bars and vertical ones equidistantly arranged)

111, Conclusion . .
Thfough tests made on single wall bodies and monolithic buil-
ding models, the following points are 91&rifiq§}< ‘

1, Erecting reinforced concrete structural columns on the ex«
terior wall to reinforce multi-storey brick buildings will promote
shear strength of wall bodies, When the grade of masoury mortar i
is above #10, bearing capacity may be raised some 5C %, But this-
is not appreciable with wsll bodies bonded with 11me mortar of low
grade even though they are alsc reinforced,

2. After reinforcement is made .by erecting”an exterior conse
truction column, ductility end deformation capacity of the struc=
ture is incremsed: the ductility factor of the monolithic model
is raised by 1.91 times, deformetion capacity by 2.15 fold. The
ductility factors u for both single walls and test models may

"reach 3 - &4, e . :

3. As the exterior column and the wall body are closely bons
ded, it strengthens the integrity of the structure, restrains the
shattering and collapsing of the wall body after its damage and
has a conspicuous effect in preventing it from falling ovVers

k., Reinforcing wall bodies by reir?corced netting plastered
with cement mortar raises their capacity to withstend horizontal
loads. The upgrading of their load-bearing capacity is related
to whether or no} the original wall bodies are damaged., Those
that are intact, bearing capacity will be raised 1,3 fold roughly.
after reinforcement, while that for damaged ones will go up 55 %,
Other factors involved include vertical pressure G,, the passiug
of the reinforcement layex-through the flooring or not, the rate of
matching ‘bars used and the height to width ratio,

5. The two methcds”described above are applicable to the rei-
aforcing pf.bxick valls. The former aime primarily at preventlng t
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the collapse of brick buildings, and the latter in promoting the‘

sheax strength of wall bodiss.
be used in combination, '

Therefore, both methoda may also

Dnits pgrticipating'in the above tests include:

Aséismic Group of the Beijing Earthquake Brigade, -

Aseismic

Research Institute of the China Architecturasl Research Acadenmy,
the BEngineering Mechanics Institute of Academia Sinica; the De-

partment of Civil Engineering of Tsiaghua Univerasity,

Beijing

Fo.1 and No.5 Comstruction Companies, and the Housing Adminis-

" tration Bureau of Beijing Munieipality.

¥embera of this Instie

tute who also took part in the work are Fang Jishan, Kang Su=m’
xing, Eiu !insheng, Wen Guodong, Guan Qixun and S8hou Guang.

Tadle 1

Specinmen | Qty. Specimeﬁ-Bar for dfade of cement 1 Grode of cement .
No. feature |[column |[for columnu(kg/cn?)_for mortar (kgz/em?)
R N e A
Yzy | 3 | with col 4¢8 225 16.9 .

Yzo 3 | with eol] 448 260 5.2,
Yzg 3 | without | / / 5.2
] cqhmm

Teble 2 o

Specimen | Destruction loed‘Specific valué Structural|lortar g:ade
No. value (aver.] T PyzllezQ Pyzzlezs‘ feature No. (kg/cm )
Yzq - 9.14 "_’/' -/ No column 10

Yzq '14.3 1.56 /  |wWith cols.! 1.9

Y25 6.8 -/ © .28 jwitn ecols.| 5.2
Yz, 5.5 / /o comma | 5.2
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Toble 3

Yotk Elastic stage Elastoplastic Destructive Collepsing
qt age st spe . - stege staze
Mod. puls~ (Teas-|ReSON5 13- Tens{Reson{Puls- [fensJRason-
Nov | etiog ion | ance {atyonlion | ence | atiod ion | ance |Resonance
Freg}25.0( 20 17.6 18.6 .16'2 . _IO.BV-Abrupt Tall
Mod {3 ‘ - - T .
_ pec}
II Dempl 0,.067({0.068 0.083 0.0845 0,10
Froq|23.4| 23 | 19 20] 16 |12.8(10 | 10 | 2 -3
Mod 5 - et
I pec _
damp 0.076{0,08 0.10 O.;l 0.12 | 0.068
Note: Freguency unit - Hertz
Table 4 , _ '
Specimen yall [Steel netting |1 or 2}wall condlReinf.
group RYY-lthick. for reinforce-|sides before laysr cont. emearks
- {{em) | ment. reinf. [reinf. or not at _ ‘
, flooring
I 5 |12 ,?s—zoiaﬁuares'  Both ~ |pemaged  |lower part 0p=3.5%g/al
1 - | S continuocus
1 |5l | » = lsinglefiot dame | v m "o
' | |-~ | eged
I |5 {12 m m  lBoth | = noon "o
v 112 n " Both | ™ " Drost bars " .
I ' ' at lower pt.
of reinf'd
7 o ' leyer snapped
v 4 | 26 ’¢6-25 Bquares " " oow lower part LA
| : continuous
VI |5 |24 n " " Dameged m m  linong them,
- } - . -5 without
‘ iteel bars
Vil 2] 12 ¢6—20 squares | " |Not dem- |lfost bars | 6; =0
1 o aged  |at lower pt.
lof Teinftd |
. , layer snapped
viiz {3122 | = om " " @ |lower part -
L ‘ , cont inuous -
o d 13 12 prjreiﬁfor6¢Q” A /. A »
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*.Table 5

No. [Well | Reinf. | Destruction loed (T)  laver. velue|Spec. | Remarks
thick.features|Eefore reinf.lifter reinf. {T) . ‘value '
1 -1 Damaged,| 12.6 24.6 9.14(27.65| A |0b = 3.5kg/em?
- 2| 12 |both 8.9 . 24.5
-3 | cm |sldes 6.3 30.53
vy Teinf'd 3.0 31.2
-5 8,9 / N
11 -1 o /
— .2 | 12 |Single _ 23,1 - .
3 | om | side 9,14 25.5 - 24,2 A " =
. .
> reinf'd ‘ p— ,
-5 24.5 )
ITI-1 | . 22.5
2 | 12 [Both 7 | :
5 | o [sides | 9.14 a7 .7 - 35.1 A " W
_4‘= reinf'd| : ,5'2 :
-5 | /
IV -1 | 12 [Reinf’d , -
IV -1 { 2% Layor 19.2 19.2 2,08 LI
i broken : '
v -1 Intact, | 39 |/
-2 |24 |Both 14.80 [ |35 34.25 | A "
-z | °om |sides ; 36.5{ 40 o
4 Teinsid| 29.5] 25.5
(VI -1 §. |15 [14 20,5} /| Vi-5 rendered
24 i Deaanged, ] qn 21.0] 20.5 Cne with #180
—'—2— .em  {Both — , 8.5 l.. = 14.825.4 A nortar but
b= f |'sides 15.3 1 14.8 | 21.8) 26.3 " |without bars
| -4 {reinftd) 15 2 |17.0 AR e ,
-5 R 158 | 14.4 / | 28.4 S |
TII-1 | 12 %einr'd - ’ 8.6 R 5 A i§3.= 0
-2 broken ,10
VIII-1 ‘Both 15.4 TR
——=| 12 [sides 184 f 10.6 | * "
| =2| M lreihf'd / I
IX -1 ‘wall nol  / :
;3' cm 1.8 l ‘ 4 »
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STRUCTURAL PROPEﬂTIES OF UNREINFORCED HOLLOW BRICK MASONRY

‘Russell H. Brownl and Alan H. Yorlk'dale2

SUMMARY

A teatlng program-was conducted by the- Brxck Instttute of America
. for the purpose of developxng hollow brlck maaonry design
'spec1f1cat1ona. The four—phase program 1nc1uded the testing: of prisms
in compression, walls. under eccentri ’compresswn, wall pauels uader
shear, and walls. and. prtsms under transverse loadlng. Wall thicknesses
of 4, 6, 8, and 10 in. were. 1nc1uded Mertar types included Type M, S,
N, and organ1ca11y mod,h¢ed hrgh bond mortars. Not included in the
program were grouted or relnforced masonry. ‘ ‘

INTRDDUCTIOE

_ Recent development of the: hollow brick unit represents a potential
breakthrough. forﬁlwadbearxng -¢lay masonry structures. The development
of a standard 8 ecffxcatxon for hollow brick by the American Society
g and- -Ma erlals, ASTH C 652, provides the. manufacturer and
3 ance in produc1ng and apecxfy1ng h1gh—qualxty unita.
At présent; des1gn w1th such umits is Iimlted to empirical and
semiempiri ~methods rather than the rat1onal approach developed for
solid br1ckmmasonry.

spec1f1er‘w

Hollow br1ck conslsts of atructural clay units with cores or ceIls
having a total area of from 25 to, 401 of the bear1ng area. Cells are

thickneéb,
require le,

lPrafeSsor'sndﬁﬂééaj Departmgnt Qf Civil Engineering,
Clemson Udiﬁersiuj,\Clemson; South Carolina, UsA.

'_2V1ce President of Engineering and Research Br1ck
Instxrute of America, Restonm, Virginia, USA.
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Although hollow brick units are geonerally- 1arger than solid brick,
the exposed face shells have approxrmately ‘the same height to width,
ratio, and it is difficult to dzstlngulah 8 wall constructed of hollow
brick from one. made of solid brick. "Holleow brxck walls ‘require - less
mortar per unit volume of the wall and generally can be constructed
‘ faater because of the 1arger wall area covered by each un1t. :

T *‘ ; llow brick unit has many of the benef1ts of the hollow

concrete masonry unit in addition to{havxng ‘the appearance of a brick . .

wvall. Wallsg can be conatructed ‘in runnxng -bond or stack bond, using a
face shell bedd1ng or: full beddxug; and- grout1ng as many cells as
- required for structural conatreratloua. Bince the cells align
vertically, reinforcing can be placed vertxcally -and encased with grout

produc1ng a s1ng1e-wythe vertlcally relnforced brick wall.

, | o HAIERIALS

Hollow Brick Units

The four types of brtck uaed throughout the teat program .are.- shown
in Fig. 1 and their compressive atrengtha in Table. I. A single
manufacturer aupp11ed all of the hollow brick units for the initial
phase of the test program. 'They were manufactured ‘from the same clay
in the same plant and same kiln usrng the same manufacturxng process.

Mortar

With the except1on of the organ1ca11y-mod1f1ed mortar, ali mortars:
were mixtures of Portland cement 11me, and sand in accordance with BIA
Spec1f1cat10n ‘M1-72. The o an1caliy-mod1f1ed mortar was Sarabond
mized in accordance w1th manufacturer 's recommendations, A1l mortar
was batched by wexght and proPerly ‘mixed throughout ‘the test program.
Samples for determluatton of flow and for mortar cubes were taken .
immediately upon discharge prior to addition of retemper1ng water.

TEST PROGRAM

Scope of Test Prqgram

The test program wae conducted in: four phasea - p' %m teating,
wall compressive testlng, shear teatlng, and flexural teat More
detailed results of esch phase are. vailable from the Brick Inst1tute
of America [1, 2, 3, &4]. Ycrkdale (1976) bas alao prevxoualy reported
some of the data.

m phase xncluded ccmpr9331on
28 of unit {4, 6, 8, and
Y S 4, and 5), fOur mortar
ace shell bedding and full

Prism Phsage The scope of the
testing eccording to ASTM E 447, -four-
10 in.), four slenderumeas ratroé e
types (Type N, S, M, and HB), and:6f Both.
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bedding. Five rep11cat1ons of each combination of variables resulted
in’ the testing of 640 compressive prisms. All were constructed in
stack bond and single wythe in thickness.

Wall Compression Phase The wall compression phase included
compression testing according to ASTM C 72, two wall thicknesses (6 and
8 in.), four slenderness ratios (approxlmately 10, 15, 20, 30), three
maximum end ecceatricities (e/t = 0, 1/6, 1/3), and four curvature
conditions (e)j/ez = -1, -1/2, 0, and +1). Type S Portland cement-lime
mortar and full bedding of face shells and all cross webs were used.
Three replications of each combination of variables resulred in a total
of 119 wall spec1mens. Additiconally, five compressive prisms were
rested. : ’ i

A . ' : .
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 joiants. Four stress levels (0,
167, 335, and 500 psi) based on net bedded areas were tested. Types M,
5, and N Portland cement-lime mortars were used. Five replicationsg of
cach test resulted in 60 shear tests. Additionally, five compressive
prisms were tested.

Flexural Phase Flexural testing included flexural testing of
walls according to ASTM.E 72, including the determination of the effecrt
of superimposed vertical compressive :loads (0, 75, 100 and 125 psi) on
the flexural strength normal to the bed joitns. Three types of
Portland cement-lime mortars (M, S, and N), and, with one exception,
. Eiva replications of each combination of variable. resulted in testing
of 58 wall specimens. Five flexural prisms were also tested in
accordance with ASTM E 518-74,

Instrumentat:on

' Test spec1mens ‘were 1nstrumented with dial gages. The resulting
datayperm1tted the determination 'of axial deformat1on, flexural
deformatxon shear deformation, and lateral deflection.

“Testiqg;quipment and Procedure

. Most of the tests were performed in & one-million pound capacity

-hydxaultc test1ng machine. Specimens were capped with high-strength
gynsum.capp1ng compound prior to placement in the testing machine.
Instrumented " specimens were loaded in increments.small enough to permit
sufficient data points to define load-deformation characteristics.,
Instrumentation was removed at a load of approx1mate1y 752 of the
ant1c1pated max1mum load.
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‘ . " TEST RESULTS

Prism Phase

Compressive strengths of prisms and mortar cubes and moduli of
elasticity of prisms are summarized in Table II. Modes of Eailure for
all prisms regafdless of h/t was splitting of end croes webe. Secant
moduli of elasticity (Ey) based on net bedded area compressive strength
at stress levels of 0.20 f'y ranged from 1800 to 3450 ksi, with 4 mean
of 2470 ksi and 15% coefficient of var1at1on. The average ratio of
modulus of elasticity to prism compresslve strength was 480 with a 212
coeff1c1ent of verlatlon.'

Comparison of prisms with face. shelllbedding and full bedding
indicated no. 51gn1f1cant difference in net bedded area compressive
strength. There was no direct correlat1on between compressive strength
of mertar cubes and pr1sm compressive Btrength., The higher strength
mortars did produce higher strength prisms, but the coefficients. of
variation of these ratios were too high to establish a meaningful
relationship.

Wall Compression Phase

The results of the wall compression phase. are presénted in Tables
III-VI. Flg. 2 shows typ1cal net area compress1ve stress vs5. average
compre931ve strain for a typical series of wall specimens.. Fig. 3 is a
deflection profile of a wall 1oaded in double curvature. '

Included w1th test results in Tables ILI-VI are allowable wall
loads calculated accordlng te the BIA Standard {6] except thdt net
areas rather than gross areas were used.. Factors of safety, ratios of.
ultimate test load to calculated allowable load dre also presented~'
They ranged from a low of 4.86 to a high of 11.6 w1th 18% coefficient.
of variation. Also calculated are the probeb111t1es,that the ultlmate
load w111 exceed the allowable load based on .the assumption that - the
test data were d1str1buted accordlng to Student 8 t d19tr1but1on [7]
The worst case had a fallure probab111ty of 1 chance in- '60.

Evaluat:on of the. Eactors of safety for the d1fferent var1ab1es'
tested 1nd1cates that the procedure used to calculate allowable Ioad;
(p) properly accounts for eccentricity, slendernese,‘curvature, ‘and
prism compressive strength Hollow walls were found to:be less
sensitive to eccentricity and to slenderness than solid walls. - The;
more efficient shape of the hollow brick cross section (h1gher rad1usw
of gyratlon) permits the walls more eccentricity and slendefness than
solid walls. Hollow walls were affected by curvature in about the samer
manner as solid walls.. The. effect of prism compressxve strength was
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not established since only one series of five prisms was made for the
entire group of 90 8-in. wallas, and five prisms for the 29 6-in. walls.
Stress strain curves for the walls revealed that the axial
stiffness did not vary significantly with eccentricity or curvature
conditions as shown by the coanstant slope of the test data (Fig. 2).

The deflection profxle for doub1e~curveture (e)/e3 = -1) shown in
Fig. 3 illustrate that’ deflect1on is. not symmetric as expected. Hence
double curvature does not. beneflt e wall as much gs theoretically might
be expected. Hatz1n1kolas et al. [8) observed that masonry walls
loaded in double curvature buckled in the first mode.

F]

Shear Phase

Results of shear teating are shown in Table VII. Shear stress vs.
shear strain curves for a single series are shown in Fig. 4. Fig. 5
ahows the relatlonsh1p between ghear strength and superimposed normal
.8tress.

The mode of failure was essentially tensile splitting along the
vertical diagonal. Most specimens with 0 or 167 psi normal stress
failed in the mortar joints in a zigzag pattern from top to bottom,
regardless of mortar type. Specimens with higher levels of normal
atress failed both in the mortar joints and by splitting of the units.

‘Higher streungth mortars resulted in higher shear strengths,
especially with lower normal stresses. Modulus of rigidity also
increased with mortar compressive strength, with the ratlo G/f'y
averaging 132 with a coefficient of variation of 9.24%.

The varlablllty-of the shear strength results was remarkably low
compared to the scatteér ordinarily observed in diagonal tension
testing of brittle materials. " The highest observed coefficient of
variation for any group of five specimens was 11.7Z. The average
coefficient of variation of all groups of five specimens was 8%.
Higher normal stresses resulted in reduced scatter of test results.

The factors of safety shown in Table VII (ratio of experxmental
shear strength to allowable shear stress permitted by the BIA Code [6])
ranged from 3.6 to 6.3. More importantly, the probability of a shear
failure (allowable shear stress exceeding ultimate shear stress) based
on Student's t dlatrlbutxon {7] was very low. The highest failure
probability was 1/833. All specimens having superimposed compre551ve
stress had failure probab111t1es less than 1/1500, o

The drreet1on'of theﬁqeasuted shear astrength for the entire
experimental program was in the plane of the wall. Shear stresses

- 1;.2.5
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resulting in out-~of-plane load1ng slch, as wind load might result in
different ultimate shear strengthe.' The elastzc d1str1butxon of shear
stress in an "I" shaped cross sectlon reaulta in significantly higher
shear stresses in the web port1on. The use of face shell bedding to
resist out-of-plane shear loads may reeult in reduced shear strengthe.

Flexural Phase

, Results of the flexural or transverae loading phase are presented
in Table VIII. Fig. 6 shows =8 typxcal load~deflection curve for one of
the wall specimens, Since all of the walls could not be loaded to
failure due to airbag pressure 11m1tat10ns, a def1n1t10n of failur® was
adopted for the purpose of comparing spec1mena. The lateral loiﬁ at a
0.01 in. offset deflectlon parallel to the linear portion of the
load-deflection curve was selected as the basis of comparison for all
axially-loaded walls. The walls which were not axially loaded were
loaded to failure and actual ultimate strengths were used. A typical
constructlon of the 0.0l in. offset strength is ghown in Fig. 6.

"The typical mode of failure was abrupt tensile failure in a
horizental bed joint at or near midspan., The initial omset of cracking,
was difficult to observe and probably occurred before it was noticed.
Specimens which could not be laterally loaded to failure had the normal
vall load reduced with lateral load held constant until failure
occurred. '

~ The effect of mortar type on flexural strength appeared to depend
on. the superimposed compress1ve load. For wallsg having 0. and 75 ps1
superlmposed compressive stress levels, the highest bond strength was |
developed using Type § mortar. At higher compressive stress levels,
Type M mortar was slightly superior, followed by Type S and flnally
“Type:N. ‘ - S - .

The effect of superimposed compressive load was to increase the
calculated flexural tensile stress at 0.0l in, offset deflection. The
secondary bending wmoment produced by the axial load is small compared
to the bending moment imposed by the lateral load, at least in the
elastic range. As the walls' stiffoess reduced in therinelaatic range
(Fig. 6), the buckling load substantially diminished and the secondary
moment caused by wall slenderness was calculated -to be as much as 97 of
the : ‘primary moment. :

Moduli of elast1C1ty () in flexure were calcualted from
. load-deflection data using a linear- regress1on aualya1s for those
points which appeared to be in a 11near renge. Correlation
‘coefficients averaged 0.996, an indication that the*stra1ght line fit
the data very well, The average value of E 1n flexure for all
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specxmens was L. BA x 1(}6 pa1 w1th coeff1c1ent of variation of 1l. 251.
Elastic madulus d1d not. appear L‘o have a strong correlatlon with
-compressive stress 1eve1 or mortar type. -

The ratio of experlmental flexural ten311e strength to allowable
flexural temsile stress perpendlcular to bed joints (Table VIII) ranged
form a low of 2. 17 for 0 normal stress to a high of 4.68 for maximum
normal stress. The average safety factor increased with normal
compressxve stregs. Probabilities . of failure could not be calculated
since actusl faxlure stress levels were not obtained in most cases due
to airbag pressure 11m1tat10ns. -

' s’umumz AND CONCLUSIONS

A four—-phase experlmental testlng program was performed by the
Brick Institute of America to evaluate. the structural performance of
hollow brick masonry. Exteunsive test results are presented for
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. full mortar bedding are all considered. Test results
are compared to allowable loads calculated from the BIA Standard [6]
fFor solid brick, masonry. Sokme‘of,the mz jor observations are as
follows:

1. Secant modulus of elasticity based on net bedded area
compressive strength at a stress level of 0.20 f'y was 480 f'
with ZIZ coefficient of variation. . '

2.  There was little difference in prism strength for face shell
bedding compared to full- beddlng when streng:hs were based on
net bedded area. -

3. Hollow bru:k prisma ‘were. less sensitive to slenderness ratio
than solid brick prisms. '

4.. _’Hi‘ghver c.qmp:i'ess-iire-_styquvth mortars _reaulfed in only slightly
~ higher prism compressive’ a’ttengths. :

5. The procedure presented in the BIA Staudard [6] for the design
of solid load- bearmg brick walls appears to properly account
for eccentr1c1ty, slenderness, end curvature conditions, and
prism compressive strengths when app11ed to hollow brick
masonry walls.
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(1]

[2]

(6]
(7]
(8]

6. Factors of safetv for wall compressive stfength ranged from
.86 to 11.62, and the H1ghest probability of failure was
about 1 chanLe in 60.

7. The use'of the BIA Code (6} for allowable 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 stress generally increases flexural tensile
“strength. Modulus of elasticity in flexure averaged 1.84 x
106 with coefficient of variation of 11.25%.

9. Factoré of safety based'oﬁ ‘allowable flexural stresses in the
BIA Code [6] ranged from 2.17 to 4.68 ‘and increased with
increased normal compre331ve stress.
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Table‘I

v

Unitsd

Physical Properties of Holiow Brick Units

“Compressive Strength ,
Actual Dimensions . Groas Area. " Net .Area
Radius o -
' of Machine fP X fbb x ;
_t ;h _Area Area Gyration . Load o W
in. in, in. 8q. in. "8q. in. . in. kips ~ psi pei pei psi X
. 442.5 10,870 16,230
_ 416.8 10,240 15,280 :
3.5 3.5 11.63 40.70 27.27 3.25 458.9 - 11,280 10,750 16,830 16;040 3.9
(67%) 444,8 10,930 16,310 ) '
423.7 10,410 15,540
423.7 - 6,470 9,250
| N - . : 440.2 6,720 9,610 ,
5+63 - 3.63 11.63  65.48  45.83 1.90  477.6 7,290 - 6,630 10,420 9,470 6.3
(70%) 402.7 6,150 8,790
426.1 6,510 © 9,300
458.9 5,170 8,480
e 475.2 5,350 8,780
7.63 3.63 11.63 88.74 54.13 2.59 496 .2 5,590 5,520 . 9,170 9,060 5.3
(617) ' 491,6 5,540 9,080 .
s 529.1 5,960 9,770
_ 692.8 6,210 10,010
o - 678.2 6,070 9,800 .
9.60° 3.63 11.63 111.65  69.22 3.14  600.3 5,380 5,790 8,670  9;330 - 6.1
(622) 614.9 5,510 ' ' 8,880
a5 — , 644 .1 5,570 . 9,310
Mens1ona are averages of § gpecimens.

Tested in accordance with ASTM Standard Methods, C 67-66.

CFigures in parentheses are

dcoefficient of variation.

the percentages of gross area in the plane of loading.



P ' Table II
Compressive Strength of 8-in. Hollow Brick Prisms

' - Compressive ' - Secant
Prisms |__Strength, £33 | : Modulus®’
. - Gross  Net Mortar of Elas-
Mortar Mortar Net Area ‘Area  Area v Strength®? ticity, En
Type Bedding in. 2 h/t  psi psi. & pei - pei x 106
‘ 2 2590 4230 9.4 1370
FB 54.4 3 2540 4160 4.7 1370
' 4 2650 4330 7.5 1370 ‘
S 2280 37300 7.6. 1430, 1.89
N . ‘2 170¢ 4650° 8.2 1370 ‘
FS 32.6 = 3 1704 4650 10.2 1370
: o 4 1790 4890 10.5 1430
5 1320 3600 11.6 1430 2.04
2 31200 5090 4.5 3295
'FB 54.4 3 3380 5520 5.7 2295
‘ ‘ 4 2970 4850 6.7 2295
5 3360 5490 4.4 1725 2.41
5 , 2 2230. 6080 9.8 2295
FS 32.6 3 2110 .5750 5.0 2295
4 1960 5350 7.9 1725
5 1840 5010 7.3 1725 2.60
_ . 2 4090 6690 2.7 3350 " .
FB 34.4 3 3810 6230 4.1 3350
. 4 3720 6080 9.3 3035
5 3310 5400 - 26.0 3035 - 2.64
M ‘ 2 2420 6610 6.9 3350 '
FS 32.6 3 2270 6180 5.6 3350
' 4 2290 6240 3.4 3035
5 2070 ° 5660 5.4 ' 3035 2.94
2 4250 6950 3.6 6125
FB 54.4 3 3650 5960 5.3 6125
: 4 3640 5940 3.7 6875
. 5 37400 6110 2.2 6875 - 2.40
HB . 2 2790 7610 7.1 6125 '
FS 32.6 3 2310 6310 7.4 6125
‘ 4 2430 6630 4.6 6875
5 2300  6270. 6.1 6075 2.90

8Average of 5 specimens.
bAverage of 3 2-in. cubes.-
C CAt 0.20 £'y.
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, Table III
Compressive -Strength of Hollow Brick Walls With

Hinged Ends Top and Bottom (Case I, ej/e; = -1)
Teat Specimeng " Test Results =~ .- . Comparisons
' Average® - AverageP S ' :
Ultimate Ultimate
o , Load Stress :

h .t . . g - Py "~ Net Area BT Relative€® Probability
‘in. in.  h/t ey - kips ~ psi . %, Strength - P../Pd P, > P
40 7.6 5.3 08 - o S - , 1.00 - -

- 71 7.6 9.34 /6 305,2 2766 , 3.7 1.02 6.66 .999
t/3 -233.3 2112 9.4 0.78 6.43 . .995

119 7.6 15.7 tf6 - 316.8 _ 2871 4.3 1.06 "7.80 . .998
/3 274.4 : 2650 J11.5 0.98 8.52 . .99]

167 7.6 22.0 t/6 ©243.% 2205 8.7 0.81 6.97 ©.995
: ‘ t/3° 207.0 1876 = ~ 0.69 7.50 =
167 5.6 29.8 t/6 219.3 ~ 2480 5.7 0.68 7.43 997

t/3 185.3 2095 - 0.58 . 7.92 -

:Compressive prisms, tested with axial load, both ends Ffixed.
Average of 3 specimens.

cRaFio of average ultimate stress to average f'p of 2706 psi»kor 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.
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Table IV
Compressive Strength of Hollow Brick Walls With
Hinge at Top and Fixed at Bottom (Case II, ej/eq = -1/2)

Test Specimens . Test Results Comparisons
: ' ' Average® AverageP
Ultimate Ultimate
. ] Load Stress
b t " By Net Area v RelativeS® Probability
in, in. -~ _hit e kips - pai ' Z Strength p,/pd P, > P -
40 746 5.3 08 - - = - 1.00 . = ' -
N 0 289.9 2627 5.1 T 0.97 %.86 7997
68 7.6 8.9. t/6 297.9 2700 4.7 L.00 6.77 - .998
» ' - t/3 219.3 1988 6.8 0.73 6.83 ©.996
0. Jol.4 . 3275 . 3.0 . l.21 7.06 7 .998
116 1.6 15.3 t/6 322.4 2922 4.0 1.08 8.55 .999
) - tf/3 ¢ 2572 - 2331 5.9 0.86 9.35 .997
) 0 ‘ﬁ%' 331.5 3004 3.7 1.11 7.76 .999
164 1.6 21.86 t/6 XF'25Z.2 . 2285 3.4 0.84 8.03 .999
' - t/3 +195.3 ] 1770 10.2 0.74 : 8.53 " .993
' , -0 290.1 3281 ' 2.6 ‘ 0.90 8.36 .999
164 5.6 29.3 t/6 241 .6 <2733 ' 0.75 . 9.44 L -
Ctf3 146.0 - 1652 - - 5. 8 0.46 7.81 .997
8Compressive pr1sms, tested with axial load, both ends foed '
DAverage of 3 specimens. -

CRatio of average ultimate stress to average f'm of 2706 p31 for 8 in. walls and 3630 psi for
6 in walls.
’ dAllowable load P from Sect1on 4.7.8.1 of BIA Standard [6] uslng net area.

AL
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: : TABLE Vv .
N . Compresaive Strength of Hollow Brick Walls With
Hinged Ends Top and Bottom (Case III, ej/ep = 0)

Test Specimens Test Results , ) Comparisons

. AverageP AverageP®
Ultimate -  Ultimate
Load ‘Stress
h t . : P, Net Area v Relative® Probability
in. in. _h/t e kips psi % Strength P, /P% P, > P
40 7.6 5.3 oa = . - - 1.00 |- =
0 j” 325.5 2950 3.2 1.09 5.40 +999
71 7.6 - 9.3%., t/6. - 283.6 : 2570 4.1 0.95 6.70 .999
: . t/3 233.2 2113 4.0 0.73 5.36 L, 999
_ 0 350.2 3174 3.0 1.17 7.50 - .999
119 - 7.6 15.7 t/6" 286.1 2593 6.9 0.96 8.64 . .996,
t/3 _253.4 2297 4.5 0.85 11.62 .998
0 299.0 2710 6.8 1.00 8.15 . .99%6-
167 7.6 22.0 t/6 - 222.2 2014 6.6 0.74 8.55 .996
: t/3 180.4 1635 8.4 0.60 10.55 .995
: - .0 230.0 2602 5:5 0.72 8.85 - .997
167 5.6 29.8 t/6 155.1 1754 4.6 0.48 - 8.43 .998
t/3 86.0 942 4.9 0.27 7.1 .998

|

8Compressive prisms, tested with axial load, both ends fixed.
bAverage of 3 specimens. - : 7 ‘
CRatio of average ultimate stress to average f'm of 2706 psi for 8 in. walls and 3630 psi Ffor
6 in walls. ) . - !
dAliowable load P from Section 4.7.8.1 of BIA Standard [6] using net area.
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Table VI )
Compressive Strength of Hollow Brick Walls With
Hinged Ends Top and Bottom (Case IV, ej/ey = +1)

Test Specimens . Test Results. - ’ Comparisons
' AverageP Average5
Ultimate ~ Ultimate
Load Stress
h t P, Net Area Y " Relative® Probability
in. in. h/t e . kips - psi - X .-Strength p,/pd P, > P
40 7.6 5.3 08 - - - 1.00 - -
71 1.6 9.3 t/6 280.4 2541 3.1 0.92 8.59 .999
t/3 - 149.3 1353 16.8 0.50 9.33 .983
119 7.6 ' 15.7 t/6 $252.9 2292 0.8 . 0.85 11.34 .999
' o t/3 75.1 . 681 1.7 0.25 6.77 - .999
-167 7.6 22.0 t/6 188.1 1705 5.9 0.63 -€ -
t/3 44,2 400 8.0 0.15 - -
167 5.6 29.8 t/6  96.9 1096 5.6 0.30 } - -
t/3 25.9 293 14.0 0.08 - -

aCompresawe prisms, tested with axlal load, both ends fixed.
Average of 3 apecimens. ' :
CRatio of average ultimate stress to average f'n of 2706 psi for 8 in. 'walls and 3630 psi for
6 in. walls. ‘
dAilowable load. P from Section 4.7.8.1 of BIA Standard [6] using net area.
€Max imum slendernesa ratio permitted in BIA Standard [6] ej/es = +l is 20.
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o Table VII -
Shear Strength, v';, of 8~inch Hollow Brick Masonry Walls

Superimposed . , Mortar Allow- Ratio of
Compressive " Average Average Coeffi- Com-’ able Ultimate
~ Stress . Ultimate v' cient of pressive  Shear Shear Stress Failure
psi Mortar Load®  net area Variation StrengthP StressC to Allowable Probabilityd
net area . Type kips psi % psi______ psi Shear Stress _ 2
T M 65.0 209.0 11.7 1980 33 6.3 0.11
0 S 49.4 159.0 10.7 - 1108 S 30 5.3 -0.08
‘N 32.9 _106.0 10.5 918 29 3.7 0.12
M 79.4 255.0 4.9 2358 .66 3.9 Less than 0.
167 s 71.7 -230.0 6.6 1071 - - 63 3.6 Less than 0.
' N 62,2 199.0 7.4 895. 56 3.6 Less than 0.
M 105.5  339.0 5.5 2859 80 4.2 Less than 0.
- 335. 5 107.8 346 .0 8.7 1915 80 4.3 Less than 0.
N 86.6 2780 6.8 933 56 5.0 Less than 0.
, M 134.4 431.0 8.9 2762 "~ 80 5.4 Less than 0.
500 S 127.3 - 408,0 5.0 1524 80 5.1 Less thao 0.
: » N 104.5 - 336.0 5.3 890 56 6.0 Less than 0.
SAverage of 5 specimens. ' : .

bAveragg of 15 2-in. cubes.
CCalculated from §ection»4.7.12.3 of the BIA Code [6].
Probability that allowable shear stress will exceed shear capacity.
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Table VIII
TransverSe Strength of 8 Inch Hollow Brick Walls

Wall Specimens |

— S _ Test Resulte®
Lateral Tensile ° - -
- Load at Stress at : , Max imun Ratio of
| 0.0l in. . 0.01 in. Maximum Maximum Midspan Hodulus of  Experi-
o NQ?@ﬂl OffBEt_De- Offset De- Latersl Tenslleb Deflec~ Elastlclty mental to
Mortar Stress, _flecflon  flection Load  Stress, ¢ tion - in Bending ~Allowabled
Type fp, .p8i ___ pei _p8i__ pei f'. psi X in.,. . pei x 109 _ £l
M 0”-‘_. ot P .92~ 78 20 . .0085 1.57 ' o 2.17
s 0 - - - 103 87 16,0084 1.91 2.42
. B NN S - 8 . 70 14 L0069 _  1.96. . 2.50
M 5 184 80 . 210 102 12- .063 . 1.57 - 2.83
-5 5o 205 98 226 117 - .050 ¢ 1795 3.25
N 15, . .. 196 90 _ 231 120 = 054 . - 1.I0 o, o 429
g 100 240 102 254 14 =  .058 . 2.9 . 3.16
$ oo 230, 94 262 121 - 054 92 o 336
N 100 ... 220 - 85 _ 262 121, - .062:. .- .1, 75’ S 4432
M- 125 280 o299 127 - 046 0 2.l& - 3.53
s 125 235 73 . 308 135 - .086 1.67 3.75.
R 125 _-230. 69 304 131 = 014 1,69 . 4.68

Values glven -are -the average of -5 Eegts

there weré 3. tests. :

bCalculated from the Equation f;
lateral load 6n a one ft. width
of W1dth.

exé¢ept the M mortar aerxes with £ = ?5 psl in wh1ch

= M/S - f, where M is the bending moment produced by the
over a span of 7.5 ft, The section modulus is 100.0 in. per ft.

CCoefficient of Variation is not shown for those specimens which were loaded to a predetermined
lateral pressure and unloaded,

dFrom Table 3 of the BIA Code [6].
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" AK INVESTIGATION OF THE ASEISHATIC BEHAVICR
OF PERPCRATED BRICE BUILDINGS

BauRongguang'1
ABSTRACT

This pavper nresente the work done in résezrch of the. aseismatic
characteristics of reinforced perforated brick Structures. Experi-
mente are conducted for the determination of shear strength on a
large. number of snecimens. Emphasis is placed on the effect of such
.factors as static stress;, eheer-snan.ratio, flange, amount of rein-
‘forcerent under the condition of unrestricted flexural strength
Also given is an unifiéd method for the determinztion of shear sitr-
ength of reinforced and unreinforced wall units.It is believed that
this method yield results. of closer agreement with those by nonline-
ar analyses and experiments than by mgst current approaches.

1. Intnoduction .

Traditional Chinese houses: are. usually of the unreinforced
masonry type, using common- elay bricks as. the main’ building material,
In order to reduce dead load and COnsequently to improve their ear-
thquake-resistant. capability, the author Froposes the adoption of a =
type of perforated tricks :

(:see Pig. 1). whieh
permit. the placing of
‘all-important vertical
reinforcements
: ig.1, EP1 is
.the standard unit which
combined with the non-
standard units KJi,kKJ2
and KJ3 makes it pos=
sible to irnsert ver-
tical bars at wall jun-
ctions and a2t door or
window edges, and this
raterial was used exten-
sively in dwelling house Fig. 1
up to about six storey in most :
roderate earthquake areas. These buildings will be referred to as
"perforated brick bearing system with vertical reinforcements".

The author is pesponsible for the research program "A Study of
Perforated Brick Dwelling - Buildings in Seismic Regions " whose
objective is to propose methods of dimproving the aseismatic
behavior of masonry construction by suitabie reinforcing and to
suggest aprropriate criteria for desigh purposes. To meet this
requirement, an considerable amount of anflytical work has been

! Structuiel engireer, China Nortnwest Building Design Institute
IT-3-1



czrriel cut besides exhaustlve experirents .concerning the procuctlor
¢f the new materizl and releVant construction methods.
"In both exnerlmental and thecretical dork attentlon is always
aimed et the determination ‘of reliable vaiues cf shearlncr strengtr,
beceuse it is well known that shear fejiure ig the pr1rc1n=l fellure
roce of- masonry structures urder letéral load, Shearing sirength ex-
‘heriWEEuS have been conducted. on 52c ‘Block sne01aens, emong which
335 are of perforated bricks and 195 of the so*id type. -For wall
specimens, 14 ldrge size. unlts and 159 snall—s*ze units héve been
testec, beszdes using one sinrle -storey model (Wlth door or wzndow
orenings ) and another similer five-storey unit. The effects of wall
flange 2nd the variation of shexr strength with the unmter of
stcreys have zlso teen studied.

As a supplement ¢o experiwental work and :fer the sake of veri-
fication and comperison, it is deemed rnecessary to emzloy nenlinear
Tinite element technigues for thecretlcal anclyqeq"‘

2. zrlef'Descrlntlon of Exneriments,

All test Spec1mens are built as unifermly in guality as possible
by meirtaining a continuous and controlled output of mortar,
lzteral loads are apblied alternatively in following manner: in
load-wise steps before appearance of diagonal cracks and in displa-
cement-=wise steps after. Generally. for each amplled load, three

sycles are considered sufficient.
Genernlly three identioal specircens are- being tested for each

item, N
The main experlmeﬂtal works on the three types of spec;emens
include, P-A curves, reinfercement strain .or P-£ curves,tri-dire-

" ctional strain’ of well )
gsurface, etc, The de- &) -ms,_m,,‘u
velopments of cracking

is observed and record-

ed in det=zil. The mein

properties of the '

specimens ere s*owed in 5

Ta‘bles 1, 2 alnd Flg 2. ngﬂ:n

hy&nuau.nm

3. Experimental Results (o) ¥odel wall

and inelvses L ' =4 T
3.1 Shear strensth ! &==ﬂL=ﬂ ‘
=1

The shear strength : I

(2long mortar joints) _ g o
is regarded in this T - T . -
ic: il A=l =l

country s the basiec
" eseismatic design
criterion for masonry
structures. From the
results of experiments
on 528 test speciméns,

‘Fig.2 Simple Figafa of. specimens
50%,! (1) The section c.'nin!araed GU’ncre‘.te i

b.c.f. are 160,

the following results
are obtained:

In the construc-
tion of perforated

(2) “The eection of reinforoed concrete in

Pig.2(a) is" 24D x 240

II~-3=2
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Duscription of wall units

e

Table 1 _

Botes a,b,0,f and g danete types of n:l_nfmi.he mm,

mypeor] | sesiensl | B of spectoome 1 virasa| Toaign marear | Beinfurcessmt __ptesl percastase
-l T et AL T A
pecion| hope | Terwet | o (kgff) Jorets Bo(1/ee) wpen | g | (2 ew)
jﬁﬁt.a 8 - 2 1T ¢« 1 & ae 0,08 0,07, .
PRI I 3 1 b 0.1, 0.21
flarge |RIQ} - I 1 . 1 r |h| n-% 0.&
atan |79 T 1 3.5 Y} Lo ad | . 008, 0.u.
S | poges I 1 - 1 aho | o8 004 0,084
F0Q-9, 10 T 2 1 ] ! 0.108
Pae-5,17;8 Resangilar 3 ! b e 0,09, 098
| B8o~1 1 1 ) ‘ . £ ‘p.‘g‘?&
 {ax(es x @) 9 2~ 65 |25 50, W0 | | g 0073
c-x{115 = X0) 4 5 " o [rbreesossdy
D-X(225 z 10) 24 N 2= 6.5 " [bo)abioye
-X(225 x 90) 4 3.5, 5 30 '
P-x(225 x 110) n 35-6 28, 30 W00
Smld | P-X(350 x 110)| Boctanguler 3 .5 0
iy | X015 = 140) 3 5 6.3 50 .
1a-x(225 = 130) L] w {2=8 30, 100 4  |ec2ooxbeaba |
1-1(315 = W40) 4 , 4 2. 65 W 3 [sebsad
1-2(225 x. 140) ¢ 4 2. 6,5 25; 50, 00 3 [sibesd
J-x({225 = 1%0 3 < 3% 5 0 ‘ .
K-X(225 3 160 ® 5=-8 50 7  |beabsaboge, |
DU SR et e R —— s ———————— be

o shows reinforcasent in %0 & 110(mm) 1.0, belt &% mis-height of mll,



b":u:k ‘misonry, some part of ) Wﬁmm-

thé mortar ie forced dinto abis 2
+he holes and, when harden- ,
ec, acts &s “keys This . L

‘explaine the sllghtly ‘higher
R value of perforated
tricks, a2nd we can regdrd a
10% incresse &8 being con--
servetive, Furthernore, the
reduction of weight for per-
fereted masonry buildingse '
over the conventional tyoe
is about 16%. Taking all

" the above-menticned facturs
into con51deratlbn, the per- . .
ferated brick build-ngs can , qu-os) tectle row | wnds of wll (stmel osntant C.112%)
ve regzrded as possessing ' / .

en overall aseismatic str-
e"gth 25% bigher than those “Ih"ﬁ‘ﬂ.‘“ﬂﬁdﬂif”‘l‘“m

ci‘ solid: ‘m:ick construction. -ru-stcmmnrmnmum

. ends of lﬂ.’l {stea2 eomtent C.112%)

«nds ﬂf‘nll (gteel oomvent c. 112%)

i {stedd eamtant C.z24%)

3.2 Pactors clﬂiefly influencing shedr strenLh
3.2.1 Norral stress o.l_; L ‘

Stetistical results of - experiments on 18 specimens of *dent cel
dimensions ‘and - mortdr strengths zre given below-

g, ( keg/em? )' “‘ 2 3.5 5 6.5
Qp (gittgigg lateral load ,13é5 19.07 23.4 5.5

iihich shows that the effect’ of" norm¢1 stress on she.r strength
is not neglighble,

3.2.2 shear-spen retio 2
For single-storied units; Z is definednas

where M and Q are respectlvely the moment and shear sustained by
the specimen, and Bd its effective width which is reduced tc B in
the case of a rectangular ‘section.

A tctal of 16 specimens of B=225 and Ry=50 ere divided into §
egroups D, F, A, J and G, and uare tested ulider. constant normal stress
Oo=5kg/cm? and Z-values 0.3111, C.4889, 0:.5778, C.6667 and 0.8 res-
pectively. Results are shown in Table 4. To compensate for the lack,
cf experimental data corresponding to Z-values Ge =2, 3.5 and 6.5,
ron-linear analyses are carried out for =2, 3. 5, 5 and  6.5,and the
znalytical results are also listed in Tatle 5.

Both experirental and corputed results, which agree with each
other fzirly closely, indicate thzat the effect of shear-span ratio
on shear strength should not be overlooked. According to TJ11- 78witn
Oas between 3.5, 5 and 6.5 the term "ratio" in Tatle 3 remains pra-

I-3=4




cticell ccnegtant for given

Z, but with TFe=2 this term Ecparicamts) axd Thacre::cal Results

vecores smaller than cor- = : Toble 3

responding velues with @. EM 1 e |y | ooz

between 3.5 and 6.5. This . s | 1t&2 ‘ .

indicztes the necessity of . _ 0.3114| 0.4889 (0.5TT8 | 0.6667 -| 0.800

intreducing a further reduc- s @ [25.38 | 21.4  |20.25 | 18.35 | 17.10

tion factor varying as 2, w RBatio 1,150 | 0.971 |0.919 |6.837 | 0.716
3.,2.3 Wall Flenge RN Y A R

. Hatio 0,973 | 0,873 |0.782 |ac.682 | 0.539
Experimentzl results -

fer 18:,_,3 size wall ui"lts 15 -] 516 184618 [16.678 | 15.410 | 13.691

of I,'!'and rectangular sec- o ™ Tmatto|1.096 | 0.995 |ci891 | c.823 | c.taz -

tions (see Fig. 2.and Table imalytiesd -

2) are shown below: . : 5 | 3.455| 21.493 (19.392 | 17.861 | 15.868
" Vazlues .in parantheses _ Eatio] 1.064| 0.9T5 [c.880 ]0.810 |0.720

are analytical results., Tt . ‘ vl
ray be seen that for flange SR P @ _[?5-803 23.357 |21.589 | 19,895 | 17.
width b=124 the Qp values -~} Batio[1.072 | 0972 [0.899 | 0.628 |o0.736
for I-shaped and T-shaped
sections are respetively . Hoter "Eotic” denctes the ratio of experimental o th:lmtim].

17.5% and 10% higher than ey
those for rectangular sec=  Temilt Yotreen Yat given by BreRy) o g asoertang w0

tions. For larger values of ) soismic oode T1+-78.

effective flange-widths, ‘ - ‘ _

i.e., larger values of Bd, even more marked differences may be expect-
ed. o

i

- T section | L , o '
Itenm 1 . T ‘ Rectangle

e (T) £3.2(82.26)  77.91(75.41)  70.83(¢5.42)
Ratio N R P 1.100 '1.00

_

3.2.4 1‘lun‘ber oi‘ st‘oreys

The experimental and computed results of five corresoondlng palrs
of 5-storied and single-storied model units are shown in Table 4. v

It is apparent from T.ble 4 that: ‘

(1) The reduction of Qp values for 5-stor1ed urltq as corpzsred
to single-storied units is qulte consideradble, the reduction factor
being C.465 for experirents:and 0.515 for anzlyses (the slighty lower
exnerirental values are probably due to darring during loading and
construction defects).

(2) The bending strength of single—=toried units is much hlrher
than its shear strencth, '80. that no 4nparent bending cracks have
been observed;: The contrary is true for the case of 5-storied units,
™is fully demonstratés thet with large values of 'Z and with insuf-
ficient strength against bending, the shear strength can be greatly
reduced owing %o premuture herizontal cracks.

(3) It is suggesteéd that scme sort of requir rerent be nrov1aec
for cezses of H/B exceeding 1.5.

1143-5'



3.2.5 Re inf_orcemen—t ,

mummﬂhmna‘:muﬁn
Fror tests on nearly 1CO R i Tuble 4

“wall units with various amoun- = —
ts and arrangeménts Of rein- ppesm Bayerismral (3) | Comprted (1) | /i
forcement, the cdnclusion is ol @ | w [ mde | @y | ey | o
reached thet reinfercement is . [ o ' T v | )
the most effective means of [ >8 (6.54) 104 | 0450
irproving the structure's =2 112(8) 113 0e496 K6.95) |14.3 |0.584 | 0.912
aseimatic behavior by increas- w3 | 86) |10.8 | 0.dgs K6.66) 1113 |o. ;
ed ductility and lirmiting of y ) 9 [6.66) ) 1.3 | 0udg0 im’"
crack development., Results ek 10(6) |12.2 | 0.435 [6.89) 13.4 | 0.526 [ 0.910
-f tests indicate that for  ws |4 |e Ced28 [6.00) [10.1 10,516 i 0.7%4
low reinfercerent and without ‘ :
restricted bending stresses, VoL |3 1 f10.6) 1227 | 9 1.151
the fellowing points should w02 J” 1262 | 4 11.2) [24.4 1 1.073
preferably be borne in mind. ...t " s

(1) Horizontal reinforce- S A el L B
rent arpears to be quits ef- W4 in 27.8 1 10.2) |25.5 1 . 1.090

" fective in improving the . - e i i

shear strength. This is veri- > " |®7 b .k“m (195 B Rt

fied by the fzct that wall -
urit PGQRQ-5 gives no sign of Soter 1. hmmn—a./ns-n_ .

shear feilure before bera- : ' | ‘
kmg of two laye‘rs of horie- z.wwmzﬂutmmmmmswu
zontal bars. But this is only . pureritbesis are loeds st initial cracring 4us to bending.

" true when the wall unit pos-

sesses sufficient bending strength or when the (effective) shear-
span ratio is relatively small, as 2 exceeds 0.6, horizontal cracks
appear at the wall bottom and thus it is advlsable to rovide: ver-
tical reinfercerent of type b or g to ensure the full shear str-
ength of wall combined with tyve a reinforement. "

(2) Type e consists of a horizontal R.C belt that is much more
rwcld and stronger than masonry. This type of reinforcement is ef-
fective only when an amule b or g type of reinfdrcement or a suf-
ficient bending strength is provided otherw1se detrimental effects
such 23 slipping at the base may occur. As e matter of fact, the
cnly test that results in collanse is with tyue e reinfcrcerent
only,

(3) 391nforcements of type b, g and f are rost- effective in
resisting bending, and their stresses increse with increzse of 2,
soretires vreaching yield-point. These reinforcements prevent the‘
orening of horizontal cracks and at the seme tire ensure the full
develeprent of shear strength. As soon' as initial creacking occws,
these reinfercements start to act as "keys" and sustain -the greater
part of tensile or compressive stresses, Vertical reinforcement ¢
in the middle of wall is subjected to low tension or compressien,
but its "keying" action is obviously more effective and thus tends
to provide more shear strength than that of type b (g,f). Type £
reinforcement is useful in resisting both: longitudinal and trans-
verse earthquake forces. .

(4) The most effective means of i:proving earthquaxe-resis-
tance is by combining type a, ® and ¢, but the components cannot.
develop their useful effects at the same ‘tire. Under ernerirental
conditions, an increase of 30-60% in. sne_r strength is obtgined
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It snonld be noted that: oy
although vertical rein-~ |
{crcements ere not as ef- .
fective as norizcnal rein- m4
forcements in rersisting
shear, but it, has the
advantage of providing '
sreater ductility.
‘ The combination of types
2, © and ¢ nAs the meximam
capability of energy:diss‘
ipation, providing ducti-
’1ty and reducirig cracks .
(fee Tig. 3). Risk of col-
lapse after the stzte no- s i L. ; - —
‘minzlly recarcded as failure ° . = 3 ) B Smm;
is alsc lessered, Fig, 3

4. Proposed Method fcr CalCUlutlnE ahear Strength

>.Vrom earthquaks demage surveys,,the diagozal cracks onserved on
various wall location are results that.‘can-be- -gttributed to princip-

* al-tensile stresses,.Under cyclic loddinr tests, 'disgenaleracking

(usually accompanied by horizontal. cracks with ‘'sm&ll Z=value) are
also preduced, thus implying the. presence .of eritical stress state
causing cracking and failure along-the: cracked surface. Accordng to
celeulations for 2. renglng from 0.2 to’ C.8, end by observ;ng the
strerses along cracked surfaces Znd - the area envelcoped by the ma-
ximim stresses (i.e the maxirum shear Qnax =1eng the surfacee), he
fellowing cénclusions may be drawn' :
(1) Principal tengiie stresq is - the cr1t1Cel fdctor, and 1t in-
creases with larger values of.Z.
| (2) The maximum principal tensile stress’ oceurs .at the eide of
loading near ‘the wall.center where initiel ‘shear cracks appear, .’
The author Dronoees & unified forrula of ca;culating the shear
strength of both unreinforced 4nd reinforced w=11-units ‘in' the terrs
of. nrinc1p=1 ten511e stress 85 given ‘below (Z‘=1) :
Qo= __1\;33 +O OEReAhml.- ,-113

in whlch ' ' ﬂ-“"“
Qn -7- Ultlwate shear - strenzth of wal

_(efeectlve flange E
‘drea included) ‘of | masonry of wall urit.

;——— coefficient of shear stress variatlor belng 1.2 for
rectangular section and 1 .2 (- “£° %-) for arbltrary sec-
tion,

4 end t --- effectlve horizor.tal sectio al erea and thickness of
wall respectively. ‘
ﬂ——- coefficient of infiuence of 2 on shear stren&th belng

N =1,22-0.712 When Ge=>3.5.
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2nd (1.22-0."'12){1-1-[c.065+6.ee(z-c.311)5] |
. (a.‘-s_s)} when@e<3.5 ..... S .(2)

Ak and Ra --- sectional area of K.C. core znd axial compressive
strength reepectively.,
1 ---- index number (1-3) for reinforcement types a(e), b(z,1)
. and ¢ respectively, . _ B
Ag & Rp --- sectional -area chd tensile streng:h of reinforce-
' ments respvectively. o
my) --- coefficient of efficiency for cortined reinforcements,
~ being 0.9 for combination of a.(e), b(f) and ¢, and 1.0
for all other cases, L :
mg --- coefficient of strength participation of reinforcement
‘ in shear, being 0.2 for .tybe-b, C.4 for type c, 1.0 for
type a with abe cocbination, and C.6 for all other cases,
For nurber of layers 2-6. mg should be rultinlied ty 2
reduction coefficient of C.8-C. 7. _
A comparison cof values of 7 computed by the oroncsec metnod znd
thcse ottained by various cther means is shown in *2bie 5.

Calozlated and experi-
mentzl results of ultimete

o 4 of Valuss of m for Difrermit Ketnoed
shezr strength Qp for . Sl

large-size wall units and e S
model specimens are. listed . s oz -
in table 6,. as results for - *lo3n loBs | 0.5T18 | oweer c.800.
small size wall-units are . |
too numerous to be given Brperimantal | 5| 1 [0.844 | 0.799 | 0.728 o813
separately. \ - ; 12003 lo.810 | 0,725 | 0.633 0.500
It can be seen that: * QMHI:‘ .5"5[ 1 .'.0.875 0.827 | 0.761 0.577
(1) The shear streng- " . _ — .
ths celculated according ‘Proposed | 2 } 0.503 'o.780 | 0.711 | o.629 0.488
to the {:ropgsei mi;hpd .  yormla  DL5! 1 {0.873 |0C.B10 | 0,786 | o.652
agree closely to those from ‘ ™ : =
experiments, the deviations ?J'““32 i1 B8z |08 ) 0763 | 0.6T
teing. on the conservative o 2 10.733 '0.541 ;0.492 . 0.448 ©.195
side ‘ T o A :
, L L . ] 6. - 0.6 0. 0.530
(2) For specirens having u.s.sa | 28, 0550 077 0. : 2 2
srall valueés or large Z val- ' cate'® | 5. lo.92s 0.7 0136 ! 0.676 | o©.613
ues, the proposed method - | 6.5 0.978 CeB52  0.808 0.5 | o.687

trovidea greater measure of
safety and closer agreement
with experiments,
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5., Some tentztive conc:u51cns

(1) The shear
strength of per=- :
~orzted brick ma- mmm and Cmu Besults of @ (T)

) 'In'hloﬁ
SCHry preves to f

be 10% higher than — : 3 | Paroantsge Of
thet of solid brick . Y= r”,m s :::aw*
ccenstruction. Buil- Spenimen | Bazber (mn—'{s) d1£ference .
ding of such con- : —

ctrustion are bet- ‘ EGe=1t) 76 , ,

+er suited for . “ . , SGQ_J. } Fs.s' e1.1d R n' 6-59 -
scismic regions, ' | PaR~1| 81-0  |83.66 ; 338

{(2) The influ- PoG—2| 82.5 86.37 | ¢-69
ence . of static nor- Poe-3| 92.5 [87.95 492
mzel stress, shear=- ’ PoR~¢ | 883 93 .70 6-12
spen retio anc- fl- Lo Poe—S| 99.9 108 1.01
znges of wall-units &* Poc—s | - §7-13 |55.26 L 3.22
zre considerable in sise ’ 26 I «-04
their sheer strength o (POQ=7 | 58.13 |55- : 3
znd should not over- PoQ—¥ | 70-83 |71.77. - 1.8
looked. PO |- :J.nx_ 7v.91 3.77 .

(3) The prouosed’ ra&dﬂ 7881 [79-91 | 139
method of shear de- . :pOg-11 §3.20 |[88.21 6-02
terrmination takes . ER~1 SU.35 |80-27 00
uinto account many wa-1 g §.d5(9.60) | 5-62020)
1vno“ed and is bused g3 | 108  11.46(10.38) 6.11(=3.89)
on the results of an L 2. 56(10.38) 28 15(—1d+92)
exh-ustive study by WE~ | 122 3.5 oAt
an=1lyticel and exgeri- ga ,"ES ' 10.10(9.38), 26.25(17-251)
=aptal wvork. The . wHJ ‘26.3  |25.27 (0.60) —41-49(—76-39)
resulte given by this w02 ] 2603  20.0611¢.07)23 .51(—~46:3)
rethod appear to be ‘ WE—03 | 21.8 17.03(10.38)~21-88(-52.39)
rezcsonzble and safe. ‘ wn—u: 27-8 121 .44 uo.as.)!-_.zz B8 (—62.66)
tc use in design, C . gE—05 i 18.65 15+43(9.38) =20-87(—g9-71)

f4) For tuildings -
with height-width =~ = . L o
ratio H/B exceeding . ; ' :
. 1.5 provisons are ‘
given for bending strength in d951gn. ‘ ‘
{(5) The most effective mézns of improving shecr strength is by
horizontal reinforcemnent, that. for improving tending strength is
by vertiocal relnforcement Better over all aseismatic performance
can be expected by using mesh-type r61nforcement abc.
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THE SEISMIC SHEAR STRENGTH OF MASONRY WALL
| Feng‘jianguo1‘

SUMMARY -

This paper disscusses shear strength 6f brick masor -
. Ty Qalls under cyclic horizontal load. Eighty-six speci-
mens of unreinforced masonry walls have been tested. The
results show that the shear strength is significantly
"affected by the aspéct ratio of the wall as well as mor-
tar atrength and vertical compression.

- On the basis of test data, statistical analysis of
‘orthogonal table and calculatlons by elastic-plastic fi-
nite element method, the seismic shear strength formuls
including three factors ( R;, &, ,:; ) is proposed. Calcu-
lated vaiue by éuggested formﬁla are‘compﬁred with the
test data and they are shown in good agreement.

INTRODUCTION

As to the expressidn‘for shear strength,exists two
different opinions in China and abrosd. One is the squa-
re root type (expr3551on of ten511e principal stress)
The other is llnearbtype_(expre551on of shear-friction).

Tﬁe square root type‘fbfmula is proposed by Turnsek
 et. al, in 1971, He supposed thét 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,

R 1'(1)

‘_ 1 - Senior Lecturer
Dept. of Xi'an Instltute of Hetallurgy and
Constructlon Engineering
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Where Re -the tensile strength of masonry,

.R. <the compressive strength of masonry.

The linear typeé rormula is proposed by inha et. al.
in 1970 He supposed that the masonry be considered as a
plastic friction hardening materlals horizontal shear-j
sl1d1ng take place along the crecking of masonry. On the
basis or Coulomb-Mohr' 8 strength, is given

T &R, + ;5,
| . (2)
Where R ~-pseudo- cohesion;

6, -~actural compression,

f - pseudo—friction coerricient (O 3-0 8.Hendry
1981) . :
Either square root or. linear expre831on, conteins on-
ly two factors: The shenr strength of mortar R; and verti-
cal. compressive stress f‘ A grsat deal tests in China
and abroad have shown that. the shear strength of wall 1s
also relate to the aspect ratio h/b (height to length).
The reasonable rormule‘mnst.contain-three factors. The
expression of.reletionships ags follow:

& ¥ hy 3
r-f(a,c. % ) (%)

On the basis of thle expression, the experlmental
study is carried out,

DESCRIPTION OF TEST

Speimens are designed according to three factors,.
the level of each factor is decided by actuality: Rjao.g.
0.4 Mpa; 6,=0.2-0.6 Mpa;%=0.6-~1.6 (for fixed ends; for
cantilever's multiply O 5) The specimens organized by
orthogonal table L (5 ) At least two or three of the
same condition specimen must be made. Other specimens we-
;re-used to ;nvestigetelthe influence of single factor, -
here only versus it's own level. Eighty-six specimens
iheve been made in ell.
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The dimensions of specimens are decided by piers and
transverse wall in multi—etoryﬂmasonry building. All spe-
cimens had a thickness of 240", length of 1250-5500“”
height of 400-1500™%

‘ Specimens are made up of- perrorated brick whose te-
,chnical standard is "kp-1%. Strength of brick is: larger
han ‘10 Mpa. Design strength of mortar 2.5-10 Mpa.

' ‘Test specimen and test apparatus for fixed ends and
cantilever are shown in Fig.?1. The vert;cal loading edd
to the design value at first, after steadness, add the cy-
clic horizontal loading: At the beginiﬁg under the control
by load, the load 1ncrements are 20- 30kN. Unt111 the ulti-
" mate strength is readmd change to the control by lateral
derlectlons, the deflection 1ncrement is one or helf dis-
placement of ultimate. loading. : ,

At the top of centr 11ne on wall, set up e dlsplace-

ment gulde. the 31gnals contlnuously recorded by x-Y
functlon recorder.

THE MAIN RESﬁLTs OF TEST

The cracklng processes of all of test walls under re-
ver51ng actions were approximately similar on the whole.
In the curve of lateral load-deflectlon,.exlst four stages
and five character pointe‘ae'shown in Fig.2. Prom statis-
tics of test data we obtained the -point of ‘elastic limit
‘Pg /p =0.42 (coefficient of variation e =(.14); the point
or horizontal flexible cracklng Py whose value is deter- -
mined by aspect ratio h/b, the p01nt of diagonal cracklng
py/p =0. 88 (c =0.02), the point of ultimate loading Py»
the p01nt work loading pw/p =0.91 (c =0.03),

Load versus deflection enveIOpes for specimens are
-shown in Fig,}. The deflection is that, at top of the '
specimen, the evelope for each curve was obtained by pas-
sing lines through peak point of each new maximum loading
cycle. The lateral load-derlection curve is taken from

the mean value of evelopes of load vesus deflection on
L - ‘ I1-4-3



two directions. It's show in Fig.3.

Since the ultimate loading point is more clear than
any one, we take following values to evaluate the charac-
teristic. of lateral resietance' The ultimate lateral loa-
ding p,; The distortion (deflection angle@&”) at ultimate
load1ng and strain energy (area of losd-deflection dia-
gram) at ultimate loading.

ANALYSIS OF INFLUENCE FACTORS FOR
LATERAL RESISTANCE

The influeaee factor for iateral ultimate resistance
were mertar strength (or'Bond strength ) RJ, compreseive
' stress & and aspect. ratio h/b, as listed above. In order
to obtain the influence of one factor,the other two are
fixed. The follow1ng conclusions are. based on the results
of these tests. ’ ’ |

As shown in Fig. 4(a) with the increasing of the mor-
tar strength, -the lateral resistance is increased, the
dlstortlon is decreased the strain energy almost remain
the same.

_As shown in Flg 4 (b), with the increa31ng of the
compre531ve streass 6 ,all of the lateral reaistance, des-
tortlon and strain energy are. increased.

Aa shown in Fig.4 (c), with the increasing of aspect
ratio h/b, all of the lateral strength, dietortlng, stra-
in energy are decreased

' The normal tests were progreesed according to ortho-
gonal table L27 (373, By means of analysis of variance -
deviation for orthogonal table, the test results as shown
in table 1. are obtalned From table 1. conclusions are
as follow: . |

(1) All of the three factore appear considerably re-~

markable, any one connot be neglected in formula' '
' (2) The interactions for either factor appear very
small and can be neglected '
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(3) The random errors also very small, it indicats
the test is progressing successfully; .
(4) The degrees of influence by factor are 6, , R,h/b
in order; the degrees for the last two are equalized.

that,

Table.q1. Analysis table of varience deviation
/ ' . s
" Gource of) Square Deg;ee Stand - St:tii- ]Safety SIatis-\
Variance 0 B "V tica tica
Deviation| >®  |Freedom Poviationiyantity| 2% |judge
A(b/m)  [57-49 2 | 28.75 47.9 | Fg. oy loutstand
: - 1 ding
Fs(a_,) 74.01 2 37.01 6.7 (2,200
‘ c(s.) la2so,84| 2 125.42 |- 205.6 | =5.85 -
'[A B |z.52 4 :
A¢ 1.9 | 4 a6 T i '
Fﬁ' 6.81 A } _ j
Error v.89 3 )
Totil
Square 394,52 26
Sum .

Using the method of elsstic;plastic finite element.
- The shear strength for testing wall is calculated under
R =0.2-0.4 Mpa, 6 =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 h/b connot be neglected.

THE SESIMIC SHEAR STRENGTH OF MASONRY WALL

From analysis of factors for lateral resistance we
can see that, reasonabe formula must contains three fac-
" tors: R y6»and h/b. In practice, the masonry wall bears
'the combined effect of shear, compregsion and bending
stress in earthquake.

The tests indicated that, tsat1ng wall has dlfferent
kinds of critical state under defferent loading terms.
Under crack loading, the critical state has type of roc-
king mode. Under ultimate loadlng the crltical state has
a type of sllding mode.-

In the case of rocking mods, the wall remalns entire
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yet, rocked somewhat small angles. At the top and bottoxn
of wall have & segment of horlzontal erack in opposite .di-
rection. In this condition, wall resists extenal forces as
a strut or arch. The critical cracklng state is shown in
F1g 6. It means that, the wall bears tensile prlncxple
stress, under the crack loadxng. S ‘ ,

'In the case of sliding mode, the masonry wall has’
been separated into two parts--up and down trilateral or
polygonal blocks by diagonal crécks dbpend*pg upon aspect
ratio in one direction, thg wall have aomewha+ returned '
The critical sliding state is shown in. Flg 7. It means-
that, the wall bears shear—rrlctlon between the up and
. down blocks under ultimate loeding. o

Tests also show that, the up and down blocks move
wlth resPect to each other in horlzontal dlrectlon under
cycle actlons in ultimate loadlng terms. ‘The crack sectlon
of wall presents a Step-shaped-typd. Coneidering that, the
. head joints of masonry connot be fully filled with mortar
"in workships, let the bed joints of masonry subjected to
the total lateral force on step section. From the step se-
ction cut out an infinitely small element, according to
the theroy of Coulomb-Mhor, the strength condition on the
face of élement»is.

. TERTIR W

‘WhereT -Nominal shear stress definited T =p/A,

Ry-Stréngth of grip artertgrack, let Ryaagzﬂj

6, -The compressive atress.

- The compressive stress ¢, must éoﬁtain direct compre-
ssive stress 6§ and normal stress of bending moment 6w ,
whlch come from encentriclty of acting load. Since the €,
can be replaced by product of nominal shear stress T and
aspect ratlo h/b, then '

By = Sot by T
| (5)
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Substituting it in expression (4), and the constants
"replaced by &,, &, ,,.,3, respectnrely, then the expression
will be ‘

T e 57 (daRy+a3 6,) |
L (8)

‘ The consatants o, «,, ,i,,' are determined by test data,
7 using the method of statistical methematic-physic.‘The ca-
lculation can often be simplifled if the factors Sz . Rj
6, T in expresslon (6) can be replaced by Xqs X5 Xy, T,
'.reepectively. ,

Thus .

]

"-X'-_L%I“ix‘ ’ . . _
. " » ) ] (t""z, ...-.-n)(?)‘
.Let the sum of error square :

‘ i :
.8 = Z ‘ ‘ .

Estimate pointa &1 by lettlng Y approch to minimum .

Vﬂlu& d-, 4 “2 s s s d.

t,l[jt _'d-xu]xl-m (9)

# ; Vo '
E %5 (';ZIX:: xti]=§ Ye Xy,

(1=1,2,.0.0..k) (10)
Then, the coefficienta of regress can be found by
following matrixs

{"'-"j =»:[LL,' - {'-Ii.:u‘}" REPD.

|,5 -éxttx’

ts)

where

Li)- = Z th'ﬂ-t-

On' the basis of test data of orthogonal table L, (3"3) .

": the regressive coefficients can be calculated by means of

list table (neglected). At last, the expression is found
to be: ‘
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. "f Tj:;gij'('Rs + &)

The coeffic1ent of corellation RsO 9697._

_ Thegcperficlent of partial corellation
. rx 'yﬂQ.Q‘I-B | ‘rt y=0.62‘1 r; x=0f787~;
. The surplus stand deviation BS=0.0915.

These ipdicate}that; it is full well for practical

(12)

application.
~ The mean value m, stand deviations s, and coefficien-

ts of ‘variation ¢y of ratio of caleulated value to test

deta are listed 1n table 2. For sake of comparison, the

calculated value includs  design code tormulas (2)(3)

besidies this paper's. Test data come rrOﬁ above three hun-

dred specimena;_including-tests of another units in China.

Table.?2. comparison table of‘ratio-for_calculated
value to test data -

Kinde of | Code 3 | Code 2 | This paper
formula _ | o
Specimens | m=1.041 | m=1.284 | m=0.979
by carefully| €=0.221 [ 0=0.295 | ¢=0.%4
choseg“,t E é§éb;2ﬂ2 e, =0.23 e =0.43

105 |- | | | .
Specimens: | m=1.036 | m=1.278 | m=0.947
by general 136-0 25 0a0.273 6-0.207‘
chosen ’1  ;ﬁgc -O 241 | cv=0.244 ; 'cv:0.2?9

300 -

' ‘CONCLUSIONS

, ‘The'fbllowing conclusions are based on the test re-
sults and experlmental study.

(1. Uhen mortar strength (bond strength) is incres-
sed, the lateral reelstance increases, the destortion de-
crease |, the strain energy remain constant.

(2) Uhen the vertical compressive stress is in-
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- creased, all of the lateral.resistance, destortion and
strain energy decreased. S

(3). When aspect retio is 1ncreased all of the la-
teral resistance destortion and strain energy decrease .

(4). Analysis of varience deviation of orthogonal ta-
ble indicate that, all thfeé factors appéared congiderably
remarkable, any one connot be neglected in formula.

(5).Calculation by finite element. method indicate
that, the lateral resistance is significantely effected by
aspect ratio of wall, as well as mortar strength and ver-
tical compression.

(6).The aaelsmlc shear strength formula 1s suggested
as expression (12).
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The‘Test Apparatus for Fixed End Wall.

b

The Test Apparatus for Contilever Wall.
b

Fig.l. Specimen and Test Apparatus.

A-Flastic Limit Point
B-Flexible Crack Point )

‘ C-Dlagonél‘érhék'Péint
D-Ult;mate Strength Polnt
E-Work Point

s, by au - Cdy ‘ .“ﬂilll

’

Fig.2. The Lateral Load-Deflection Curve of Testing Wall.
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Fig.3. Load-Deflection Behaviour of Wall for Aspect Rario
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AN INVESTIGATION INTO METHODS AND MATERIALS REQUIRED
TO OBTAIN FLAW-FREE GROUT IN HOLLOW BRICK MASONRY

J. L. NelandI, G. R. Kingsley?, 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 abscrptien
properties, initial water content of grout, time of consolidation and
reconsolidation, type of aggregate, and additives were considered.

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
cbtaining quality grout in hellow brick masonry. ‘

I. Atkinson-Noland & Associates, Inc., Boulder, Colorado.

II. Department of‘Civii, Environmental, and Architectural Engineering,
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AN INVESTIGATION INTO METHODS AND MATERIALS REQUIRED
TO OBTAIN FLAW—FREE GROUT IN HOLLOW BRICK MASONRY

J. L Noland G. R. Klngsley , L. G. Tulln 11

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 completely bonded to the reinforcement and masonry units.

Grouted, reinforced masonry, particularly grouted hollow con-
crete unit masonry has been used for many years in seismic-prone
areas in the United States. 1In 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 c¢lay unit masonry.

This paper presentsthéresults 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 series 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 consclidation procedures as discussed.

I. Atkinson-Noland &'Associates,'Inc., Boulder, Colorado
1I. Department of Civil, Environmental, and Architectural Engineering,
. University of Colorado, -Boulder.

I1-5=-2



below.

Masonry Absorptive Properties

_ Due to the porous 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 prapertles 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 characterlstlcs of

each brick used are listed in Table 1.

TABLE’I'BRICK ABSORPTION PROPERTIES

Brick Type Width " _IRA
‘ - ‘ i o ﬁz?ﬁgn) 30iﬁ§?min)
Buckskin 92 3-5/8 0.258 _ 5
Bockekin T SShE TT ~ 22
Copper Nugget 92 3-5/8 1.292 25
Copper Nugget 143 5-5/8| 1.602 | 31
6opper Nugget 194 ~ 7-5/8 1.963 38
Mission Autuma. | 194 7-5/8] 1.137 72
. I"Gold’ : ' ' '
| Walnut ) 52 - 3-5/8 0.620. 12
!Buff ' 7' 194 7-5/8| 0.413 8
Unit Size

Hollow clay units with nominal widths of 102, 152, and 203 mm

were chosen to represent the range of brick sizes used in construct- =
ion.

Grout Water Content

The compressive strength of 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. In grouted masonry, .
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however, the absorbent units decrease the water content of the grout,
leaving an unknown quantity of water for 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’ primary ob-
jectives of this project was to determine the 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 cannot 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 aggrepgate size omn grout shrink-
age and strength

Admixtures

‘Grout admixtures were counsidered as a possible means.to elimin-
ate flaws and shrinkage cracks (4), Several admixtures wera 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 as Grout Aid.

Consolidation

A great deal of emphasis 1s placed on the importance of proper’
consolidation in the field, with particular atteantion paid to the.
practice of "reconsolidation", (i.e. a second comsolidation 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 alsc varied (from 30 seconds to 60 miputes
after pouring), as well as the total number of consolidations, (from
0 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 .grouted cells 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.

RESULTS

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 cxample specimen. In no combination of brick-type, grout initial
water content, and consolidation technique without additives was it
possible to eliminate shrinkage cracks consistently. Some important
observations were made concerning the effect of reconsolidation on
grout. '

Specimens that were recomsolidated soon after pouring, while gvout
was still fluid, invariably developed shrinkage cracks. The eariv
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.

o tab ERIEPLs M o L W

Specimens that were reconsol-
idated af later times showed a
variety of results depending on the

absorption charadcteristics of the
brick and the initial water content
of the grout. For bricks with low
IRA's or grouts with high initial
water contents, reconsolldation at
any time up to about fifteen minutes
had no more beneficial effect than
initial consolidation. After this
time, comsolidation of the contin-
ually stiffening grout served 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 pourimg. In
many cases, shrinkage cracks still ; : : 3
appeared when grout was vibrated ' _ A ST SR
in a stiff conditiom. : Figure 1
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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, and 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 minimum,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.

!. Mechanical vibraticn produces a more thoroughly consolidated
’ 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 toc stiff to vibrate as ‘soon as two minutes
after pouring., Thus, not only is reconsolidation 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 grout. Super-plasticizers were moderately successful,

. and Grout Aid was extremely successful in minimizing 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 time avail-
.able for consolidation.

5. 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 absorption 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.

Grouts with coarse aggregates showed less shrinkage than grouts
with fine aggregates.

Based upon the results of the research it appears that the quai—

ity of grout in hollow clay unit masonry may be progressively improved

by:

1. use of coarse grout if permitted 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,
Conselidation by mechanical vibration should be done before the grout
begins to stiffen particularly for option 1 above.
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TESTS OF ASETSNIC ERHAVIOUR OF BRICK MASONRY WALL

I II

Iia Jingqisn~ Ding Ghiwen Zhou S'ijunn

m

In the psper test results of feurteen peers ef brick masonry wall
under lateral cyclic loadimg.up to feilure are described. From test
for the restoring characteristies of the briock msmsonry wall from the
initial loadimg to the collapse four stages had been observed: elastic
stage;elasto-plagtio-oracking otege,failure ctage under decreasing
loacing snd alip stage under frietion. The deformability of masoary
wall 18 very low, the ultimate shearing angle and the maXimum displace-
ment are about 1/366 and 1.9cm/m in average respectively when wall
collapses, The most important factors that significantly influence
upon the failure of brick masonry are the ultimate strength(deforma-
tion) and the cumulative energy of dissipation. In the paper the
cumulation of the energy of dz.aupauon, oyclic loading mumber veraus
load (displecement) relauon are given.

Briok mesonry bulldin&u one of the ty'pos of structu.raa widely
uged for the pudlic buildings im Chine, It suffered heavy damages
during strong earthquakes happened during last twenty years. Brick
masonry wall 18 the major member for the lateral force resistanoce.
under earthquake loading 1t :n general damages at first,and this often
leads to the ocollapse of the whole tuilding. A great deal theoretical
and experimental studies have been oonducted on the aseismic behaviour
of Drick masonry members. It shonld bte noted that most of the past
works were focused on the bebaviocur of the masonry wall before ultimate
J.oa.d:.ng and litter attention has been given to 1t's behaviour after the
ult:ma.te loading. In recent years with the development of the studies
on the earthquake resistance the concept of dssigning sccording to two
Btages has been introduoed in the aseismic design in many countries.
With different earthguake mtemitiel build.‘l.ng should has associate
earthquake resistance, The bmld.mgl aren't damage under weak earth- -
quake and are not collapse under severe sarthquake, the primciple has
been introfuced in the chinese code of aseismic dssign. However,

- There 1sn't a complete nethod for brick masonry bmilding design

I

Associate Renea.rnh Professor, mgmeanng, lnatitute or Engi-
neering Mechanics, State sa:.amlogma.l Bureau, Hardin, China.
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against collapse. In order to solving this problem, It 18 necessary
t0 have a well understanding about the behavicur of the brick masonry
vall not orly before ultimate loading but also after that as well,

the mechanism of collapse and the governing parameter effecting on

the collapese eto. ‘

- . On the other hand, undar strong earthqusks buildings are genera-
1lly in the nonlinear state. The damage or collapss sustained by
buildings are due to, beaidss unadequate of the ductility (strength),
more often, relatively long duration of the streong shaking, under

" which the cumulative damage takes place in the structure material,

In the present paper the experimental study on the restoring
force characteristiocs of the brick mascnry wall for initial loading to
collapse is described, the magnitude of deformation at ccllapse 18
given. Tasts have been oondusted for the energy cummlation of disei-
pation after entering the nonlinear state of the brick wall.

The test results provided the besis for the reliability asnalysis
1n the aseismic design of the bduilding. .

SPECIMENS AND TEST PROCEDURE

The dimensions of the specimens tested were determined on bdasis
of the size of piers and transversal walls and the capacity of the -
teat equipment. The dimensions of the mpecimen and the mechanical
behaviour of the material used are listed in Tab.1.

The tests wore performod on a pseudo—e@tatic machine. There were
RC beams on the top and pottom of the tested wall. The bottom beam
wags fixed on the platform, while the top cne was comnected with the.
four-link mechamism {see F1g.1), through which the top DOURdATy
sondition-moving herizontally without rotation under lateral leadang
1s snsured. o ,

During teat the amplitude of the horizontal cyolio loading was
increased gtage by etage. The increasing of the load amplituds per
stage was about ‘1 ton before cracking. After cracking the appliocation
of the loading was controlled by displacement,

For specimens used for studying the affect of cumulation of
dissipative energy, the applied load approaching the imitial oracking’
valua(1e. at whioh the rirst ocrack appears) for apecimens No.4, Y and
10 was maintained without change and ¢ycled with frequency of 0.05HZ
unt1l specimen failed. The amplitude of the cyclicloading assumed the
value or the predicted ultimate load ror specimens Ro.3, 6, 11, 12,
13, and 14 and the median value between the predicted ultimate load
and 1mitial cracking load for speoimsns K0.5, 7 and o. 'in order to
sipulate the actual normal stresa in the walls of the base flcor for a
one to five-story masonry building, <¢here were two hydraulioc jacks
on the top of the pler. Thé arrangement of the imstruments is show in
™g.2. The displacement meters were used to measure the lateral

translation' of the top of the wall, and the strain gauges with long
base to monitor the appearance of oracke.
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TEST RESULES AND ARALYSIS

a) Pailure Characteristioc

All specimens failed in shear. 4As the horisontal loading heing
below 40-60 percent of the ultimate shear force (P ) the load-displa- .
cemsnt relationship was enanti:lly linear. With ’i‘.ncreuing the load
the displacement inoreased more fast than the load did and the
stiffness of the wall decreased significantly. When the applied load
assummed 50-*X) percent of the ultimate shear force 1inclined cracks’
appeared at first in the central portiom of the wall, them thay eax-
tended toward the corners of the wall and connected to fera diagonal
cracks. Am soon as the applied load reached the ultimate value, the
louhng capacity of the wall docraued_ quickly and the displacement
continuously increased. The wall was divided into four triangular
blocks of mechanism by the extand.ing diagonal oracks. At that time,
the shear strength of the inclined ocross sections of the wall was
exhausted. The residual loading capacity was due to friction from .
vertical pressure. With increasing oycles the two lateral blocks dis-
placed outwards and downward and rotated gs well. PFinally, as the
lateral blocks were ocut of the wall plane the wall collapsed (see
Pigsl). The failure pattorn of the apeoisen was similar to that
obgerved during ea.rthquala

b) The mterasis mvolog

'I'ho ty_pioo.l hwutoreais curves are shown in Pig.4aic:In whioh Pig.10
for studying the effeot of cumulative energy of dissipation. Hystere-
eis emrelops are ‘shown in. Fig.5 in dimension-lesa coordinates. P/P
and /o . ¥rom the hyntoresis envelops four stages may be noted,"
they are

1y The linea.r—elnatio stage usocil.ting with applied load ro.t:lo
P/P being below about 0.5.

2, The elasté:-plastic cra.oking stage auooiating with applied
load ratio being in range of 0.5~1.0. At this stage the stiffness of
the wall decressée significantly and inclined oracks appear in the
central portion of the wall as load ratio assuming 0.8<0.9.

: 3, Pailue atage under dsoreasing load which takes plase after the
applied load arrives at thes ultimate valug, the .displecement inoreases
with decreasing load. ’ ) .

4, 8lip stage under friction. At 'thin stage the loading capacity
of the masonry wall is ocontributed dus to friotion between blocke form-
ed Yy the extending diagonil cracks.

c) Ipadg Capacity and Deromahilm

The test results of the load-displecemant relation of the spoo:l.-
mens are sumverized in PTab.l.. It can be aeen that the ratio of the
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orsoking load to the ultimate load is 0.87 on an average indicating

'~ that there is little strength potential after first inclimed crack
appearing. Before exoseding the ultimate load, the loading capacity

- deoressed quickly until loasing shear strength of the masonry wall.

The friction force (Pp) is an important factor. The tests results show
that the lolding oapacity of the briok masonry wall depends on the
normal pressure (§) eoting on the wall, the mortar compressive streng-
th (R) and the height-width ratio of the speoimen (h/b).(as show in
Pig.6-9y Reand R;are shear and principle temsion strength of the
masonry). The darombility of the wall is very low. The ultimate
displacement is only about 3-5 mm. The ultimate shearing angle isa
1/366 in average. The valuss of the maximum slip under friction after
the shoar resistance in the inolined cross seotion was exhausted are
listed in the last columm of Tab.1. The displacement values (&p) at
the begining slip is about 7.9mm in average, the marimum displacament
is about 1.9 ocm/m in mrago“rhon’tho wall collapses.

a) Bohaviour of eumula.tive Energy Dissipation (GED) of The Brick
lnonr:

For groupl of tpoeinau B—1 B=2, and B-3 the amplitudes of the
applied repeated cyclio load vhen the tested wall apprcached the
nonlinear state are different. Test results show that even though
the load does not arrive at the ultimate value, the wall will fail
dus to excessive ocumnlation of the dissipative energy. In respect of
CED and the oycle mumber of the load sustained by the wall before it's
aollapsa the following preliminary viewpoints may be yialded.

1; #he value (Eq) of CED for all tested specimens are presented in
Tabe2, . in which for aspecimens Fo.4a5 the load originally applied
during test was higher than the specified value and then descreased
. to the assooiete specified value and oyoled repeatedly (see Fig.10b).
 Thus speoimens No.4 & 5 for which the wall was weakened by the exten-
sive cracks, have relatively low CED valus comparing with other
speocimens in the same group. Besides, for specimen Fo.6 the wall
suffered some local damage during erection and high strength mortar
has been used in repairing thus the stiffneas of the wall increased
and the CED value decreased slightly. Teat results indicate that the
CED depends on the amplituds of the applied load, the atrength of the
 masonry wall (especially the mortar gtrength) and the normal stresases
in the wall. Defining the CED after loading cyoles N at a given load
amplitude dividing by the CED associating witk the initial cracking as
the CED ratio (4),  in Pig.11 the relationship between CTD ratio and
tho load smplitude 1! preuented and may be oxprassod as )

Bty o
Where P-P/Pu varying in range or‘O.B‘I to 1.0, .E:pressionﬁ) was -

obtained from teat results of specimens ND,.7 to 12 having normal
stress and mortar strength not greatly different. PMurthermore,  we
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cap pee that CED 1ncroeazss with 1norsasing mortar sirength and normal
stresssf by comparing specibens ¥d.3 and No.14 wmath We.li.

Zy, The higher is the amplitude of the applied load, the lena
18 the 1t's oycle mumber at which collapse takes plsoce. The relation
~ {as shown in Pi1g.12) between the’ load &mplltuda and 1te oycle nuBber
can be sIpressed as

We2.47(P) 20°43

(2)

Bqu. (1) amd (2) reflect the combimed effzct of the stremgth (deformat-
1om) and CED on failure of the mesonry walls. With high amplitude

of the applied load the mmim faotor that 1mflusnces upon the failure
of the masonxy well 1z 1ts strength (or deformability), with low
amplitude of applied lead 1o the CED instead, 1n intermediate cases,
18 the combimation of the sitrength (or deformedility) and CED.

e) Stiffness and Damping Ratio

Tg.13 and 14 are the illustration of ths nt:.ff‘nens and demping
ratio of the mesonry wall. The equ:n.va.lent atiffneas of the mezonry
wall decreszes with 1nerease of daformation, The atiffnezs &t orask-
ing 18 about 40% of the imital velus.

The damping ratic i1n clastic stage 1 about S5%,statistioal analy-
Big has ghowm that the following relationmship tetwesn the eguivelent
damping ratic and the lateral deformation of wall can bde

exprecased
' )\.0. 05540, 009 4N

A -lateral deformation of wall, in mD.
CONCLUDIRG REMARK

Fror test results the féllmng conduction oan be drawn. -

1, Tnder horicontal syclic loadimg tbe damage pattarn of the
masonry wall is in shear type; which is very similxr to that observed
during earthqueke. From the hybtaresis envelop four stages may be
noted; elastic, slasto-plastio-oracking, = failure undsr decreasing
loading and slip under friction. .

Thé ehearing resiztance of %ha masonry wall dapends primily on
normal stress, siremgth of the masonry {especially the mortar streng-
th) height—wmdth ratic of the wall, and reinforcement ratio.

The deformability of the umreinforced masonry wall is very low.
1t'es ultimete dmplme-ont and the ultimate shearing angls are about
. 4x10 hand 1/366 in average. The Baximum slip at collepse 1.Ycm/m.

2; At the masonry wall entdrs the nonlinear stage under the cyolic
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loading the cumulation of the dissipation energy is ome of the impor—
tant faotors leading to increase the damage cumulation and the failure
axtent. It should be considered appropnataly in the earthquake
. resistant design of buildings. _
3}, The oyale number of the repeated loading which can de sustained
by the wall before 1t's collapse dependents on the load (deformation)
amplitude and may be erpressed aa follows

The cumulative ensrgy of dissipation relates to the amplitude of
repeated loading (deformation),the strength of the masonry and the
normal oonprasllon eto.

REFERERCES

: 1, ReleMayes, R.W.Clough"State-of-tha-prt in Seismic Ihear Siren-
&th of Masonry~-in Evaluation and Review! 1975
" 2y R.l.Mayes, Y.Omate, R.W. CloughtCyclic Shou' Tests on Hasonry
Pires* Prog.of WCEE.
L 3, Zbu Bolong ‘etc."Brperimental Study on Basic Behawviour of Brick
Maaonry under Reversed [oading" ' '
Journal of Tongji Unmiversity, 1980, FO.2
4, Wu Ruifeng etc. "The Failure Mechanism of lasonry Walls under
Lateral and Vertical Iocads" Jouma.l of Dalian Institute of Technology,
701.20, NO.3.
' 5, Xia Jingqu.n atc. "Erpenmantﬂ Study on Basio Machanical
Properties of Brick Buildings "Proceedings of US-Prc Bilateral Worksh-
op on Barthquake Engineering. Harbin, Chara, 1942
‘ 6, M.Tomazevio etc."The Effect of Horizontal Reinforoement on
Strength and Ductility of Masonry Walls" Inatitute. for testing and
Research in Materiala and Struoturel. Liubl:jana., Tugoslovia. Roport
N’002’ 1955

Table 2

firoup No. B=1 B-2 . 3
Specimen No. & 9 110 5 718 |3 1 12113 14
Cyole pumber 39 47 | 5y 1% 19 21 | 4 R 1 1 LI
Total mumoer 52 |53 |To (25| 40| 34|12 711213 | n
" CDE (t-mm) 105 | 414] 374 ]90.3| 17t [ 100 | 184 |av.y[131 | 174 | 237
. TeT ] 10.% 9.5 T.6 4. Geb [HeZ | 55| debjlt| o |10

REda

Nota 1."Cyole pumber® is referred to as oyoleo of the
Tepeat load with specified valus,
2,"Total mumbar® is referred to as ths total cyules
of the repeat load from the 1mitial to the wmll failure.
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Tabte ]

——T**” S g , — S - B e
group | 3peci~ | Specimen . Mortar|§ormal| Ratic hder 1n1tield padar ultioate At begining of Ult. WHaX.
men aine atren-{gtresa| reinfo~ oracking load load wlip
S ath - reement{ " g , T P Ac, | shear| w»lip
No. No. {om) R, 6 2 A% |load |stren—|diapl|load stren—| displd load | stren-|displ. °/P 4“ )
: kg/on” | kg on' atn| : ath 7 ath ul- angle| on/s
B - By 2 Ac Py || B, _2 Aw P !:2 A x}a"s
_ (%) on”| (m) | (¢t) | kg/om"| (ma U.') kg/om | (om) :
i 224x1 A5x4 23 | 1.5 5.0 | 100 [ &TO {10 [ T.28 | 4.45 3.7 | 088 | 10.3| 086 | 0.60 [ 3.70] 220
2 224x145x24 40 | 2.84 14e9 | Zebb | 3.00 | 17.7 ] 3.25 4.62 ) B.O 1.47 | 6.00 | 0,82 | 0.65 | 3.19 1,16
: 3 224x149x24 45 | 2.04 12,0 | 2.21 | 2,01 | 14.8] 2.71 3.84 [ 9.5 1.85 | 10,4 | 0,81 0.52 | 2.63 1.25
" 11 | t12x150x24 1.3 4.20 o 5.1 | 1,90 | 2.30{ 5.8 | 2.14 4.49 | 4.2 1.56 | 6.85 | o.08 [ -0.51 | 3.00 2.70
12 | 112x150x24 11.3] 4.20 5.5 2,05 | 2,131 5.9 | 2,19 2.82 (4.5 1.67 | 8.52 | 0.93 | 0.76 | 1.90| 2.3}
13 | 1iex140x24 10.4| J.20 5.5 | 2.05 | 2.4 ) 6.2 | 2.3 4.56 | Sed | 2.01 [ 7.60| 0.83 | 0,54 | 310 | 2.12
14 |112x144x24 18,4] 5,20 6o8 | 2,53 | 2.28 | 7.5 | 2.77 3223 ] Se88 | 2.16 | 95T | 0,91 .| 070 | 2,18 | 1431
_Average .walue| B ' R - 0.57 X 12 2073 1.9
4 112x146x24 21 4,20 Sal 1.90 | 0,83 " .
s 1121144224 47.6| 3.20 Te0 2.60 | 1.76
6 112x144x24 20 4.20 9.9 2.2 | Q.08
7 112x140x24 12.1) 4.20 6.2 2.9 | 2.7
B cu | 112x148028 1.9 4.20 0 | Se3-| 1,977 1.83
9 112x1 40324 1.3 4.20 5.2 .93 | 2.863
10 |112xt14navd 11.) | 4.20 4<5 1.89 | 1.77

Fote 1. The valus of load(displacement) lnt_;ed 1n the table ism the

average value of the push and p

.2' The strength of brick is 75kg/om

“il loads (displacepont)

1I-6=-7



/N

X
~ 7

L

_J

>

Strein gauge
Displ. peter

‘pattern of uareinforcement wall

L I8

Mg.2 Arrangement of instruments

' (a)

g4 Ths nysteresis ourves

TT-6-8



1.0

a”? .
o

05

0.5 1.0 AR

2.0

. - ajou :
Pig.5 Bysteresis esvelop diagram

.
3 : "
R J /T
0.5
¢ 12 3 4 5
' 6 wg/on’
Mig.t Compresaive streésses
vernus slip loading
2 - .
43 :
3 . . ' : *,J-
° 5 10 15 20- 25 .
/5 :
P1g.0 Nortar stress versus
. shear atress . :

2,5- 10"

]

0 1 2 3 b 9
“ﬁi
Mg.! Compressive stresses
.- versus shear gtresses -
2
3
Bl
o 0 0.8 1.2 16 20
b/ .

mg.Y mMgh-wndth ratic o the

wall versus shoar siress



10 \
y SR BN

Co!

un

A

i
xﬂD]kafun

L

08 090
Q. g 5.7
9 6.7 ‘ 1] A . |
Fig.11 Dissipation energy rastio " 3 3 * s re

. versus load(displacemént) curve - RN

mg.13 Stiffness dogrmtzén
versus displacement

sof+ T 1 - .2 — |
- E 1.0 -
g"‘or N1 : 1 . o _g E R k 0.180
L | 1 : o : 5 o
o e 3 G T .
) B Te ene 9 4 e s o 3
1 T ‘ .4 Lo mprole o5ty T4
‘ SIS | SO I
. 6,85 090 ©5.9% 1.00 PR 0.2 = — ' 0.032
035y U735 0.87 1,608/au j IR N 1
) Q. 2.0 v 6.0 8«8 10,V

?:'.g.,_lz' Cycle mumber versus » e _
Yoad(d1aplacement )rat1o ™g.14 Tnergy and damping ratio
‘ ‘ versug dieplacsment

11-6-10



FACTORS AFFECTING DAMAGE OF MULTISTORY BRICK BUILDINGS
AND THEIR STRINGTHENING TECHNIQUES

'YeiYacxianI
ABSTRACT

The paper is divlided into three parts, According to. lessons learned
from strong earthquakes which have occurred in China since 1960'5, ‘the.

factors affecting damage to multistory briek buildings, such as earth-.
quake intensity, site soil condition, bearing wasll system, floor struc- -
ture, building configuration, building height, ring beam system, spac=
ing of transverse bearing walls, and moderate ratio of wall cross sec-.
‘tion area to floor area, are described in the first part, The strategy
and techniques of strengthening existing multistory brick masonry
buildings are presented in the second part of the paper. Finally, some
conclusions and comments are cited for reference,

“ INTRODUCTION

The strong earthquakes occurred in China and abrosd show the
greatest sources of life and- prcperty loss comes from highly vulnerable,
poorly designed and poorly constructed buildings. It has long been
" recognized that unreinforced brick masonry buildings are- highly vul-
nerable and highly hazardous, However, becsuse of simplicity in struc-
+ure, convenience in construction, cheapness in building cost, fire-

vroofing, heat and cold proofing, durability, and easy ecquirement of .
materials, the unreinforced brick masonry multistory buildings are
widely used in China, They are mainly used for civil and public build=-
ings, such as housing, office buildings, school buildings and hospitals
etc, : o .

According to-recent statiSticsl‘figures, the investment of build-
irgs covers nearly 70% of the total investment for construction and
installation works, The housing, industrial buildings, and public
buildings cover 60%, 14%, and 13% of the building construction res-
pectively, In the.coming 15 years, about 150 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 and Senior Engineer, China Building Technology Development
Centre, 19 Che Gong ZHuang Street, Beijing, The PeOple's Republic
of China
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FACTORS AFFECTING DAMAGE

: The main factors contributing to the camage or collapse of a
building have been the earthquake effects, including both physical and.
sociological effects, building design, and building construction qua-
lity. The physical earthquake effects depend upon many parameters,
in¢luding intensity and duration and frequency content of ground
motion, magnitude of an earthquake, geologic and soil condition, loca-
~ tion and depth of focus, The sociological earthquske effects are depen-
".dent upon many factors, such as density of population, time of day of

~ the earthquake occurrence and community preparedness for the possitili-
ty of such an. event ’

_ "The design must be such as insure that the bu1lding has adeguate:
.’strength high ductility, and will remain as a unit, ‘even while sub-
jected ‘to very large deformation, Up to now we can do little to dimi-
nish earthquake hazards, however, we ¢an do much to reduce risks and-
* thereby reduce disasters provided we design and build or sirengthen
the buildings so as to minimize the losses based on the knowledge of
the earthquake performance of different building types during en
'earthquake,. Therefore, the’ study of factors: affecting damage provides
an. lmportant step in seismic safety of a building.

Farthquake Intensity

The damage percentage of multistory brick buildings versus earthe
quake 1ntensity is listed in Table 1, and shown in Fig,l, The statis-
- ties are based on ‘observation of China s destructive earthquakes
0ccurred since 1960‘3. It fellows ‘that:

- No damage and slight damage are found in the area with earthqu=
ake. intensity of*VI,- VIT, and VIII. :

.= Severe damage is mostly found in the IX intenaity area.

- In the area with intensity of X and above, most of- the unrein=-
forced brick masonry buildings are expected to collapse.

Therefore, In the aree nith intensity IX and above, the brick bulldlng
should be reinforced

Site Conditionz

The site condition significsntly effects on the building damage.
The site is know as a wide range of sirats surrounding & building. The
site effect mainly caused by the differences in its geotectonic condi-
tion, soil conditlon and " 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-ceusative faults have 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 bullding in the point of
view of earthquake resistance, and structures in or near such zones

. are not recommended. Fig.2 shows the relationship between intensity

"and .distance from building site to fault based on the observed data
in China's earthquakea.

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 bulldings on soft ground., Comparing with ordinary soil
condition, the damage of buildings built on rock or thin covering soil
is lighter than those built on thick alluvil soft soil and the soil
in the bearing layer with a soft and hard distribution. The field
observation and research work show that only the potential liquefied
sand soil with depth less than 15-20m underground has appreciable ,
effect on building damage, ‘ :

_ The topography of a building site has an effect on its damage.‘
The building built on bhe site with open and even topography were
slightly damaged in an earthquake, The buildings on strip=-shaped hill
ridge, separated high hillok, and non-rock steep slope were severely
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'WEII System

Fig.3 shows the damage percentage distribution of 87 unreinforced
brick masonry multistory buildings with different bearing wall systems
based on statistical data observed in the 1975 Haicheng earthquake,

It follows that the transverse bearing wall system 1s much better than
either the longitudinal system or the. lengitudinal and transverse
system, .

Floor . Structure 7

The reinforced concrete, wood and brick arch floor structurea
are commonly used for brick buildings, Fig.,h4 illustrates damage per-
centage distribution effecting different types of floor structures
based on 1976 Wulumuqi and 1976 Tangshan earthquakes. Fig.5 shows
collapse percentage vs, number of story for 748 brick masonry
buildings with different types of reinforced concrete floor structu.res
in Langshan city’ during the 1976 event. It followa that-‘- ‘

- In VII intensity area, the damage percentage vdistribution are

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 increases with the number of building story. For prefabri-
cated reinforced concrete floor slebs, however, there is a sma’

' chenge in collapse percentage,.

- For the buildings with three story a2nd above, collapse percen=-
tage for cast-in-situ R/C floor slab buildings is higher than
that for R/C Drefabricated floor slab buildings.

Bulilding Configuration

' The building configuration including building plan and building
elevation, is an important factor affecting damage to a building. The
building with 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 a building into
several units not only needs more funds but also may be dlsadvangeous
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's
earthquake performance is greater than that of the plan shape.

The facade outstanding parts of a building, either facade setback
or penthouses, are vulnerable in sn earthquake. Let Wy and W, denote
the lumped weights of the main building and the setback respectively,
The lateral load applied to the weight W2 can be calculated by the
follow1ng formulag

= Py ( 1+,iW1/W2 )./ 2

Where P; denotes the lateral load applied to the welght W, as if the
~ setback directly stands on the ground, Since W, is much greater than
Wp, the P, is much higher than Py. That is why the outstanding 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 damage percentage vs. building
story obtained from 1975 Wulumuqi eerthquake observation, The figures
5 and 6 tell us the higher building, the greater damage percentage.
Therefore, the building height of brick building should be limited,
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Ring Beam System

"Tie the building together" is a very importent rule for seismic
design. In brick buildings, they can be made safer by Joining the
parts with ring beams. Almost all structural failures during an
earthquake have occurred at weak connections, that is connections
where the members were not properly tied together, :

The earthquake's-experiencesrehow that:

- In the same intensity area, damage to tuildings with ring beams
> 1s 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 sfficient than that at floor
13781-
= Reinforced concrete ring beams are better than reinforced
~ brick ring beams
- For the place of ring beanms, the closer to floor slab, the
better performance of the building in an eerthquake.

Spacing of Transverse Bearing welle

'The. damage. to longitudinal brick walls is closely related to the
spacing of transverse bearing walls and to the type of floor and roof
structure, The. greater spacing of tranaverse bearing walls, the smal-
ler rigidity of floor and roof structures, the severer damage to
longitudinal walle. For. ‘the. building with precast reinforced concrete

floor and roof slal iin vIT intensity, when' ‘the spacing of transverse
walls is greater than 16, 5m, the longitudinal walls are expected to
be damaged. Therefore;, the spacing of transverse bearing walls should
be limited, , -

‘HoderatetRetio{dfﬁWElIfCrbss~Section»Areefto,Floor Hrea

Fig.? shows the relationship between moderate ratic of wall cross
section ares to floor area for first floor and building damage ( ).
For 1th story, we' have-

o(,i- (;;Aij RJ/A.i)loh

Where
§ === Hbderate retio of wall cross section area to floor area
ARJ--- Net cross section area of jth wall in ith story
Rj =-= Shear strengthen of mortar
A] === ith floor area ' :
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It follows that the greater oL, the better earthquake performance
of a building.

STRENGTHENING STRATECY AND TECHNIQUES

Strengthening- Strategy

The existing strengthening strategy is to identify:

- Critical cities or reglons where strengthening existing
structures is urgently needed,.

- Critical enterprises for which function less due to earthquake
damage will cause heavy life or/and property loss, -

= Critical buildings, for which damage or collapse will cause
serious 1life 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. Espec1ally, 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 selsmic strengthening of existing buildlngs.

- The aim, techniques, and elements of - strengthening are shown
in Fig.

CONCLUSION AND COMMENT

-1, The brick buildings situated in the area with intensity'VIII
and above should be reinforced.

2, There are many factors affecting damage to brick buildings
including earthquake intensity, site soil condition, bearing
wall system, floor structure, building configuration, build=
ing height, ring beam system, spacing of transverse bearing

‘walls, and moderate ratilo. of wall cross section area to
floor area etg, While design and strengthening a brick
building, ‘all the above mentioned factors should be
considered,

3, To strengthen existing buildings, one has to start w1th
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.
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While strengthening s building, appropriate strengthening o
techniques should be selected, .
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TABIE.1 DAMAGE PERCENTAGE VS. INTENSITY FOR BRICK BUILDINGS ~

Damege Category  Earthquake Intensity

v VII VITT X X
No damage hs.9 hO.Bl 37.2 C.B 0.8
Slight damage 2,3 37.7 19.5 9ol 2,5 .
. Moderateé damsge 11,2 12,2 24,8 2L, 7 5.6
Severe damage 0.6 8,8 . 18,2 53,9 13,0
Collapse 0 0.5 0,3 " €,5 78,6
Total number of S |
buildings - 501 613 379 154, 1187
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RESISTANCE OF CONCRETE MASONRY
_ BUILDING SYSTEMS TOLATERAL FORCE

by

Daniel P. Abrams1

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 the recently 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 wvibrations. Results from the study
will help (a) verify current bullding code provisions, (b) establish
hysteretic force-deflection relations for response evaluations of
‘actual buildings, and (c) examine the suitability of representirg
dynamic response with both numerical, and reduced-scale physical
models, - '

- INTRODUCTION

The capabllity of. a building system to resist gravity forces 1is
tested with the construction of every structure. However, the
“capaclity of a system to resist lateral forces remains uncertain for
nearly all buildings because severe wind or earthquake events seldom
occur. Laboratory test data 1s avalable on the strength and behavior
of masonry materials and subcomponents such as individual walls or
pilers. However, knowledge of how the entire system reacts lateral
. force 1s necessary for the safe and economical design of new
construction as well as the strengthening of exlsting structures.

1Associate Professor of Civil Engineering, University of Illinois at
Urbana-Champaign, USA, :
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This paper describes a research program in which the lateral-
force resistance of & reinforced concrete masonry building system is
investigated. A two- story test specimen is constructed within a
laboratory environment which will be subjected to slowly applied
reversals of lateral force until failure occurs. In addition,

series of loweamplitude dynamic tests ‘will be done to study dynamic
characterlstics

aThe research program has sevéral objectives:.each with the .
overall intent of understanding the reaponse of a building system to
strong lateral forces. Each obJective is itemized below.

Verification of Building-Code Provisions

The.first objective of the test program 1s to gquestion the
applicability of present building code specifications for selsmie
resistance. Recently developed code provisions conflict former ones,
yet little if any experimental data on system response i3 .available
for verification of new or old specifications. The test structure.was
designed in accordance to the most recent masonry code for seiemic
effects, Chapter 2H of the 1985 Uniform Building Code.

Y

Identify Hysteretic Behavior of Building System

The second objective of the test program 13 to identify ';
resistance mechanisms for a typlcal masonry system under large— _
amplitude reversals of lateral deflection. Knowledge of hysteretic
behavior is essent1al for estimation of the dynamic re3ponee of a
buiding system-to excitation due to high winds or strong ground
motion. Measured force-deflectlion relations are also: necessary to..

" verify the accuracy of numerical medels which incorporate material ‘and
component properties to compute syatem response.

. Reference for Reduced—Scale Physical Models

The third objective is to establish a reference for developing
reduced-scale models that can replicate behavior of full-scale
‘construction. In the future, a counterpart specimen will bpe 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 validity of reduced—-scale 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 response under rapidly changing
. distributions of lateral force with progre531ve 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 structures. 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 tests to reflect modal frequencies and shapes for
large-amplitude v1brations, (e) the use of strain-gages applied at
selected locations-to reflect the stiffness and strength of a systenm,
and (d) other methods of nondestructive test evaluation.

CURRENT SEISMIC CODE PROVISIONS

) . . The most recently revised document for structural masonry is
'Chapter 24 of the Uniform Building Code (UBC, 1985) which represents a
substantial modification from the éarlier UBC Specification The test
.Structure was designed in accordance with this document

An‘alternate‘set of Specifications was published by the Applled
Technology Council (ATC, 1978, Chapters 12 and 12A). These provisions
were published solely on a tentative basis and are still under review
by the profession for. acceptance. However, because these chapters '’
represent. the latest developments in seismic masonry construction
before 1978 ‘they are used to contrast those of the recently revised
Uniform Building Code, and to help {llustrate possible varlances in
,structural designs.3« )

A summary -of selected design specifications is shown in Table 1
for the 1985 UBC and the 1978 ATC, -Only those sections of each code
are shown which are pertinent to the design of shear wall structures
that .are reinforced for flexure with ‘conventional deformed steel bars
and for shear with joint reinforcement only. This type of
construction was chosen because of the.high cost of placing horizontal
reinforcing bars through block and associated difficulties with
horizontal grouting. :

Both codes state that Joint reinforcement may be used to meet
minimim reinforcing requirements however, ‘they differ on {ts role in
__resisting shear. - ‘The ATC. states that Joint reinforcment "shall not
be considered in the determination of the strengtn of the meﬁber n
‘However, the UBC states, "The - portion of -the. reinforcemént required to
resist shear shall be uniformily distributed ‘and ‘shall be joint
_ reinforcing, deformed bars; or a combination thereof.n :
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Table 1 o .
Comparison of Code Provisions for Reinforced Walls

Item | . atc' uBC®

1. Minimum percentage of reinforcement
- For shear walls: ' ‘ . - o
vertical or horizontal : 0.0015 0.0007
sum in both directions 0.0030 " 0.0020
For running bond if all shear ‘
taken by reinforcement:
- vertical or-horizontal . 0.0007 ' same
sum in both directions T 0.0020

2. Role of joint reinforcement in
resisting shear - - -~ no yes

. 3. Allowable shear stress

~ Reinf, taking no shear

For shear walls with inspection s o
M/Vd > 1 o 0.9xer "5 < Uopsi 1.0%(F' )"°7 < 35psi
M/Vd = 0 s ' 2.0*(f'm) T <8R0 . Equation 1.1

"u. Boundary elements
Effective width of flange

fprlc-shaped walls '

1716 times wall height -6 times wall thickness
or 8 times thickness ' .

Notes:
1. Selsmic Category "D"
2. Selsmic Zones "3" and "4"

Ea. 1.1 F_ = (1/3)*(U-wvay (et )0>

< (80-45M/Vd) psi maximum



Allowable shear stresses are similar for UBC 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 UBC may have much larger allowable shear stresses (more
than double that for unreinforced 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, 1f reinforcement does not resist the entire shear
(which would normally require horizontal deformed bars), then the '
minimum percentage of steel is limited to 0.15% in both directions.
Under UBC, this value is.cut in halfl provided that the sum in both
directions is less than 0.20%. A typical design 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 reinforcement in every.
other course, With the ATC, slightly more vertical steel 1s required,
but horizontal steel should be 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 UBC has nc such
limitation. For a two-story bullding, the width of effective flange
- is limited to 15 inches by ATC as contrasted with 48 inches by UBC.

SPECIMEN DESCRIPTION

Laﬁbuf and Design

m“A sketch and a photograph of the test specimen are shown in Figs.
t and 2. The test structure represents the lower two stories of a
three- story building. Lateral forces are applied at the second (or
top) level which is approximately where the centroid of lateral force
would be for the prototype.

= L 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 30 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 openings. The width of the
flanges is three units (4'-0") which represents the UBC provision of
six times the nominal wall thickness.
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Vertical reinforcement consists of No. & deformed reinforc1ng

" 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 B
extension of 2'-0" past the opening), and No, 9 gage wire ladders in
alternate bed joints. The total area of horizontal reinforcement N
Idivided by .the nominal. gross seetlon is 0. 112%¢. Bond-beam units are
provided for each horizontal deformed bar, ‘ :

The structuyre is supported on a reinforced concrete grade beam
which 1s 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 27-0" from the top of the slab. Second-story bars extend to:the
top course which is a continuous bond beam with one No. U bar and
filled with concrete, Bolts are embeded in this course which are used
to oonnect the top slab. ‘ '

Lateral forces are applied through the top-level slab which acts
as a diaphram in‘distributing”forces to each wall,  Keeping with the’
symmetry of the test specimen, hydraulic actuators are mounted to the
slab at its centroid I{n the longitudinal directlon. Steel "shoe!"
plates are grouted within recesses in the slab for transfer of lateral
force. The slab thickness 1is built up to 10-inches in this region. '

‘

Fabrication

Masonry constructlon ‘was done by a crew of professional 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 reinforcing bars were placed
and the first story was grouted up to midheight .of the top course. TwWwo
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 slab was lifted
and placed on top of the walls, Concrete was placed and vibrated in
the top-course bond beam through 4-inch holes in the top slab.

Matefials

~ 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 and 1.5 parts pea gravel (3/&-inch-maximum
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aggregate). Water was added until the slump 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. Each

coupon 1s 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
hydraulic actuators, each with a force capacity of 110,000 1lbs. or
S00kN. Each ram is controlled electronically so that displacements may
be varied at a uniferm 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 motlon, but with sufficient
-variation to depict the generallzed hysteretic relation between force
and deflection.

Because of limitatidns-with hydraulic flow capacity of the
distribution system, and servovalves, the test specimen is deflected
at static rates.  Inertial foreces are neglible because of the very
slow accelerations, however, the test is still valid for identifying
mechanisms intrinsic to the transfer of lateral force. The rams
simulate the total base shear with a crude lateral-force distribution,
however, the moment-to-shear ratic at the .base Is modeled. Once the
hysteretic properties of the overall structure are defined and
characterized numerically, then estimates of dynamic 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 vertieal axis. Although this may not be
entirely reallstlc, the 1dealization is appropriate to examine planar
behavior of the two C-shaped walls. In actual construction, many
walls would support a floor system much larger in area than that of
the test specimen. The tendency for twlsting of the floor slab would
be reduced substantially from that of ‘the .test striuctures.

Lateral force is transferred from each ram to the test floor
with a planar truss (Fig 3). The truss conslsts of a vertical steel
member which 1s a bullt-up section of channels and plates, and a
pretensioned concrete strut ‘meniber, The strut is designed ‘to resist
forces resulhing from the full ram capacity while remaining in
compression. In this manner, the large stiffness of uncracked
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Fig. 3 bescription of Reaction Truss
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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.

7

Instrumentation

Lateral force is measured with load cells located on each
‘actuator, Lateral displacements at each of the two levels is measured
with electronlc transducers (LVDT's) 1in addition to transit readings.
Instruménts are secured to a reference structure which 1s separate
from the reaction structure. Force application is centrolled in
accordance with displacements measured from these transducers.

Axial and shear deformations of selected regions of the’
specimen are measured with diaplacement transducers, and checked with
mechanical iistance 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 locatlions to estimate distributions of lateral
force to each pler,

Voltage signals are digitized and stored on diskette using a
microcomputer. 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 lateral
" deflection at the top level, and individual ram forces with
deflection.

Auxillary Testing &

Before the static force-reversal test to faillure, a series of
low—amplitude dynamic tests are done to explore response
characteristics of the test specimen. Accelerometers are mounted on
the specimen at each floor level parallel with both axes. Measured
waveforms are digitized and stored on a computer for later analysis.

Firatly, acceleration readings are 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- Yift trucks. Measurements are deduced using -~
stochastic processes to reveal modal frequencies shapes and damping
factors, The validity of suéh methods are examined relative to
. response of the damaged- structure.
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Secondly, the specimen is impacted with a mass which 1s 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 attempt to excite different
modes of vibration. Results are compared with those of the smaller
amplitude ambient measurements.

Thirdly, the hydraulic rams are attached and the specimen is
subjected to a series of low-amplitude harmonic forces, The amplitude
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 and input frequency may be
deduced. From this ploet, 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 pler in dlagonal tension. The central
pler 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 reinforc1ng steel in

tension.

According to tests of individual piers (Hegemier, 1982 and
Schneider) the actual shear strength of the central pler should still
be less than the flexural strength of the wall. Diagonal tension:
cracking of the central pier should occur before yield of vertical
reinforcement. However, the combined shear strength of the central and
external plers should be greater than the flexural strength. If the
joint reinforcement allows redistribution of shear to the external
piers, the hysteretic behavior will be governed by inelasticity 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 deformaticns, 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.

ITT-1=12



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 medified provisions of the Uniform Building Code,

. Descriptions of the specimen configuration, materials and- construction -
techniques have been provided in addition to plans for testing.
Expected trends in behavior have been addressed. Final results of the
test program will be presented at the workshop.
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LARTHQUAKE PROOF 'BLOCKS WITH uOOD
THERMAL PERFORMANCE

qlan Peifeng].Lo Yongkanga GuO»Zgiyuz

SUMMARY

In earthgquake catastrophies, brick
buildings are always destroyed by stepped
fractures developed along mortar joints
where shear strenzgth is low. 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 capacity of the
buildinss is greatly increased. The earth-
quake proof blocks, with their excellent
thermal performance, also satisfactorily
gsettle the difficulty of heat insulation
which is a common defect of the concrete

blocks.

‘Professor, Department of Architecture Eng,,
Beijing Institute of Architecture Eng.,

China. ,

Vice Director and Sectlon Chlef of Laboratory
respectively, Department of Architecture Eng.,
Yunan Institute of Techhology,China.
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INTRODUCT ION

In brick buildings, earthquakes are liable to produce
stepwise slant cracks or horizontal dislocations along
mortar joints where shear strength is low. In 1957, the
first author of this paper designed a kind of earthquake
proof bricks or blocks(for brevity called EPB-pieces)with a
special shape to give more sirength during earthquakes than
the normal bricks. If the cracks keep going on, the ssis-
mic shear force must destroy the bodies of the earthquake
proof bricks rather than the mortar joimts. The former
are stronger than the latter, thus buildings of this kind
of bricks possess more powerful seismic proof ability. For
some historic reasons, unfortunately, only the compressive
strength test was carried out at that time at the Institute
of Engineerins Mec¢hanics in Harbin. 1In 1982, a research
group was set up to continue this project and then the )
shear strength test was done with ideal results. The Yunan
Institute of Technology is in charge of this project and
the second author of this paper is the project leader. The
first author deslened a new type of earthquake proof bl ocks
to give better eatrthquake proof capacity and good thermal .
performance in 1984, Mr. Shung Huigao is in charge of the
thermal testinzg work. . ‘ : :

FORM AND SIZE OF THE EPB-PIECE
There are five kinds of the EPB-pieces.

(1) Pundamental ‘plece: Fig. 1(a) and (b) are the front view
and top view of it. For the sake of better thermal
performance and to facilitate construction, 'there are
two round holes in the block. The vertical position of
all holes is arranged uniformly in a line, to .put rein-

- forced concrete in 1f necessary. Except the adjusting
block, all possess holes, the effects are all alike.
-The thiekness of walls in the two experiment buildings
is ZOcm, if the wall thickness varies, then the width
of block uOuld vary’ accorﬂingly.

(2) A semi-piece is half of a fundamental piece but with
6mm less length: (the half breadth of a mortar joint).
It is used at vertical position of door or window.
Fig. 2(a) and (b) are its front view and top view
respectively. : .

(3) Corner piece: It is used at corner of exterior wall,
the froat view, top view and corner planar view are
ghown respectively in- Pig. 3 (a), (b ‘and (¢). The
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‘upper and lower lapping length at corner pieces is.
just the wall thickness. The lapping length varies
accordingly with the varying of wall 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
i3 used in T-joint and is located layerly slternating
with corner piece. T-joint piece may also be used in’
cross Joint .

(5) Adjusting piece: Fig. 5 (a) and (b) correapond :lts
© front view and top view. It is to fulfrill building mo-
dulus so as to give facility by increasing the usage of
the BPB-piece. The thickness of adjusting piece
changes vith the change of wall thickness.:

RXPERIMENT OF SHEAR‘RIGIDITY‘FOR SINGLE WALL

We apply method comparative test between EPB-pieces
vall and common clay brick wall to find out the ratio r
between shear strength of EPB—pieces block RIEPB and of
clay brick _
_RJ -EPB o
Rj brick (r = ——— ). Based on it, one may precede
Rj brick
seismic proof checking caldulation according to our na-
tion's contemporary seismic proof desaisgn rules for the
RPB-piece buildings.

Owing to restriction of condition, the EPB-pleces are
made by 200# concrete only. There are nine single walls,
made. in two groups, six in first, the average length is
. 187 cm, with height 129 cm, thickness 23.8cm, built in 25%
mortar; three in second, for base beam is fairly thick, the
heisht i1s 135 em and the other size 1s the same as the
first time, built in 50# mortar. The brick block specimens
are twelve and also made in two groups, six in first with
average length 193cm, thickness 24cm built in 75# bricks
and about 25# mortar; six in second with average length
190cm height 136em built in 75# bricks arnd average 50# mor-
tar. The first six spacimens are in. excellent buildins
cuality but not so for the second six.-

The experiments proceed in four comparing groups,
three specimens for each group (in the third group there
are six brick specimens). The fourth group uses blocks of
the first and second grocups and the broken specimens to
give inverse loading experiments. In plane, nine apply
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horizontal load, uniformly distributed wvertical load and
eccentric concentrated vertical load for equilibrium. moment
.(ors: for balancing overturning moment) to make specimens
yilelding slant shearing fracture rinss in order to Bmmmﬁ.m
a:m ratio r registered in the following list:-
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It 13 easily seen from figures in List 1 that EPB-
niece block made of 200= concrete has it shear intensity
1JEPB gstronger than that of the Rjbrick for a block mede
of 75= bricks and the same kind of mortar. The average
value of r is 205,‘ i.e. ' C

RJEPB :
rs——— = 2-5
Ribrick

More experiments on the RPB-pieces made of .different
number of concrete are being carried out now.

7OMPARISON OF RARTHQUAER PROOF INTENSITY FCR
MULTI-STOREY BUILDINGS

According to the experimental results based on our na-
tional contemporary selsmic proof design rules TJ11-78,
calculations to seismic proof intensity of two experimental
buildings, one residential building and a school building
in Beijing show evidently that the btuildings of EPB-pieces
have increased earthquake proof resistance. One example 1is
given in List 2. An2lysis shows: in nlne degree area four-
storey buildings can be built with 200# concrete EPB-
pieces and the wall thickness 1s 20cm. If the wall thick-
ness increased to 24cm and 30cm, then five or six-storey
buildings would be done. But for brick buildings, if the
bottom wall has thickhess 24cm plus structural columns,
)nly three-storey buildings can. be made. If four-storey
buildings must be built, the bottom wall would have thick-
ness %cm together with supplemental structural columns, .
3till the seismic proof ability is lower than that of EPB-
piece buildings. 1In eight degree area adopting 200# con-
crete BPB-pleces, the bullding would be eizht storled if
tte transverse wall ‘is 20em thick and longitudinal wall is
24cm thick in the bottom storey. Still two or three
stories could be added if wall thickness 1is increased to
Z0cm. But for brick buildings even if structural columns ‘
are supplemented with transverse wall 36cm thick and longi-
tudinal wall 49cm thick, the seismic proof intensity is =
3till lower than demand.

THE PRODUGTION AND BUILDING SITUATIONS

The production and bullding situations of two experi-
mental buildinss made of EPB-pisces illustrate: The produc-
tion of RPB-pieces is fairly straightforward, the building
construction is also very simple, wilthout trouble, and the
wall builds over twice as fast s3 a brick wall. '
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following advantages are possessed by EPB-pieces:
(1) Incfeasing applicable area 8% of the building.

{2) The weight of walls decreased about 1/4 - 1/3.5, which
ig advantageous for Aiminishing the breadth of founda—
tion.

(3) masy to build. 30 as the quality being guarantéed.

(4) Less mortar being used. Accompanying the realization
of machined fashioning technique, the breadth of mor-
tar joint and thickness of mortar or wall surface will
be decreased, thus the amount of mortar is use could
be diminished again.

(5) with EPBepieces.buildings could be built{much hisher
than brick ones, %thus several kinds of frame or frame-
shear ﬂtructures may be substituted-' :

A NEW TVPv OF WARTHQUAKE PROOF BLOCKS i

Anal;sis and preliminary test prove that the lately
improved earthquake proof blocks possess excellent thermal
performance and better earthquake proof capacity. For
axample, a 27 cm think wall of such blocks gives similar
best insulation as a 36cm think one of normal clay bricks.
-Now the blocks are still under: improvement.

DISCUSSION

(1) A1l the above experimental analyeis and calculation
derives from our nation's earthquake resistant resula-
tions which are based upen the traditional viewpoint
that horizontal seéismic force is dominant. Qian Pei-
feng'et a1l [72]131(4J):.,.] has pointed ocut since 1957,
and it was proved further by-analysing earthquake da-
magze induced by many strong earthquakes in our country,
that this traditional viewpoint is incorrect. Practi-
cally the vertical seismic force playe a 1eading role.
Por an earthquakeé in eizht degree area, vertical seis-
mic force may exceed own weight. ‘Upon that viewpoint,
the EPB-pleces building may give much higher seismic
resistant capacity than the above'ﬂalculated‘results.

(2) A strong earthquake may not occur within a hundred
years, thus building damase on a certain level short of
falling down and injuring people should be permitted.
If the consideration is to prevent cracks from
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(3)

(4)

extending further after théy have appeared, then the
%PB-piece buildings possess higher earthquake resis--
tant ability than the above calculated results.

The increasing of seismic resistant capacity for EPB-
piece buildings mainly depends on 1ncreasing the
strength of block pieces or bricka, other than strength
of mortar. Thus a further step to increase the earth-
quake resistant capacity is to raise the strength of
block piece or brick.

The EPB—pieces used in weak seismic areas also onevent

_ slant cracks appearing in walls.
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STUDY OF SEISMIC BEHAVIOR OF HOLLOW =
CONCRETE BLOCK BUILDINGS

Xu ShanfanI, Liu DexinII

ABSTRACT

this paper describes the foundamental mechanical
properties of masonry constructed of hollow concrete
blocks, putting stress on summing up the major research
achievements in pseudo- static test of block walls.

hS
18sts show that the damages of specimens are cha- " -
Tracterizea by sSnear friction mechanism.  ihe shear
atrength of the specimen is mainly controlled by the
shear sirength ot the through jointa of thne masonry, ‘the
compressive stress and the number of reintorced grout,

+D order to predict shear strength and obtain prac-
tical design method, we proposed a strength tormula on
the basis of analysis of numerous tTest s5tatistic data.

The paper also discusses the inelastic behavior of
walls tollowea Dy thne 1ncrease of aisplacement, states
the restoring iorce characteristic moael. o o

INTRODUCTION

As early as 1920's, 25 two-story reslaentlal bUlld—
ings were consctructea of kellow concrete blocks 1n
Shanghai 10 China. Afterwaras some three -story, r951den~
Tial oulluings and othner puildings. were completeu in the
1950'a. By the end of the 1970's, stress was put on the
technology ana machines for making concrete blocks “and
they were put into applicatioms in the low seismic inten-
sity regions witn a large number of multi -3tory residen-
tial buildings erected. 1In Guangzhou which is located in
the region ot 7 seismic intensity, the completlon of pi-
lot buildings amountingto over 20,000 square metres: in-

"I,11I Engineers ornsichuan Institdte of Buildiﬁg Research,
Ciiina. ’ )
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aicated a . notable progress. From then on, ail-round
research work nas been carried out. Up to now concrete’
masonry structures have rapidly developed in the southern
provinces us well as some northern provinces in China.

This paper presents the research achievements gained
by the Sichuan Institute cof Building Research, atiuzches
importance to summing up the test results of concrete
block walls subjected to cyclical reversed loteral load,
makes comments on the characteristics of load bearing
shear walls made o1 blocks and gives meusures dealing
with constructicn resisting eartaquake. Tne early achi-
evements ({(apply to regions of 7 inteusity) uave been
brought inmto the "Design and Construction jtegulations
'for Buildings €onstructed of Hollow Concrete Blocks (JGJ
14-82v, standard of the Mlnlstry of Urban and Rural
Construction and Enviromental Protection. The recent
_achievements (apply to regions of 7 and 8 intensity) are
to be included in the "D931gn Code of Industrlal and
c&vil Buildaings Resisting Eartanake"' the state stan-
dard being revised. :

1. BASIC MECHANICAL PROPERTY OF CONCRETE BLOCK

The main size of the blocks is 390 x 190 x 190 mm,
taeking other size as auxiliary to meet requireéments. The
porosity ranges within 40-50% and the compressive strength,
based on gross section, falls into four kinds, i.e. 100 kg/
cm, 75 kg/cm, 50 kg/cm and 35 kg/cm.

With regard to standard masonry, the axial compres-
sive strength R, axial: tenSilé'atrength'Rl. t'lexure ten-
sile strength R, and. shear strength R. are adopted accord-
ing to Tables 1 and 2. ‘ J

Table l Axial.comppessive'Strength of masonry R(kg/cmz)

Block . Morftar'g:r‘ade'No.fR2 Mortar strength
grade No. - - ' ‘ .

R, 100 | 50 25 ' 0

100 ' 50 LYy 4o : 30

75 : 40 35 . 31 22

50 {29 | 25 22 | .15

35 . | =2 19 16 TG
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Table 2 Rl' R;, RJ(Kg/c-Z) of masonry

Category of Force directiom Grade No. of mortar
strength “I00 50 25
Axial tensile Along teethed: S
strength R, Joint sectiom 2.2 1.5 . 1.0

"Flexure tensile| Along tarough '
strength R . ] Joint section 2.2 | 1.5 1.0
o Along teethed 301nt
' section 2.6 | 1.8 1.2
Shear strength [ Along through joint
RJ . & stepped sections 2.2 1.5 1.0

Note: The principal tensile strength (Rz) is taken equal
to joint shear strength Rj

Modulus of elasticity E and shear modulus G of mason-
ry are employed in %the ligh% of the data shown in Table 3.

Table 3 E and G of masonry

Grade No. of martar 100 | 50 25
Modulus of elasticity E| BOOR | TUOR | 600R
Shear modulus G 320R | 28B0OR | 240R

2.0BJECTIVES AND PROCEDURE OF THE
INVESTIGATION ON SEISMIC BEHAVIOR

It is desired to understand, througn large number of
tests, the failure mechanism and inelastic cnaracteristics
of concrete block shear wall lightly reinforced, .describes
the mathematical model of the wall with inelastic features
80 .ag to predict the earthquake response of concrete block
buildings, thus evaluating the safety of the buildings.

As for the first series oi tests, 1t is mainly inten-
‘'ded to, by making use of experiences obtaibed from seismic
damages .0of brick wmasonry houses ahd the relevant test re-
sults, approach the shear strength of single snear wall,
propose construction measures to form the basis ior working
ouft regulations of design and construction of concrete
block buildings. In the mean time, attention was paid to
" keep in line with the present seismic design code. For the
second series of test, émphasis was given to the failure
mechanism and inelastic behavior of lightly reinforced

walls.

3. A BRIEF ACCOUNT OF TEST

3.1 Design of Test Specimen
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- The specimen was d951gned to typify the segment of
wall between stories having an aspect ratio of 0.5-0.6.

The tirst series of 44 specimens were leldBd 1nto
two types im dimensions: 1 m high x 1.6 m wide and
1.4 m x 1.6 m. The secomnd series of 51 spec1menl_had
‘almen31on of 1.2 m x 2.8 m: The two series covered three
types, namely, un- gronted, partially grouted and both grou-
ted and placed with horizontal bars in courses. All grouted
cells ‘'were placed with one vertlcal stud bar of @12.

3.2 Losding Apparatus

Both series:or tests yé;e carried out with contraer-ﬂ
xure loading set up. Horizomtal arnd vertiamsal loads were
imposed by hydraulic jacks.

3.3 Load Application

The horizomtal cyclical load was applied by using
load controlled jack for the first series of tests in’
one way. A8 regard to second deries, horizontal load was
applied in a series of cyclical reversals controlled by
load prior to primary crack and by displacement after
crack.

Both series of experiments were imposed wlth a con-
stant precompressive load.

3.4 Instrumentation

.The displacement at wall top was measured by prowvi-
aing a displacement sensor and P-A curve was seli-recorded
by a function device. ’

b FAILURE MECHANISM AND SHEAR STRENGTH

4.1 Failure Mecnanism

Under the above, said loading conditions, the test
specimen underwent shear deformatiom which predominated,
displaying snear failure featured by diagonal stepped
cracks-. ‘

The relation betweem load and sisplacemént is roughly
linear prior to tirsat ¢rack, and the specimen displacement
notably increased aiter primary crack and the p-A curve
toaok turn. With the increase of load and displacement, the
discontinuous joint cracks linked up to form major cracks,
rollowed by secondary cracks. At the moment, the load rea-
ched iimit.

1he major cracks in ubm-grouted specimen daveloped ap-
parently with less secondary cracks. 1he limit load was
greatly raised and the blocks ip cormer toe were crushed
winen the specimen was subjected to higher compressive
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sltress, correspondingly, the failure of masouonry was
~more serious. For the grouted specimen, Lhe aegree of
major crossing stepped cracks was not as serious 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 loau appearring or aiter tnat and ex-
perienced reversal aeiormatlon, the grouted cores were
cut off. )

Atter crack, the partiaml assemblage of blocxs siided
along, stepped bed joints rather than pulled apart along
" diagonal section. Then, a lateral load increase, K of 20%-
30% was observed until limit load emerged. Under rever-
sed cyclic lo&ding, the comprehensive deterioration of
' masonry was of the mechanism of shear 1riction damage.
This indicated that the appearance of primary cracks was
under the elastic limit ¢onditiom, charascterised by los-
ing the strength of principal stress, while the tormation:
of major stepped diagonal cracks was under the elaso-
plestic limit condition, featured by suear frictiom. Such
a mechanism comes from the following causes:

i. The specimen hed low aspect ratio. ,

'ii. The bomding strength ot the mortar emuloyed was
low, nence the stepped damage of masonry was unavoidable.

iii. The specimen was subjected to a certain amount
of compressive stress.

For the typical fallure mode of masonry, please see
Figs. 1 and 2.

4.2 Shear Strength

'The shear strength of wasonry ‘serves as tne main in-
dex controlling the seismic design of masonry building.
"Qgwing to the serious heterogenity and aeclotropism as
well as sensitivity of guality in field, indeed, tihie prob-
lem of masonry strength is not ome of theory but .practice.

In case the condition of elastic limit is taken as
design index, the heterogenity and aeolotropism are ig-
nored on purpose for seeling way out in theory, and the
following equatiom is derived from the stress mode at a

certaln p01nt' _
1 + B (4=l
/1/ Rj

In the equatlon the undeterminable value ot principal
tensile intensity is replaced by the.suear strengtn R_. of
through jeoints of the masonry to calculate in reverse the .
shear strength R, of masonry subjected to composite stres-

TTT-3-5



ses. 0, is compressive stress. :
In order to describe the condition of elaso-plastic

timit, the equation which coincides with the failure me-

chanism of shear frictiom will be adoptéd, generally,

Re = aRj + fa (%-2)
where a and f are empirical co-efricients determined
by test, the value of a is slightly larger than 1 and f
is 1riction co-eificient in name, approximately 0.60.
Numerous test data sinowed statlstlcally the existance of
the linear relation.

It is advisable to use such ultimate strength to de- -
termine the railure index, s0o as to apply the concept of
energy dissipation of structural elements under seismic
1oad1ng and echo with the method defining seismic force
in current seismic code. Therefore, the seismic load es-
timated with elastic design method can be. deducted by a
factor and tne requirement for ductility implied in the
deduction can be satisfied by setting up proper grouted
cores as well as horizontal feinforcing steel.

Experiments prove that the compressive stress greatly
"aifects the raising of cracklng strength and ultimate
strength. 1In defining the strength formula for design
purpose, we consider R. as a strength factor indepedent

of Uz , and also take iﬂto account the detrioratiom of ‘
strength due to low cyclic fatigue of specimen. 'In the
mean tim§,owing to the fact that greater ratioc of axial
pressure makes heavier damage of specimen and the weight-
lessness caused by wvertical ground moticon is disadvata-
geous to shear strength, we carefully adjusted the influe-
nce of compressive stress on strength, using lower co-
efiicient. As a result, it is conformable to the margin
ot safety and economic 1ndex obtalned by traditional de-
sign practice. The. formula to calculate: the shear strength
of masonry for deslgn purpose i3 expressed as followsa:

He = Rj"‘f :f-ﬁ'. ' (‘“‘-3)

Considering that let a=1 after deterioratlon of
strength, assume =0.35 for making prov151ons against earth-
guake in regions of 7 intensity and assume f=0.30 in re-
gions of 8 intepsity. 1In this formula, R, is no longer
the shear stress at a point, but the average shear stress -

of the whole specimen, The effact of nom-uniformity of
shear strength is neglected. The comparison of Equation
{4—1) una (4-3).is shown in Fig.3.
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The wall groutad partially not only uarkodly reisaed
the capacity resisting lateral force,; but also improved
detormation behavior. The. sxzsting” gulations (JGJ1l4-
82) stipulates that the follewing £o: fla is used to rep-
resent the effeet of mortar, compreuslva atrosn and
grouted core om shesr strength. .

Q:%/:w-ﬁ'—f—.)ﬁi—ﬂoﬁﬁdh (b-%) ‘
' 4 _ ‘ £ ims the

where A is gross sectiom area of wall;
axial compr9551ve désign stremgth of the conc ete o-
grouted core; is section area o1 the total lnaorne—
diate cores placed in wall (except extreme cores); F is
tne co-efficient of mnon- unliormxty of sheer stress,

let F =l.2. . .
: Further inveatlgatlon demonstrated that it is adwvi-
sable to express design strength of grouted wall by

mea:;s of shear frietion mechaniem. The strangth is re-
garded 4s a linear composition of R;’ ¥, and the dowel ae+

‘tiom of cores.
& = (R;+ 46 A + aoSqReAn - (4-5)

. where 1] is: wotk factor of dirferent cell-filling re-

uop,_‘,qﬂ) forP< 15%; 7.=1.0 ror 15% < P < 25%; 1 =1.1C.

for 25% &P < .50%; :ﬂ_=1 .15 for P> ‘50:@. ‘

. Based on the prov1slons made for 8 seismic intensity,
'the design strength calculated with formula (# 5) is ab-
out 1b% higher than that calculated wi th formula (4-4).

The statistical average valure of test ultimate strength
to calclated strength ratio is 1,68 according to the tes
results of 44 specimens of various types vb.ained oy the

Sichiuan Inititute of Building Research. In checking. the

strength of wall, in case the safety <co-efticient K=2 is

adepted. in accordance ulth the ecurrent seismic code s im-
olying that the strength of actural wall is at least 3

times of tha check1ng strength.

5. INELASTIC BEHAVIOR

- For - the 1nvest1gation of inelastic behavior, emphasis
was given to the strength, deiformation and hysterestic
characteristics of masonry walls_sdbjected Lo horizontal
reverseqd “loading and the effeetiocn of such factors as cores
and compressive siress etc. omn tiem.

Fcrﬁtne typical skeleton curve-and hysteresis curve,
see Figas. 4,5 and 6.

The relation befween shear force and displacement

TII~3=7



coincided with the byaterestic ruls of trilinear restorlng
rorce characteristic model wi th stiffnesa degradatiom,

The skeleton,curwe turned ayparently when the specimen .
cracked and it began to decline after reaching peak limit
load, presentimg remarkable degradation of stiffmess and
strength. The degradatiom for grouted specimem was lighter
than that for un-grouted specimen. Despite that the decline
of skeleton curve reflected the process of brittle rupture,
the decline was gentle and the loading capacity yould not be
dropped sharply. The specimen showed a tremd similar to
ductility and was able to stand large displacement.

The hysteresis loopa appearsad to be sleader prior to
crack and was like a shuttle at'ter crack. As for the un-
grouted specimen,the hystaresis loops were still like a
shuttle even limit load was reached and gradually trended
towards rigid- plastlc ‘baehavior, reflecting the characteris-
ticas of energy dissipationm due to frFictiom. after the
grouted specimen reached limit load, the hysteresis loops
became a opposite "S* from shuttie sbhape, showing the bena-
vior of sliding, see rigs.7,8. Major strength deteriora-
tion seemed to occur between the first and secaond cycles of
each deformation amplitude, the losses of strength was
about 10x. Having stood large displacement, the groutea
specimen was sStill able to keep a steady hysteresis loop.

ihe cracking strength A; and ultimate strengtn &« as
well as initial stiffness K,rose with the increase of com-
pressive stress ¢ , and there exists likely a linear rela-
tion between Ko and 6; .. ’

wWith modelllng of restorlng force characterlstlcs of
'spec1men (sae rlg 9), it is posszble ‘to obtain a series ot
formula relating. to charactarzstlcs parametars.

. Cracking strength a‘c=f5&q | (5-1,
pased oo statistical average, - f3=0.60‘for‘tne un-

groutead spacimen-/s =0.75 for the grouted specimen.

1he initial stitfness was the secant stiffness at
cracking point. 4t is posslble to atain the following equa-
‘tion accordimg to the shear mode of deformatiom and the ei-
1ectlon of Ge on elastic character1stlcs of the masonry;

Ko= A- @)31_3(@ |

wner= r -=- elastic modulus (refer to |Juul4-82)

(5-2,
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wall thickness
A --- co-effieient odDtainea statistically from

 test results, A =0.9940.270, 13.5¢0.% 7
n/b --- aspect ratio of masocary.

_ The formula calculating the initial stlifness of’
groutea specimen is as follows: -

Koe= Yo . (5-3,
where \f~=1.10-1. 55, the raising co-etficient deciaea
by difterent cell-rilling ratio.

Elaso-plastic stiifness K,, negative stiitness K.
and unloading stiffness K' are obtained on the basis of
tesat results, ‘

For up-grouted specimen:

Kl = 0.09K, ,
K, = -0. 061{0,
( :?*_) Ko, the co-effient of stiffness
n .
degradaticn o= 0,63, where &¢is cracking
displacement, Amis the displacement corres=
ponding to unloading stitfness.

K!' =

For grouted specimen:

K, = 0.08Ke, ' .
K, = -0.02Kec , |

, LV A

K' = (—— ) K , k= 0.70.

LA
6. MEASURES FOR EARTHQUAKE RESISTANT CONSTRUCTION

The unreinforced or 'lightly reinforced masonry houses
are very porpular in China. Due to their poor ability re-
.sisting earthquake, it is necessary to adopt reasonable
. measures against seismic action, and to enhance the inte-
grity and ductility in addition to checking strength of
walls., ‘

in the seismic regulation (JGJ1l4-82), tne following
provxslons are put forward. : .

6.1 Spacing of Cross walls Against Eqrthguake

Spacing of cross wall should not exceed the data
‘llsted in Table 6.1.
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iable 6.1 Maximum spacing of cross wall
resisting earthguake (m)

Type qﬁ Toor : saximum epacing of c¢ross walls
and floox " 7 intensity regiom| ¥ intensity region
Caat—ln- site o

concrete 15 . : 12
prexgbrlcatqd 12 _ - 9

concrete R

rimber ' ‘ 9

0.2z Height Reatrlctlon of Bullalng

Basec on the exparxepce of seismic aamages of brick
ma3onry structures, the overall height ‘and the number of
story of block masonry building svipulated. do not exceed
19 m (6 stories) for regions of 7 seismic intensity and
16_m \5 stories; for regioms of 8 intensity respectively,
30 as to control the total shear force on base. ror the
bpuilaings with less c¢ross walls usea as schools, hospitals
and so forth, the neight snould be reauced appropriately.

6.3 jetiing up ring beams

Cast-in-site reinlorced concrete ring beams are re-
quired to position on exterior wall and on imterior longa-
tuailar walls at each stéry, close to floor slabs or roof
alabs. At 18 necessary to arrange ring b@ams om 1nterior
cross wail at each story’and the cross apac1ngw111 net be '

" more than 7 m 1in regions of 7 1ntenalty and not more than
4L m in regioms of 8 intensity.

6. 4 P051t10n1ng_grouted cores

The grouted cores, in aadition to checking seismic
strength, will meet the requirements stated im Table b.4.

' CONCLUSIONS

, .1« On the basis of failure mechanism of shear i1ric-

" tiom, we proposed, by rule of thumb and theory, a formula
to predict the shear stremgth of masonry, which serves as
a description of elaso-plastic limit. This corresponds
with the concept or design seiswic lorce determined by
energy dissipation and elastic respons spectrum. Though
the calculated strength by the formula of shear friction
igs a little higher than the result obtained from formula
of elastic limit tineory, it possesses sufficient atrength
reservation proved by numerous test.

2. Tne bearing stress acting on wall has great effec-
tion on railsing cracking strength, ultimate strength and

initial stxixneqs of masonry. Further 1nvestigat10n should
o IIIe}AO



be made to assess and utlize the factor.

3. It is possible to raise deformation capacity and
keep loading capacity in case of large displacemen of
masobry by placing propser reinforced cores, which is a
major meanas of enhancing strength as well aa a necessary
seismic construction in assuring appropriate ductility.

4, Based on identical test condition and reversed
horizontal loading, the sxeleton curve, hysteresis loops
showed tairly good regularity and can act as the foundation
of restoring force characteristic modelling.

Table b.4 Requirements for positioming grouted cores

Number Cbnstr.,zequirements

of story lLocation of core for. core :

7] B ‘

-4 3 At tour corners of building | L type corner:
and astalircase 3 cells are fllled-

™ = ' T joint:

5 4+ Same as above and also at ‘ ' .

joint between gable wall 4 cells are filled.

and int. long. wall, and
Joint between int. cross
wall and ext. long. wall for

’ every other room.

o] 5 Same as above except that L Sype corner:
core is placed at the 5 cells are filled.
Joint betwaeaen int. cross T Jjoint: ”
wall and ext, long: wall 4 cells are filled.
for every room. . + Joint:

4 cells are filled.
All the cells are fil-
led with Grade 150#
concrete with 1g12
stud inserted in them.

#* Regions of 7 seismic intensity.
+ Regions oi B8 intensity.
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SHEAR BEHAVIOR OF UNREINFORCED COBCRETE BLOCK WALLS
Kyle Woodwardl
SUMMARY

‘ An experimental investigation is described which has as its

primary focus the determination of the shear resistance exhibited by
unreinforced, ungrouted, hollow concrete blocklmasonry walls.
Forty-seven wall panel tests are reported. The parametera/ip the
investigation include the amount of applied vertical compressive
stress, wall aspect ratio, block strength, mortar type, and loading
history. One major finding of the investigation is that the relation-
ship between increasing amounts of applied vertical compressive stress
and the resulting increased shear resistance is significant and nearly
licear. Another observation is that there exists a critical.diagonal
tension strain which defines the omset of wall diagonal tenmsion
cracking,

INTRODUCTIONR

The Center for Building Technology of the National Bureau of
Standards is currently  undertaking a program of exzperimental research
on the shear resistance gnd behavior of shear-dominated masonry
walls., The parameters under study are applied vertical (axial)
compressive streas, wall aspect ratio (length~to~height), block and
mortar type, horizomtal and vertical 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 dimeneions are 8 im. thick, 64 in. high, and
either 48 in., 64 in., B0 in., or 96 in., long. The walls are
subjected to a vertical compressive stress in combination with
in-plane lateral displacement. Im addition to the variation of aspect
ratio, the vertical compressive stresa, block strength, and mortar

tvpe are also wvaried in this series of tests. The resulting data .

include in-plane lateral load resistance, wall displacement, and
strains measured at discrete locations on the wall faces.

WALL PAEEL DETAILS AND TEST SETUP
Materials

~ The concrete masonry units are two-core hollow b'lo;k,hnd have
nominal dimensions of 8 im. x 8 in. x 16 in.  The block labeled .as

I/ senior Development Engineer, Dniv. of Calif., San Diego
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high strength have a gross area of 119.2 éq, in., & net so0lid ares of
61.5 sq. in., and a gross area compressive strength of 1813 psi basec
on the average of six unit tests. The block labeled as low stremgth
have & gross area of 119.8 aq. in., a net solid area of 60.4 8q. in.,
and 8 gross area compressive strength of 1304 psi based on the average
of pine unit tests. The mortar is either Type § 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 RN proportioned with 1 pert by volume
of portland cement, 1 part by volume of liwe, and 5 parts by volume of

sand.

Detsils and Egpricatioﬁ

A typical planar and corner wall panel are shown in fig. 1. The
wall panels are constructed in running bond using face-shell bedding
except for the two end c¢ross-webs. The joints are struck flush, but
not tooled. Mortar cubes and prisms are also built and later tested
as companion sepecimens 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

gstretcher units.

The deteils of selected wall panels are listed in table 1. The
vall panel identifier is a two-part mnemonic with the two parts
separated by & byphen. That part of the identifier preceding the
hyphen is descriptive and has the form mABn. The m term denotes the
wall length inm inches while the n term specifies the apprOXimatq
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 block strength while the B term |
indicates mortar strength with A and B being replaced by either H for
high strength or L for low strength . The terms high and low strength
are used only in & 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,

Téat‘Sétup

The test setup (fig. 2) is the NBS Tri-directional Test Facility
(NBS/TTF), a permanent loading spparatus 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 specimen is fixed. All of the test specimenms
listed in table 1 are laterally displaced while the upper crogshead
malntaxns a zero rotation condxtxon.

Instrumentation

In the interest of brevity, only that instrumentation which
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Table 1. Wall Panel Details

'Wall Panel Mortar Cube 28 Day  Prism Prism Compressive.

- Tdentifier Compressive Strength  Bedding Strength
(psi) : A (psi)
b64HH] 20~-21.04 , 2437 . Face Shell 1839
64HH160-3101 - ‘ 1825 Face Shell 1820
"64HH240-3L04 . 2237 . Face Shell ‘ 2132
64HH300-2105 2160 . Face Shell - 1870
64HH320-3103 , 2095 Face Shell 2091
64HHL00-3102 : 2139 Full Ares 2810
64HH400-21.03 : 2232 Face Shell 2074
64HH500~21L06 2191 Face Shell 2005
48HH] 50-3L06 ‘ . 1847 Full Area , 2661
48RB450-31D5 2055 Full Area o 2645
BOHH2 50-31.07 1994 ! Face Shell 1867
*80HH400-4101 - 3254 Face Shell 2050
96HH200-4103 : 3076 Face Shell 1917
96HH300-4102 2746 Full Area 2615
S6HHL00-4L04 2425 Full Area 2783
64HL160-5101) 1826 Face Shell 2049
64HL240-5102 - 1809 ‘ L - -
64HL320-5103 1761 . - -
© 64HLA00-5104 1490 Face Shell .- 1923
64LL170-6107" ‘ 1987 " Face Shell 1522
641L250-6106 1841 ' Full Ares 1955
64LL340-6L08 - 1591 Full Area 1983
64L1L420-6L09Y , 1505 Face Shell 1443
64LA105~6101 2646 . Face Shell 1630
64LH1 70~-6102 2657 Full Ares 2033
64LA250-6103 ‘ L2772 Face Shell : 1522
64LH340-61L04 3127 | Full Area - ] 2133
64LB420-6L05 K 3110 - —
48LH170~6L10 ‘ 2985 Face Shell 1447
48LH450-6111 2892 Full Area . 2094
96 LH220~6L12 : 2700 Face Shell ' 1537
96LH320-6L13 2810 - .Full Area 2025

Note: The mortar cube stress is based on ap srea of 4 sq. in. The

‘ values listed are the average of at least three cube tests,
Mortar cubes sre removed from the molds after 24 hours and air
cured in the laboratory environment until tested,

The prism stress is based on the unit net so0lid area. The values
listed are the average of at least three prism tests.
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provides data used in this paper is described. The loads imposed on
the wall .-panels are measured by load -transducers inmcorporated im the
‘hydraulic actuators. The wall panel displacement (in-plane) is
measured by displacement transducers mounted horizontally between the
top course of the wall and an external fixed reference (fig. 3). The
diagonal strain referenced in future discussion is computed from the
displacement measured by a displacement transducer mounted d:agonally
on the wall panel (fig. 4)..

TEST RESULTS

General Behavior

In general, the primary form of distress exhibited by the wall
panels was a diagonal-tension type of failure as illustrated by the
typical crack pstterns in fig. 4. However, there were exceptionms,
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 flexurasl distress did, in .fact,
suffer a local diagonal-tension distress in a cormer block and when
the vertical compressive stress was incréased, the primary mode of
distress changed to a genersl diagonal-tension failure. In all of the
walls teated, the final failure of the wall was the result of an
inability to sustain the applied vertical compression load in comb1na—
tion with the meosed lateral displacement. ‘

While the cracking pattern was relatively insensitive to. the
parameters studied in the test program, it appeared that the orienta-
tion of the cracking was influenced by both the level of vertical
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 vertical compressive strees, block strength, and
mortar strength. Walls built with low strength mortar exhibited a
proncunced tendency to exhibit wmortar joint cracking while the walls
built with the high strength mortar exhijbited much more cracking
through the block. Increased vertical compressive stress increased
the likelihood of block cracking, especially for the high strength
block and mortar combinatioms. . :

The 48 in., 64 in., and 80 in. walls tended to form a comsistent.
corner-to-corner diagonal crack pattern which essentially separated
the wall into two triangular segments. The shear transfer between the
two segments took place along the diagonal crack by shear frictionm.
The 96 in. long wall, by coutrast, did not form the cormer-to-corner
crack. The crack pattern which formed did not separste the wall inmto
triangular segments but, instead, included a horizontal crack in the
high flexiral compression region of the wall. The .combination of
favorable crack orienmtation (horizootal) and high normal compressive
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stress permitted a much more efficient shear friction mechanism to
form than wes possxble in the shorter walls., In fact, 96 in. walls
wvere able to resist more lateral load .through the shear friction
mechanism than from the diagonal~temsion mechsnism. First cracking
was not coincident with the maximum lateral load resistance.

Loading History

The effect of cycling on the behavior and resistance of the wall
panels depends strongly op the maximum displacement applied to the
wall. If the cyclic displacements do nct exceed the monotonic
displacement &t which maXimum capacity is achieved, then the effect of
.cycling is negligible on both wall stiffness and resistance even for
several hundred thousand cycles. However, excursions past the
critical displacement cause gevere degradation of both stiffness and
resistance, even if the displacement is not incrementally increased.

Based on the five corner walls tested, there is no apparent
reason to differentiate the behavior of plenar walls from cormer
When displacements sre applied only slong one leg of a corner
wall, the effect of the outstanding leg is negligible on the cracking
pattern and general wall behavior. The behavior of 8 cormer wall
- subjected to simultaneous displacements along both legs is adequately
predicted by evaluating each leg independently of the other. In other
words, behavior could be considered in terms of resultant actions,

walle.

Shear Stress-Displacement Relgtionships

The shear stress versus wall displacement curves for some cof the
tests are shown in various combinations in figures 5 and 6. Shesr
stress is computed by dividing the 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 spplied vertical compressive stress is much more
~ pronounced on the maximum stress achieved than on the initisl stiff-

ness of the wall. This observation excludes the groes differences im
the stress-displacement relationship for the walls having flexural
distress prior to diagonal tension distress, As the applied vertical
compressive stress is increased, the shear stress, or conversely the
wall displacement, at which the curve exhibits nonlinearity also
increases. Thus, higher spplied vertical compressive stresses delay
the onset of nonlinear behavior. However, the applied vertical
compressive stress has a negligible impact on the absolute wall
displacement at which the wall resches 'its maximum resistance.
Therefore, the displacement which causes dldgonal cracking is relas-
- tively independent of vertical stress, but the maximum resistance and
initial stiffness are increased by vert;cal compressive s:resses.

The effect of the block and mortar strengths on the initial
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stiffness of the walls is imnterective. For example, the effect on the
wall etiffness caused by varying the mortar type is significant when
the walls are made with high strength block as illustrated in fig. 5.
Conversely, the effect oo the wall stiffness caused by varying the
mortar type is negllglble vhen the walls are made with low stremgth
block as shown in fig. 6. The overall behavior tends to suggest that
the stiffnese of the wall is strongly related to its probable fimnal
crack path (mortar joint or through block) and ultimately its weakest
material component.

Maximum Shear Stress Repistsnce

The maximum shear stresses computed from the .maximum measured
lateral loade along with the other. pertxnent data are listed in table
2 for selected wall pnnels. Selected msx1mum shear stresses for the
48 in.,, 64 ip., end 96 in. long wall panela are plotted versus the
applied vertical compressive ‘stress in f;g. 7. Clearly, there is an
increase in maximum shear: resistance with increased vertical compres-
sive stress. The nature of the relationship between the shear streas
and the vertical stress is affected by the wall aspect ratio and the
combination of waterial strengthe. Figure 7 illustrates the signifi-
cant effect of asepect ratio, but the effect becomes pronounced only
for the higher levels of vert1cal stress. Larger aspect ratios
produce higher values of maximum shear resistance. The impact of
material strengths on the maximm shear stregs-applied vertical stress.
relationship is also shown in fig. 7. The most advantageous combina-
tion in terms of maximum resistance is, not surprisingly, high
strength block and mortar. The least advantageous is the low strength
block and mortar, but as with aspect ratio, the effect of materisl
strength becomes significant only for the higher levels of applied
vertical compressive stress, A rbgresslon analysis of the data
plotted in fxg. 10 produces an equatlon of the form

v = 70.8 +« 0.313a

vhere v is the maximum sBhear stress and a is the applied vertical
compressive stress both in units of psi. The standard error of
estimate of the regression analysis is 17.4 ps; and the correlation
coefficient is 0.91, :

Diagonal Strain " _ : o

The general mode of distress exhibited by the test specimens is
diagonal eracking, indicative of & dlagonal ‘tension ‘failure. It ie
reasonable to expect that the diagomal tension strain should provide a
reasonable predictor of the onset of wall dzstreas. The relationships
between shear stress and the diagonal. wall. strain computed from
measured displacements are shown in fig. 8 for most of the 64 inm, long
wall tests. With certain exceptions, the curves in fig. 8 suggest the
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Table 2. Wall Panel Maximum Shear Streeses

- Wall Ket;Cfosd;’

Sectional Area

'Applied Vertical
‘Compresaive Stress

Maximum Shear

_Stress Besistance

(eq. in.) (psi) (psi)
2460 122 113
' 246 .0 162 123
1 246.,0 243 167
' 2460 305 186

246 .0 325 206
246 .0 406 205
246.,0 406 227°
246 .0 507 2260
184.5 163 117
184.,5 434 175
307.5 228 178
"307.5 390 202
369.0 217 157
369.0 312 208
369,0 407 251
246.,0 163 122
246 ,0 243 151
246 .0 316 171
246,0 407 190
241.6 162 115
241 .6 246 144
241 .6 332 158 .
241 .6 413 174
241.6 103 101
241.6 161 128 .-
241.6 K 248 152 .-
241.6 327 166
241,6 418 177
181.2 165 116
181.2 430 162
362.4 220 163
362.4 315 203.
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existence of a common diagonal temsion strain, in the range of 100-150
microstrain, at the omset of diagonal cracking. Diagonmal cracking is
. indicated in the relationships by the sudden large iocrease in
diagonal temsion strainm (displacement) with little or no increase in
load resistance. The exceptions are wall tests having high vertical
compressive stresses, The commonality of the threshold diagonal
strain suggest a material criterion vhich defines the omset of

diagonal cracking 'independent of atrength and vertical compressive
8stress, '

COECLUSIONS

-~

The following conclusions are based on "“the experimental test dats
obtained in the investigation described in this paper.

* . A nearly linear relationship existed between increased amounts of
vertical compreseion and the resulting increases in maximum
in-plane shear resistance of the wall panels when other para-
meters are held constant,

* The lateral displacement coincident with the attaioment 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 diagomal wae the critical
determinant of diagonal cracking and there appeared to exist s
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 materisl streémgths for higher levels of applied
vertical compressive stress, generally being higher for larger
aspect ratio and increased materlal strengths.

* There is a threshold in-plane lateral displacement below which
application of repeated cycles of lcading does not affect
observed wall behavior. Bepeated imposed  displacements greater
than the threshold displacement cause both stiffness and load
capacity reductions. '

*

Corner walls displaced along their diasgonal axis have maximum
resistances equal to the reaultant of the in-plane resistance of
each leg.
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A REVIEW OF ASEISMIC TEST FOR MASCQNRY STRUCTURES TN CHINA
Zhu B::lor:gl

SUMMARY

Since Tangshan Eart?m:a]-ce of 1976 many research arganization pay
attention to study the aseismic belaviour of masonry structures. Same
descriptions and discussions on psendo-static amd dynamic tests, in-
cluding the test design, size and strain rate effects, constitutive re-
lationship, model test and system identification, are presented in this

paper .
INTRODUCTION

Unreinforced masonry structures are widely built in seisnic area
of China. During Tangshan Earthquake of July 28, 1976, the most multi-
story brick muildings, hrick chimeys and other industrial constructions
are suffered very serious damages. Since then the Chinese aseigmic
research organizations, including universities and academies, pay atten-
tion to study the seismic capacity of unreinforced masonry structures
and to research Yow to stremgthen then. According to incamplete sta-
tistics about 300 wall specimens, including unstrengthened and streng-
thened, with and without openings or wing walls, under static cyclic
loading were tested. Besides, a number of mcdel and prototype buildings
were experimental at the laboratories or on sites. In recent years, the
shaking table test and strain rate effect study have more attention. In
spite of the fact that the masonry material has a very low crack strength,
the static tests show that it is of a certainly aseismic capacity.

STATIC TEST OF MASCNRY STRUCTURES SHEAR
STRENGTH FRQM IDEALIZED SPECIMENS

It is well known that shear strength is one of the important fac-
tors for the aseismic capacity of masonry structures. There are two
kinds of test method to determme the shear strength af masanry as shown .
in Fig, 1 and Fig. 2.

! prof, of Civil Ergineeringy, Crmirman of Department of Structural
Engineering. Directar of Research Institute of Engineering Struc-
tural, Tongji University, Skanghai, China.
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Wang Qinglin, et al. (Xian Institute of Metallurgy and Construction
Engineering — XATMCE) have investigated a series of prigmatic (Fig. 1,
H/B =3) specimens with different angle of mortar joints. From this test
it is found tlat failure mode depends upon the angle of mortar joints
(Table 1), and the maximum axial locad increases with increasing 6 .
Many research organizations, such as: Sichuan Building Research Institute
— SCBRI, Liaoning Building Research Institute — LNERIT, Peijinmg Archi-
tecture Design Institute — BADI, et al., mve tested cantilever wall
specimens subjected to diagonal lcad (Fig. 2) to determine the average

Failure Mode " Table 1.
Argle of Mortar Joints Failure Mode
0 <8 <45 ' Shear
45° < 9 <060 ' - Shear -Campression
8 > 60 4 - Campression ‘

stear stremgth. Test results show that the test results of wall speci-
mens with different height-weidth ratio {H/B) subjected to diagonal lwad
are not very scattered in the range of H/B=0.6 ~ 1.5.

Unreinforced Maﬂm Wall Tests

Test Set-up It is-no any unified test set-up scheue stipulated in
Chima up to now. Therefare, accarding to different study purpose the
research units select their test set-up. The main set-up scl'Bnes are
‘shown in Fig. 3.

Test scheme shown in Fig. 3a is a cantilever wall specimen sub-
jected to vertical.and horizontal loads. Owing to the fact that Fig.3a
scheme is relatively close to actual stress cardition, many research
units (Institute of Ergineering Mechanics — IEM, Chinese Academy of
Building Research — CARR, "Torgji University — TJU, Shamxi Building
Research Institute — SXBRI, et al.) adopt it. Test set-up shown in
Fig.3b provides an interstory-shear mechanical model — fixed erd at
top ard bottam of wall and it is a special. loadirg apparatus (SCERI,
XAIMCE, et al.). Test schame shown in Fig. 3¢ (Quarmgxi University) is
a cantilever wall specimen aubjected to moment, vertical and horizontal
loads. Test schame shown in Fig. 3d (TJU) is used for pier specimen. .
The latter two schemes are relatively close to actual stress corditians.

Brief Sumary of Test Results

| Fram 1978 to 1983 tte ﬁnrelnforced walls occupied an important ]
place in Thinesé experimental work of masonry structures. The followirg
main points can be amrarlzed frcm t‘he test results:

(a) Size E:ffect
For masonry structure the size of test gpecimen strongly influences
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the average shear strength. Fig 4 shows the relat1orxsh1p between the
'strength ratio Ry/Rj (R, -average shear strength of masonry; Ry -pure
shear strength of mortar joint) and cross section of specimen A, Besides,
the height h and length £ ratio of wall also strongly influences the
shear* strength R, (Fig. 5(12) ) and failure mode of masonry.

(b) ‘Normal Pressure Effect

Test results verified that the average shear strength Rt depends
upon the normal campressive stress g, . Fig. 6 shows the relationship
between Ry/Ry and 05/Ry. It can be found ttat the test data have a cer-
tain regularity in spite of the different test set-up schames. Besides,
in Fig. 6 four line were plotted, and their formulas are given in Tahle2.
By the way, for Chinese residaat:.al buildings the co/‘RJ value ge'lerally
is less tlan 5. :

Formi as of Rr Table 2.
BIG 3-713(})  Ty-11-78 (2) ooy (3) TEM, et al,
1+0.70,/Ry vV 1+ 9y/Ry . 0.4+ 0.5.0,/R; 0.7 (1+0.7 04/R;)

(c) Aseigsmic Capacity
7 sl'ows the typical hysteres:Ls loops of unreinforced masonry
wall (TJ'U( ) . In spite of the fact that the cracks of masonry wall
occurred due to the-low tensile stren;‘th. the masonry structure has a
limited aseismic capacity which is reflected by the ability of energy

dissipation due to the certain. defonrablllty. .

Unreinforced Masonry Build:uggegt

—

In order to investigate a building subjected to the lateral load
for the purpose of -studying aseismic behaviour, since 1977 a number of
full-scale and model buildings wére tested by many Chinese research units,

Full Scale Unreinforced Masonry Building Test on Site. ‘Eight full-
scale brick or cancrete block buildings were - ‘tested at ing, Lanzhou,
Hangzhou, Harbin (IEM)(*) and Shanghai(’) since 1978 to 1979. The plan
and profile of the latter one(®) are shown in Fig. 8; besides, the
crack pattern and relat:LcnshJ.p betweau 'total horizontal load and roof
displacement are shown in Fig. 9.

Model Unreinforced Masonry Building Test. Four single-story
(Stanghai Building Research Institute) and two two-story (%) (ToU)
model huildings were tested under lateral loading during 1978 - 1981.
Because the model tuilding is cheeper than full-scale, for the purpose
of studying the failure mechanism it was adopted by many research units.
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Brief Sumary of Test Results Franm the full-scale and model build-
ing tests, the following view-point can be drawn:

(1) Tt is verified tmat the failure mechanism of s:.ngle masonry
wall specimens is close to the buildings. .

_ (2) As shown in Fig. 9, the damage of ground floor is serious and
it reduces upwards story by story.

(3) It is very difficult to say which seismic intensity can be re-
sisted by one buldmg after static test, but a restoring force model
(For example Fig. 10(?) ) can be given and it can be used in nonlinear
seismic response analysis to help us to evaluate the seismic grade of

masonry building.
Strengthened and Reinforeced Masonry Structure

MasoanStructure Strengthened with Reinforced Concrete Columns In
order to strengthen the existing masonry tuilding in seismic area, many
esearch organizations (Dallan Institute of Tectmology miT(?) |,

caBr(®) (0) , Toul(19)~(1%) | et al.) have carried out their study pro-
grams far mll specimens or model Buildings strengthened with reinforced
concrete colums and tie bars. Fig. 11 shows the strengthened effect
of masonry wall{'?). -

Masonry Structure Repaired with Reinforced Colums TJU (12) mas
performed a program to study the damaged walls or model buildings re-
. paired with reinforced columns without grouting the cracks of wall. Fig.
12 shows the repaired effect of the damaged walls.

- Masonry Structure Strergthened with Cement Mortar Cover Remforced
by Steel Mesh. In seisnic area of China the cement mortar cover rein-
forced by steel mesh is widelyused to strengthen the walls of existing
buJJ.d:Lng In generally, the caover is only 3an in thickness and the
spacing of tle bars is 20 cm, lat the strengthened effect is very evi-
dent, as shown in Fig. 13(%*

Brief -Smmlary of Test Results

(8) Tre reinforced concrete columns directly contribute their shear-.
ing capacity to resist the seismic lgad together with brick wall, and
the ductility of wall is improved.

, (b) The brick hiilding s’crerx;t}‘ened with reinforced concrete colum
"had increased in aseismic capacity more than 100% during Tangshan Earth-
quake, but the static test shows thet the aseismic capacity s in-
creased only to 20%¥. This problem should be solved by s}akJ_rg table
tests.

»(c) The straxgt}mm effect of camnent mortar remforced with steel
mesh for rick wall is relatlvely ev1dent. ‘ ‘

. D!NANECV TESI‘
Strain Rate Effect ‘
The autlor's research group (TJU) carried out a test of four mesxry
' IIT-5=4




wall specimens subjected to reversed lateral loading with different fre-
quencies (0.1Hz, 1Hz, 3Hz). It is evident that the strain rate Mas
influence on shearing strength of masonry wall as well as on the area
of loops, as shown in Fig. 14.

Brick Model BaildimLTest

Same strengthened and unstrengthened five-story brick model build-
ings (scale 1:8) have tested in laboratory of BADI. The tuilding was
vilrated by vibration generator, which was located on the top of roof
ard the walls were subjected to cycllc load:.ng. ‘

Brief Sumary of Dynamic Test

{a) The strain rate has strongly influence on the shear strength of
masonry wall.

{(b) The masonry model huildings strengthened with reinforced con-
crete columns can resist stronger earthquake, it is also verified by
the dynamic cycl:r.c loading.

SHAKING TABLE TEST -

. Brick Wall Test

The auttor's research group performed a pregram of shaking tahle
test for masonry wall with or without openings in laboratory of Tongji
University., The additicnal mass has a weight of 8.5t. Fig. 15 shows
the partial test results of masawry wall tested an the shaking table
excited by an input record of El-Centro Earthquake (1940 NS).

Concrete Block Model RBuilding Test

Unreinforced Block Model Building Test Three five-stary unrein-
forced concrete block model huilding were tested on shaking tahle
(t7u) (33)  and three single-story brick model uildings were experi-
mented on another one (IEM)(!7) . Besides, in arder to obtain the
mathaematic model of ilding frc'm the sa table test data, the non-
linear system identification is developed(!®) . Fig. 16 shows the expe-
rimental and identified results of the five-story b.u.ld:.ng '

St.rel;r[tha‘led Block Model Building Test ' One block model t:ulldlng
strengthened with reinforced concretée columns was tested by author's
research group (TJU) on shaking table. The test results show that the

. strengthened effect is evident and it can explain the additicnal colums

how to resist the seignic loading.
 EXPLOSIVE: - FIELD DYNAMIC TEST |
Two three-story nﬁsd;t‘y_biildirg with internal reinforced Kc'olmms
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and beams were tested on the field by Prof. Zhang (HU)(® using exple-
sive method. The distance from the explosive center to the huildings
was 132m, as shown in Fig. 17. The damage is similar to that of an
earthruake: the horizontal cracks appeared in the walls above and under
the windows of the third floor, and the similar cracks appeared in the
walls of second floor but much lighter.
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AN IRVESTIGATION OF THE SEISMIC BEHAVIOR aND
REINFORCEMENT REQUIREMENRTS FOR SINGLE-STURY HASONRY BOUSES

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 tweo—component shaking 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 2 provided minimum lengths of
masonry shear resisting elements are provided. If these minimum iength
requirements cannot be met, then partial reinforcement is required anc
procedures are proposed to- determine the minimum lengths of partially

reinforced walls.

BACKGROUND

Seismic‘design requirements gpecified by the U.S. Department of
Housing and Urban Development (HUD) are referenced to "seismic risk zones®
defined by the Uniform Building Code (UBC). cChanges in the UBC maps were
incorporated into HUD requirements and this resulted in the reguirement
for partial reinforcement for masonry houses in newly specified Zone 2
areas. These requirements were considered too conservative by the
tonstruction industry in Phoenix, Arizona, one of the affected locations,
and it was decided to study the question experimentally by subjecting
assembled components of masonry houses to -simulated earthquakes on the
EERC shaking table. The primary cbjective was to determine the maximum
earthquake intensity that could be resisted satisfactorily by 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 (1], (2], [3] and [4].

(1) Principal, Computech Engineering Services, Inc., Berkeley, CA
{(2) P;ofessor,of Civil Engineering, University of california, Berkeley



The unique feature of the study was the testing of full scale
cnmponents of typlcal masonry' houses subjected to motions recorded -in actual
earthquakes. Hasoq;y walls 8 ft. - 8 in. (2.64 m) in height and up to
16 ft. (4.90 m) long were. constructed of commercially available €& in. wide
hellow concrete 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.
Cencrete slabs were bolted to the ‘roof structure to conpensate for the
reductlon of mass resultlng from scaling the plan dimensions. The weight
of the slabs were chosen so that the ratioc of total roof load to total
wall peripheral length was similar to that of a 40 x 50 f£. (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 transveise and in-plane response
of both unreinforced and partially reinforced panels uere used in a single
test. All partlal relnforcement congisted of vertlcal bars. In the fifth
house a series of tests was conducted when all four wall panels were
initially unreinferped du;1ng_the subsequent phase, all walls were
partially reinforced with two No. 3 (10 mm) bars.

House 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 tc two horizontal (in-plane and out-of-plane)
.a3 wall as to vertical input motion - Pigure 4. In this way, the effect

of the combined in-plane and out-of-plane action of earthquake 1nput on
the masonry walls was 1nvest1gated

The test structures were generaliy subjected to a seriés of base
motions with progressively increasing intensity - Pigure 5. Scme tests
prrformed. on Houses 3 and 4 included both horizontal and vertical components
of motion. Three earthquake motions were used derlved frcm the 1940 El
Centro, 1952 Taft and 1971 Pacolma Dam accelerograms

all simulated earthquake records had both one horizontal and cne
vertical cémponent with ro time scaling; the simultaneous action of two
horizontal components on the masonry walls of House 5 resulted from the
orientation of the walls with respect tc the one axis of horizontal table

motion; walls A and B formed a 30 degree angle ahd walls Al and Bl a 60
degree angle (Flg. 4).

The spec1mens used in this study were typ;cal of “"box" structures
which derive their lateral £orco re819tance from "membrane” .action of the
walls. The major part of the 1atera1 force developed in these tests
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resulted from the concrete blocks bolted to the roof. Resistance to tnis

force was provided by a mechanism dependent on the relative 1in-plane
rigidlfy; the out-of-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 sgimply provided the top

support for out—of-plane forces.

. From this description, it is clear that the out—of-plane walls of
a masonry house must have sufficient flexural strength to resist their
own inertial forces when acting as vertical beams, while the in-plane wallsg
must have the capacity to 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 amplitudes were directly related to the behavior

. of the in-plane walls (designated as A and B in Pigs. 1 to 3). Differential
displacements of the two in-plane walls were accommodated by "racking"®
distortions of the roof; relatxvely 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 houses 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 distorticns generally
proportional to, and in phase with, the base accelerations" The peak input
acceleration may therefore be cited as the dominant gquantity 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 unit for tests
with peak accelerations less than 0.2g. - The loweat 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 O.25g.

2. Unreinforced out—of-plane walls continued to perform satisfactorily
after cracking during several tests of increased intensity. The
displacements of these walla generally became excessive where
‘accelerations exceeded 0.4g9. These large displacements involved
hinging at the horizontal crack 11ne and exhlblted potent1a1

instability.
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Cracking of unreinforced in-plane walls was of two typea: 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.

Por Partially Reinforced Wall Units:

1.

to.

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. '

Partially reinforced in-plane walls also performed satisfactorily
although some cracked when peak accelerations exceeded 0.3g. 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,

The only partially reinforced wall which exhibited unsatisfactory
behavior was the window wall of House 4 (unit A in Fig. 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
registed a 0.32g test without additional cracking. However, in
subsequent tests with peak accelerations in the range of 0.47 to 0.68g

further cracklng did develop as a result of upllft at the undowelled
corner.

TEST RESULTS FOR BOUSE 5

Figﬁre 6 presents the tests that unreinforced House 5 was subjected
House 5 was partially reinforced after the completion of the eight

tests shown in this figure. The reinforcing arrangment used for the
partially reinforced House is also shown in Figure 4.

Observations from the performance of unreinforced House 5:

a.

The first structural crack appeared during test No. 5 (Pigure 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,

The dynamic house response after thevformation of this first structural

crack is dominated by large uplift displacements of wall .B at the
¢rack location inducing large in-plane displacements for wall B and
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large out-of-plane displacements for wall Al.

All walls of House 5 have been subjected to a combination of
significant in-plane and out—of-plane inertial forces (Figure 6) and
developed significant in—-plare and cut-of-plane displacement response.

The first unacceptable damage for unreinforced House 5 occurred during -
test No. 7 (Figure 6) in the form of partial loss of support for the
door lintel beam of wall B. The term "unacceptable damage" was defined
as cracking or sliding permanent deformations in excess of. 1/4 in.
The performance of unreinforced House 5 is depicted in Figure 6;
the abscissae in this figure represent the seguential test number
and the ordinates the test intensity in terms of base accelerations.

Observations f;ém the perforﬁance of partially reinforced House 5:

a.

The partially reinforced House 5 was subjected to many tests. Figure
& provides a summary of the base motions used for ten of these tests.
The observed damage of partially reinforced House 5 is well within
acceptable levels even for tests of very high intensity; :

The large displacement, acceleration, torsional and distorticnal
response observed during the tests of the unreinforced House 5 after
the formation of the first structural crack is well controlled by
the reinforcing arrangement of the partially reinforced House 5.

A comparison of the earthquake performance of the partially reinforced
Houses 5 and 4, (which are essentially the same except that the partial
reinforcement of the lcadbearing wall A of House 4 is not provided
with dowels), shows that House 5 exhlblted satisfactory performance,
whereas for House 4 the partial reinforcement of wall A was unable
to contaln the damage within acceptable levels [3].

SUMMARY OF TEST RESULTS

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 components of effective peak acceleration
of 0.24g and zero for House 4 or 0.24g and 0.14g for House 5. The
corresponding input levels for the first unacceptable damage were
0.26g and zero for House 4 or o.zsg and- 0.15g9 for House 5.

These effective peak acceleration values for first damage (either

acceptable or unacceptable) are higher than. the expected maxlmum
effective peak accelerations in any part of Zone 2.
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¢. “The simultaneocus action of twe horizontal components of seismic input
for the Zone 2 maximum expected effective peak acceleration does not
result in an increase of damage for unreinforced House 5, compared
with the damage for unreinforced House 4.

d. The observed ampl;f;cat;on factor 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 is8 also representative of the partially reinforced House 5 but
for EPA values well above the expected EPA for Zone 2.

e. An amplification factor greater than 2.5 is obtained for the
unreinforced house in its pogtcrackinhg stage at the roof level for
EPA values above the zone 2 maximum expected EPA.

th

‘The amplification factor at the top of the walls is in the range
between 1.0 and 1.5. The only exception is for the cracked house
. when the sharp spikes- of the acceleration, record are included.

g. A nominal experimental shear streas value of approximately 30 psi
was found for the unreinforced masonry shear walls with input EPA
values just above the EPA expected for Zone 2. A value of &0 psi
wag found for the nominal shear stress for the partially reinforced
magsonry shear elements and for EPA well above the Zone 2 maximum
expected EPA. These values correspond to the first (1) definition
of the net crogss-sectional area in Table 1. For the second definition
of net cross—sectional area (2) in the same table, the corresponding -
valueg are 50 pai and 100 psi, respectively.

DESIGN RECOMMENDATIONS

Simplified design recommendations have been proposed. These are
based on the earthquake performance of the five test structures and
extrapolation of these results to ;eal prototype houses. This extrapolation
considered seismic input, roof loading, foundation and roof flexibility,
geometry, torsional response and other loading {4].

Definition of Seismic Zoning

Por the purpose of design recommendations, the UBC Zone 2 has been
divided into two subzones according to the ATC-3 estimates of expected
maximum effective peak acceleration (Plgure 7). The maximum expected
effective peak acceleration for Zone 2A is 0.1g and for Zone-2B is 0.2g.

Definition of Structu Systeims and ‘Com ents

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 ugse 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 design recommendations, that
extends from floor to ceiling without any penetrations; openings,

" or discontinuities. :

b 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,
,openlngs or discontinuities,

Type I: A structure with all the masonry 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
partially reinforced. In addition, each exterior corner is provided with
at leagt 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. 3 or greater reinforcing bar (no dowel) at an average
spacing of 8 ft. and with a maximum spacing of 12 ft.

Design Recommendations

1. All exterior walls must have a shear—résisting element that can resist
the lateral seismic forces, with the spec1f1ed length as determined
by the procedure in the next section.

2. 'Por Zone 2A the minimum length of an unreinforced shear—resxstlng
: elements are 6 ft. and 5 ft. respectlvely

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 partlally reinforced shear—res;stlng element
is 5 ft.

Adequacy of the Shear—-Resisting Elements

The adequacy of the shear-re51st1ng elements can. be checked: 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 ¢f the zone (EPA
= 0.1g for Zone 2A and EPA = 0.2g for Zone 2B) and an amplification
factor (AF). , '

: LF = W * EPA * AF

2, The shear force resiting capacity (SFPC) of the shear panels can be
found as the product of the net cross-sectional area of the panel
{net A) and a maximum allowable shear stress (r).

SFC = (net A) * r

Table 1 includes proposed values of the amplifiéation factor and
of the maximum nominal allowable shear stress. For the case of solid brick
masonry wall, an eguivalent nominal shear stress value should be used when
the net cross sectional area from a section through the sclid brick is
considered. An unreinforced shear resistihg 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 resisting
elements, the proposed shear value must be reduced by 30 percent,

r“

REFERENCES

T11 . Gulkan, P., R.L. Mayes, and R.W. Clough, "Shaking Table Study of
‘Single-Story Masonry HouZes - Volume 1: Test Structures 1 and 2,"
Earthquake Engineering Research Center Report No. UCB/EERC-79/23,
September 1979. ‘ '

(2] -+ Gulkan, P., R.L. Mayes, and R.W. Clough, “Shaking Table Study of

*  Single-story Masonry Houses — Volume 2: Test Structures 3 and 4,"

Earthquake Engineerinng Research Center Report No. UCB/EERC-79/24,
September, 1979.

(3) Clough, R.W., R.L. Mayes and P. Gulkan, "Shaking Table Study of
Single-Story Masonry Houses - Volume 3: Conclusions and
Recommendations, " Earthquake Engineering Research Center Report No.
UCB/EERC-79/25, September, 1979,

[4] Manos, G.C., R.W. Clough -and R.L. Mayes, "Shaking Table Study of

’ Slngle—story Masonry Houses: Dynamic Performance Under Three
Component Seismic Input and Recommendatlons," Earthguake Engineering
Research Center Report No. UCB/EERC-83/11, July 1983,

5] Gulkah, P., R.L. Mayes, -and R.W Clough, "sfrength of Timber Roof

‘Connectlons Subjected to Cyclic Loads," Earthquake Englneerlng
Research Center Report No. UCB/EERC-?B/I? Septembex ‘1978,

ITT=6-8



ACKNOWLEDGEMENTS

The investigation described in this paper wag part of a research
program entitled *"Laboratory Studies of the Seismic Behavior of Single-
Story Masonry Buildings in Seismic Zone 2 of the U.S.A.," sponsored by
the Department of Housing and Urban Development under Contract No. H2387.
The authors would like to acknowledge the support they have received from
HUD. which made the study possible, The testing of the first four houses
wag performed under the direct supervision of Dr. Polat Gulkan whereas
Dr. George Manos was responsible for the testing of House 5. ' The
considerable efforts of both are very gratefully acknowledged. The concrete
block. units were donated by the California Concrete Masonry Technical
Committee, and are gratefully acknowledged. D.A. Sullivan Co. fabricated
the masonry walls. Planning and implementation of the tests were carried
out withuthé»suggestioné of the Applied Technology Council (ATC) Advisory
Panel consisting of J. Gervasio, J. Kesler, 0.C. Mann, L. Pritchard and
R.L, Shh;pe, and subcontractor R.D. Benson, The government technical
representatives on the project were the late W.J. Werner and R. Morony.
Additional coordination with the Department of BUD was provided by L.
Chang and A. Gerich. W.L. Dickey, consulting engineer, was present during
all experiments and offered numerous helpful suggestions and background .
information. Student assistants P. Buscovich and T. Nearn did the
laboratory work, D. Steere implemented the data acquisition setup in
addition to running the earthquake simulator, and the personnel of the
Structural Research Laboratory headed by I. Van Asten contributed to every
phase of the experimental work. Initial phases of the study were done
under the supervision of Y. Omote and. R. Hendrickson,

TABLE | : PROPOSED AMPLFICATION FACTORS AND MAXIMUM: .
ALLOWABLE SHEAR STRESS
Structural Unreinforced Pardally Reinforced
Systam Shear Element Shear Element
Type + Amplif. Factor 2.5 -
L Shear Stress .
(psi) 151 22@ -
Type Amplif. Factor 2.5 1.67
H. Shear Stress -
(psi) 151 22 351 452
Type Amplit. Factor -- . 1.67
. Shear Stress ‘ '
(psi) - 35(]) 45(2)
NOTES; 1. Based at tha net cross sectionat area througn the hollow

concrete block ‘of the masonry wall,

moriar joint of the masonry wall.
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IDENTIFICATION FOR THE MATHEMATICAL  MODELS
TO PREDICT THE EARTHQUAKE RESFONSES COF THE
UNREINFORCED CONCRETE BLOCK 'MASONRY. BUILDING
AND  ESTIMATION OF - IIS ASEISMIC CAPACITY

Ld Xilin! | ~ 2ha Bolong?
SUMMARY

Based on shaking table experiments and nonlinear system identifi-
cation, the mathematical models of unreinforced concrete hlock masonry
muilding were developed to predict the nanlinear earthguake response of
the tuilding, and the aseianic capacity of the building was estimated.
This paper covers four areas as follows:

. Prediction of aseianic capacity of prototype b.llld]_ng fram
small—scale medel huilding test on sheking table.
. 2. Presentation and verification of an iterative process for the
identification of nonlinear mathematical models of shear uilding.

3. Confirmation of a "sani-degrading tri-linear" model of restoring
force for the analysis of cracking building, by using shaking table :
experiments ard systan identification.

4. Develogrent and formulation of a ”shaar—sllp” restoring force

model for the nonlinear identification of the model building during
failure stage. '

SHAKING TAELE EXPERIMENTS OF FIVE-STORY UNREINFORCED
(ONCRETE ELOCK MASONRY BUILDING

In order to study the aseismic behavior of masonry structure and
to i1dentify the nonlinear mathematical models of the huilding during
strong earthguake, three model kuildings which are on the scale of one-
fourth of the prototype huilding were tested an shaking table in Tongji
University. The plan and profile of the test huilding are shown in
Fig. 1 and Fig. 2. The mcdel building and loading procediire basically
satisfied the similitude requirements. 2An artificial earthquake acce-
lerogram corresponding to the third category of soil condition of
Chinese "Aseismic Design Code for industrial and Civil Building" was
used as input data with the campressed duration accarding to the time
sacle of each model huilding. Accelerations at every floor and roof
displacement were measured during test procedure.

! pr. of Engineerirg, Torgji University, Stanghai, Chira.
? Prof. of Civil Engineering, Tongji University, Sharghai, China.
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The strength of n’ortar normal stress of wall ard NPUt DeaK AlCe-

leratlon are shown in Tahle 1.
Table 1.

Mechanical Properties of Model Buildings and Loading Steps

_ : —
Mxdel |Srength | Strength | Normal | Narmal TAT(s) T(s) | A" Tailure
build-{of mor- |of mor- |stress |stress | Time Dura- - aw's® | condi-
ing |tar at 'tar at |ofwall|ofvall | inter— | tion | awpli-] tion .
1st  roof atist [atroof | val |- tude
story level story |level | o b
(MPa) (MPa) (MPa) | (MPa) L‘ : |
| ! 196 uncrack
(I) [0.811 |1.092  |0.223 [0.026 | 0.0058| 3.48 | %6 | crack
; | : 706 crack
B ' | | 1200 | slip
. ‘ ' 155 | uncrack |
' ; 466 | crack
{IT) 2.903 2.892 70.231 0.336 , 0:0062; 6.20 | 880 crack ‘g
l | 1780 |-slip |
] l & - l
' ' ' o ! ; 108 | unc:rack‘
(IIT) (2,903  (1.143 0.319 [0.0471 0.0074] 7.40 ' 686 : crack
- ’ : | 1! 900 Jslip
!

The test results of three madel huildings are as follows:

1. When the madel huildings were subjected to 0.11-0.2g peak acce-
leration, the response of the huildings was linear, and the deformation
of ildings was very small,
~ 2. When the model huildings were excn:ed at peak acceleratlm of
0.47-0.88g, the horizontal ard stepped diagomal cracks appeared in the
lateral walls of the first and secord stary, as is shown in Fig. 3 (model
building IIT). ' Up to this peak value, the longitudinal walls were w:Lth—
out visible cracks.

3. When the model huildings were exc:.ted by 0.9-1.78g peak acce-
leration at the first run, the walls of the first.story of model uild-
ing I, II ard fifth story of model building TII slipped apparently. and
partial masonry of the external lateral wall crushed seriously. The
time history of roof displacement for model uilding I is shown in Fig.4.
The crack pattern of walls far model btuilding II is shown in Fig. 5..

4, When the excitations were repeated at 0.9 -1.78g five or seven
-times, the model huildings collapsed completely, which is similar to
the damage during actual earthquake.

'BANALYSIS OF ASEISMIC BEI-F-\VIOR OF UNRE}NFORCFD
CONCRETE H.DCK MASONRY BUILDING

l

By énalyz’ing the crack procedure, distrimtion of ‘inertia force

TIT=7-2



.and deformation of the model buildings tested on shaking table, the
following camments can be drawn for the aseisnic behavior of masonry
building.

~ 1. The defoonation of masonry structure under seismic loading is
shear type, which can be verified by shaking table experlments and
earthquake damages on the spot.

2. The difference between the experimental results of distribution
of inertia force along the height of the building and the theoretical
results of thet calculated by Chinese "Code" is small in the linear
stage, but very large in the cracking stage, as shown in Fig. 6. The
main difference is that the calculated results overestimate the inertia
force of upper part of the building, and underestimate that of lower
part of the building. When the buildings crush and the walls slip, the
calculated results can not present the actual distribution of the iner-
tia force along the height of the building, as shown in Fig. 7. If the
static horizontal forces are applied according to the distribution cal-
culated by Chinese "Code", the large tensile stress may appear in the
bottan ofthe buildirg, wh:.ch does not agree with the results of shaking
table test and earthgquake damages on the spot.

3. The ocoefficient of structural effect defined by the ratio of
the base shear of nonlinear respanse and that of linear response is not
a constant, and it changes with the intensity of input acceleration,

: 4. The peak value of acceleration for prototype tuilding may be
estimated from the small-scale model test on shaking table by using the
following expression:

- An & ' G

| e e
where Ay is the peak acceleration applied to model muilding, C,, Cy and
C‘r are the scaling parameters of displacament, time and shear strergth

respectively, and Kg is the coefficient of size effect. The results
estimated by the‘above-mentioned expression are shown in Table 2.

(1)

Fran the relatlonshlp listed in Tahble 2 ard shaking table tests,

Ctmparlson of Aseismic ca;amty cf Model and Prototype Building

Table 2.
model building S | e Ce Am(gal) = | Aplgal)

| N 196 - 64
1 546 ‘ 179
, (I) : 4 3.448 0.997 206 232
1200 394
. 155 34
- | S 466 101
(1I1) 4 3.226 0.566 430 101
1780 . 387
‘ - 108 30
(IIT) 4 2.702 0.506 686 190
0.736 300 363
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the following conc.'lus:l.ons can be sumarized:

1. When the prototype biilding meets an earthquake correspondmg
to Chinese intensity 7, the horizontal and diagonal cracks will appear
in the walls of the first and second story.

2. When the prototype huilding meets an earthguake corresponding
to Chinese intensity 8, it will suffer relatively serious damages.

3. When the prototype huilding meets an earthquake with the inten-
sity of 360gal peak acceleration, the walls at the first story or the
fifth story will collapse .and crush apparently.

But all the above conclusions only carrespond to the condition of
one direction excitation.

IDENTIFICATION OF NONLINEAR STRUCTURAL PARAMETERS
OF MULTI-DECREE-OF-FKEEDOM SYSTEM

Systan identification technique has been introduced to the earth-
quake ernxggineering since-1970, Now the linear identification for MDOF
system has been solved by same investigators, hut nonlinear identifica-
tion for MDOF system is beirg studied. In this section, based on linear
system identification and nonlinear earthquake response analysis, a new
method of iteration is developed to identify the parameters in the non-
linear MIOF systam. In this method, all the parameters of restoring
force model of structure are divided into linear and nonlinear groups,
~then they can be identified in bmtches. The modified Simplex algorithm
is used in the optimization of nonlinear parameters.

The main stq:s of nonlinear system identification are given as
follows:

1. To set up the restoring force model for each story of the struc-
ture, and to assume the initial parameters {8} (?), which should des-
cribe the models appropriately.

2. To put the restoring force models with lnltlal parameters(?)

into equation
(M) {%) + (c){i} + (K) {x} = _ﬂ(m_f{'x}seg' (2)

and to calaulate the nonlinear response [%(B,t)}, { x(B.0)},
{x(B,t)} which must have some error canparing with { ¥{t)} , {y{t)},
{yt)} . _
3. ’I‘o calc.llate the error function ¢ (8) =
iy

¢ (B)—lgl $ 1GE:(E, t)—i'ri(t)‘)'“fwa'(;fci('e', £)-y; (£)*

- F Wy (% (B, B -y (©))2 ) at @
‘where xl(B t) , %x4(B, t) and x; (B, t) are the response quantities

calculated fram the model using. J.nit::.al parameters {B }(°) and excita-
Yy are the response quant.lties either from the struc-

tion g Yi. Y ‘
b ected to the same exc1tat10n or fram the measured ocutput éta.
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Wa and Wb are pos:.t:.ve scalar weighting factars: the value of T may
bte the full duration of the acceleration or only a partion of it.

4. Based on the optimization method to check whetler the iteration
proceﬁ‘ure of identification.satisfies the criteria of convergence or
not., If it is unsatisfied, then.to form a new set of parameters {B} (")
- and return to step: 2. ,

During repeat:.ng the above steps, because of a great rmmber of para-
meters in the nanlinear restoring force models of MDOF system, it needs
a lorg time for 1terat10n, even the procedure of iteration may not con-
verge. . In order to solve this problem, the parameters of restoring
force may be identified in katches. It means that all the parameters of
restoring force model can be divided into two groups: (1) linear para-—
meters which are the first stiffness .K; (Fig. 10); (2) nonlinear para-
meters which consist of cracking and yieldirg points (P, and Py) as well
as the second ard thlrd stiffness (K, and K;), and these two groups can
be identified one by one. Firstly, because the earthquake regponse of
a structure in the initial time period is relatively small and the struc-
ture vibrates in the elastic stage, the initial small response can be
used to identify the first stiffness of restoring force model. Secordly,
on the basis of the known first stiffness of restorirg force model, the
other parameters can be identified by using the earthquake response of
wiple duration. )

In order to verify tle above—mentloned method a three lumped mass
system was selected as an example to identify the nonlinear parameters.
The parameters of this example are shown in Tahle 3, and the accelera-
tion time history at roof level is shown in Fig. 8. It can be found
that there is a. goad agreanent between the true and identified parame-
ters, which means that the method developed above is feasible. -

Table 3.
(Unit:kg,cm, sec. ) The Parameters of Example :
FMmﬁfr, : T Before iteration [After iteration
a ‘ ‘ - plrue 1 eviation |F1 Tolerance
story Mass Type : value ini;aID (ig va?zl 01?%) ©
First stiffness | 20800 16640 20,000 10785 0.070
‘ Second stiffness | 14144 (16640 | 17.647 13792 | 2.488 °
1 - 50 |[Third :stiffness 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 stiffpess | 20800 16640 [ 20.000. |[20751 | 0.235.
Second stiffness | 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
Yielding point 3952 | 2529 | 36.000 3692 | 6.571
First stl.ffness_ 20800 |16640 { 20.000 20771 | 0.139
© ' | Second stxffness 14809 ]17804 [ 20.220 14604 1.382
3 20 |Third stiffness Not Enter the Third Stiffness
« |Cracking point. 1872 © 1198 36.000 1852 1.071
Yielding point | Not Exceed the Yielding Point
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IDENTIFICATION FOR THE NONLINEAR MATHFMATICAL
MODELS OF MASCNRY BUILDING

The mathamatical models of masonry huilding in every deformation
stage are obtained by using sheking table experiments and wstan iden-
tification, the results obtained here can be used to predlct the seignic
response of masorry structure.

' The identified results of three model buildings are as follows:

.1. In uncracking stage, the mathematical model of shear type can
be used to predict the linear earthquake response of masonry building.
The identified and measured acceleraticn responses of model huilding TII
are stown in Fig. 9.

.. 2. In the cracking stage, the restoring force model of interstory
is "seni-degrading tri-linear" type as shown in Fig. 10, which is simi-
lar to the model obtained bw static test but with different parameters.
So it is reasonable to use the shear type model as a whole ard the
"semi-degrading trilinear' restaring force model to predict the non-
linear earthjquake response of concrete block masonry building. ™ The
time history of -acceleration at roof level of model huilding T subjected
to the peak value of 0.55g is shown in Fig. 11.

3. In the failure stage, the "semi-degrading tri-linear" restoring
force madel can not predict the nonlinear earthjuake response of con-
crete hlock masonry building, as shown in Fig. 12. In this stage, the
restoring force model of interstory is “shear-slip" type (see Fig. 13)’
which is a new concept for the design of concrete block masonry build-
ing. By using this new model the nonlinear earthruake response can be
predicted more accurately than by using the other medels, as shown in
Fig. 14 which is the acceleration time history of medel huilding I sub-
jected to the peak value of 1.2g.

- 4, The damping ratios of masonry structure change very apparently
- with the deformation of the structure. In the uncracking stage, -
£, = 0.047 ~ 0.05, &, = 0.0497 ~ 0.053; after cracking, the damping
ratios are increased greatly: £; = 0.194 ~ 0.198, £, = 0.323 ~ 0.358;
in the failure stage, £, = 0.296 ~ 0.303, &, = 0.4 ~ 0.52. These damp-
_ing ratios can be used to predict the nonlinear earthquake response of
masonry structure. ‘
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DIRECT SMALL SCALE MODELING OF GROUTED CONCRETE BLOCK MASONRY*

Ahmad A. Hamidl, Bechara E. AbboudZ and Harry G. Harris3

) SUMMARY
A better understanding of the complex behavior of masonry structures 1s
necessary to embrace.the more appropriate concept of limit states design. Due
to the prohibitive cost of full scale testing of masonry systems, particularly
under dynamic loading, & more economical method wutilizing direct wmodeling
techniques is proposed. This paper describes the first phase of an ongoing
comprehengsive small scale test program of concrete masonry at Drexel University
since 1982. Inforwmation about the scale effect and the model properties of the
blocks, mortar and grout were obtained. Model 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 units, mortar and grout. Correlations between model
"results and available prototype tests have been performed. The results 1indi-
cate that direct modeling 18 feasible and is capable of predicting the behavior

of concrete masonry. Phase two of the program will Include direct wodeling of
"reinforced mascary walls. :

INTRODUCTION
The widespread use of rginforcéd magonry .Sstructures in.the ‘past deggde
substantfates an urge for experimental studies to evaluate theilr complex be-
haviorlunde¥ différeﬁt' types of loading, egpecially under seismic loading.
Howeveér, due to the high costlof full scale testing, only a limited number pf
experimenfgl studies have been performed to evaluate Basic strength under

monotonic static loading. These studies did not fully utilize the performance

1,2,35880c1ate Professor, Graduate.StudenE and Professor, respectively, Depart-
ment of Civil Enginéering, Drexel University, Philadelphia, PA, U.5.A.

*Previously pfesénted in The Pirst Joint Techuical Coordination Committee
' on Masonry Research Meeting, Tokyo, Japan, August 1985.



characteristics of maaoﬁr} Syetems. Thérefore, 4 wore economical method 1s
needed to s;udy the complete structural behavior of masonry structures under
any type of loading. With this objective in mind, a dLrecf small scale modeling
techniqué 18 proposed as an economical alternative to full scale testing. This
Hag béen successfﬁlly'appiied to linear and nonlinear problems of reinforced
and preastressed concrete structures at the Structural Model Lab;ra:ory of
Drexel University [1,2,3].
| The mekhodology 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 vas conducted by Hamid and Abboud [6] in 1983 to
furcher evaluatehthe feasibilitf of ama;l scale modélins for concrete masoary
and to laclude grouted éonstructlon. The results were very encoufaging and as.
a result, a comprehensive test prngfam has been developed at Drexel University
to evaluate, in detail, the use of small scale models for unreinforced and rein-
forced concrece block masonry.
This paper presentg the results from the first phase of the program which
deals with basic strength ;nd defofﬁ?tional‘;haracterisﬁics of grouted concrete
masontry asaeﬁbl;ges. The second phage of the program will include direct wodel-

ing of reinforced wasoary walla.

OBJECTIVE AND SCOPE

It 15 .the ofjective of this study to evaluaée the use of direct modeling of
grouted concrete block ma;onry und@rlaxial‘compresaion, shear along the bed joins
and splitting rension of different orientations from the bed'join: qx;ecnion.
The experimental sﬁudy includes the 'effect of unit properties and ﬁorcar and
grout s;teng:hs on the deformatioﬁal and strength characteristics of the assem-
blagea. The validity and adequacy of the small scale modeling in deterﬁining
the atreangth and deformational ch;racteristics of masonry are inveétiglted b}

direct correlacicas w@ith prototype tests of apecimené havlﬁg similar ptopettiesL
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MGDELING TECHNIQUE

The app;oach adopted 1in ‘this study was to achlieve “true” ﬁodeling; that
is, to produce models which can predi;t the elastic a8 well as the finelascic
behavior 1ﬁc1udiﬁg fqiiure. This necessitates obeying all similitudé require-
ments for gecmetry, materials, and loading [3]. Using the theory of diﬁens£onal
analysis'[3],.the_similitude requirements can be d@rived for masonry (see Tabie
1). A more extensive discuﬁsion of the similitude requirements for masonry can
be found in Refs. 3 and 5.

The geometricé relationship between the model and prototype is prpvi&ed by
the gcale factor. In this study a scale factor of four was used. The chotce
of thie scale factor is primarily bhséd ubon tvo important consi&erations: (a)
The Hasonry'Lahofhtory at Drexel Univesity houses a masonry block-making machine
that provides uanits having 1/4 the nominal size of the prototype 8x8xié-im.
(200x200%x400 om) nominal blocke, and (b) an éarly gtudy [5] at Drexel Universfry
indicated that the usage of scale factors greater than four would.probably ree
sult in problems in the fabrication of‘joints;“This,has an added significance

in view of the importance of mortar joiﬁts in affecting the overall masoary

behavior- [6].
. EXPERIMENTAL PROGRAM

Materials
IThe constituent materials iélec;ed fqr‘thé masonTy model. are scaled-down

materials satiafying the similirude reéuifements for direct modeling [6].

1."ﬁode1 Masonry Unite - Three diffgtent quarter scale éonfigqtations of
hollow concreéé magonry wnits shawn in Fig. 1 were used throughout the test
program. These quarter .acale blocks ;epresenf full scale, nominal 8 inch (200
mmn) blocks- ‘The model block units were nndufactured in-house using & block

msking machine at the Masonry Laboratory of Drexel University. They'_were

’

ITI-8-3 -



Tsble | -~ Prediction end deglgn equatioms for direct modeling
of masonry under static loading,

‘Equations Description
{a) Prediction
™ € strain in model is the same as in prototype
9% = % . stress in model 1s the same as in prototype
&n = 55/5, ’ deflection, where Sy, = Lp/Lm 18 the length scale
M- HP/S% bending moment per unit length
Pp ™ PPISL compresgion load per unit lemgth
(b) Design
ta = tp/5L thickness
Ay = A?IS%_ area
Ep = P.p Young 's modulus’
{f'm)u = (f'm)p compresaive strength ’
(f'tn)a = (f'ta)p tengile strength normal to bed joints
(f‘tpﬁn = (£'tp)p " temeile strength parallel to bed joints
(f's)m = (f's)p 7 shear strength of bed joints
Vg * Vp Poisson 's ratio
A S ]
R I il . : . : .
;o031 L _emmy ! 3" R :
—p  — .L.:r_ —‘:'—03—‘.#9”—’.
3t | I 1 [] [ 1 N
L [ I | i 1l : [} 1
1t '] H | ] 1 '
14 P M| H ' i

REGULAR ;rnercuen o . FuLL DouBLE CORHER .. - HaLF DouBLE CORNER

A) TYPICAL ELEVATIONS

2,927

-

1 3.927
r .

%

d
—1.

r-.-. - ' : T

REGULAR STRETCHER . - FuLL DouBLE .CORMER HaLF DoUBLE CORNER

B) TYPICAL CROSS-SECTIONS

Fig. 1 - Configurations of Model Masonry Blocks
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woist-cured for 28 days. The physicel properties of the model blocks were
obtained in accordance with ASTM C140 and ASTM C67 [7] and are listed in Table
2. Figure 2 shows stress—strain relationship of model blocks.

2. Model Magonry Mortar - The wmodel masonry mortar used throughout the

experimental program consisted bésically of cemeﬂticioua material (Porctland
cement aﬁd lime) apd local Délauarg Vﬁlley masoury sgnd and with enough water
to provide a workable mix, To assure a properly scaled down joint thickness of
3/8 inch (10 mm). as ls commonly used, particle sizes greater than a U.$. No. 39
aleve were excluded from the masonry samnd. The properties and probortiona of
the three mortar mixes used are summarized in Table 3. FPor each mortar mix
th;ee 2 inch (51 mm) mo?chr cubes were used during nhe.conatruntion of the
" assemblages as control apeciﬁens to obtain the compressive strength oErmo:tar.
These control aspecimena were air‘cuer under the same conditions as the assem-

blages and tested at approximataly the same age as the corresponding specimens.

- 3. Model Masonry Grout ~ The cement, lime and gand uséd‘forrmodel masonry
mortar wefe the same for modal masonry grout. Threa different types oé grout
wera used throughout the expegimentnl study. Their probortiona and phygical
-properties are listed 1n TaBI& 3. PFor quality control, ﬁlock polded prisms
vith the dimemsfons lxlx2-in. (25.4x25.4x50.8 mm) were caét during grouting of
the assemblages. They were él;_cured under the sﬁme conditione a; the assem-

blages. These were teeted under axial compresalon and splitting tension at

the same ége as the carresponding specimens [6].

Test Specimens

. Por axial compression, two groups of specimens (A and B) were constructed
to duplicace full acale specimens [8,9]. Group A containe 28 threa half-black
prisns (Fig. 3) duplicating full scale prisms tested by Drysdale and Hamid (8]

to gtudy the affects of strength parameters such ae wortar and grout ettength

-85
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Table 2 - Properties of Model Blocksd '

MNodel Grose Compreseive Strength Tensile Strength
Masonty Ares Percent Individual | Mean c.0.v. Splitting Flexural
Unit (in-z) Sol1d {psl) (psi) (1) Teneion, {psi) Tenslon, {ps:;
Regulay 3380
Stretcher 7.50 ‘53 3250 3480 8 . LA 620
. 3810
Full 3730
Double 7.50 52 3270 3680 11
Coraner : 4050
Balf 3220
Double 3.60 57 3470 3440 6 530
Corner 3620
81 ps1 = 6.89 EN/o2; 1 tn. - 25.4 om.
ooy, 475
2
w .
. 420
2 —
w .
o Gamge 1 .
E 15 TE
g . 2
g . 0
. J -z Y,
W - 7/ "
Q Gy ¥
e b 45
: =1y ] }
< .
. — i . |
[] 1 i 3 'S 1 2 3

a) Stretcher

COMPRESSIVE. STRAIN x 10°

b) Double Full Cormer

¢) Half Double Corner

Pi1g. 2 - Stress-Strain Curves for Model Blocks
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[.997%1.955 1,99

Table 3 - Propertlass of Model Mortar and Groutd

Proportione (by weight) Compresaive Strength

Type Cenent t Lime ! Sand ' : Water (psi)

s1 1 0.2 1.9 1.0 17200

Mortar s2 1 0.2 4.0 1.0 1330
] i 0.2 4.5 1.3 860

™ 1 5.0 1.5 1480¢

Grout e 1 0.04 3.0 1.0 3140
GS 1 “eea 2.2 0.8 4880

8= pgl = 6.89 KN/m?; 1 in. = 25.4 mm.
b Compressive strength of 2 in. (50'-3 mm) cubes.

€ Compressive strength of lxlx2-in. (25.4x25.4x50.8 ms) block mlded. prisms.

o 4

(). () 9‘ o *

[ ] 1.387
.10 o n.ln']P

(1.9%
S—
2.0 . .1.n‘" i ‘ .
B-1 B-2 . B-5 B-3 B-7
A) GrouP A SPECIMEN ' B) GRoup B TEST SPECIman

Fig. 3 - Test Specimens for Axinl Compression
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on masonry compressive setrength, f3. In Group B, 21 prisms with different
heighte and shapes (Fig. 3) vefe built to mirror full-scale prisms tested under
axial compression by Hegemier et al [9]). ".!"-his group of aspecimens was &imed at
investigating the effects of gecaetric parameters such as number ;f courses,
aumber of wnortar jointa.vand bond patterns on masonry cbqp;esatvq strength.

The four umit uaémblagg shown 1in Fig. 4 was adépted as the shear speci-
mens. This arrangement duplicated. thie full scale shear specimene tested by
Hamid et al [10). This '-groi.:p 'of specimens was deaign'ed‘ tc investigate the
effect of grout strengih:on the shear pfrghgth'of block maképtyvﬁed joints.

For in-plane splittlﬁg?tehqiﬁn-irpﬁ;é@'nodalfﬁaadnty-qpectﬁens‘uére con-
structed in running bood wlth.fhliibéﬁ‘jbi@ts.uhiéh'ﬁuplica:g the ful;'écalg
specimens tested by Dtyséa;efeﬁ el {11]. ;thef-vere two wits long by fdﬁ:
wmite high on the ‘full andféoﬁﬁiéﬁgptqéﬁnjﬁael'uﬁit- quiﬁpwh 1n‘Fig; 5. A
hexagonal phgpe was‘adop;éa.ééf ﬁféciﬁéﬁé to Leitésﬁea under a 1padiﬁg plane
oriented at 45 degrees | from the ‘bed joint 'direction. The square shape was
used for the other apecimens ‘tested .under loading of 0 and 90 degrees from the
bed joints. The effect of grcut atrength on the tension capa:ity uf the. nndel

- agsenblages was etudied fot\diffqrgn:iloqd;qxtgn;atlonsf

TEST RESULTS -

Axial Compreasion

The failure>modémfo:-prigﬁpfﬁéﬁigé“thrgéicoursgs of ‘more was & tjﬁicii
tensile splitting as qhbén~iﬂt?l§lf6, For iﬂﬁdcou;?e-griﬁmk (Fig. 6 ) a shear
wode of failure wae’obéervéd.dh;;t;v;ﬂd>pléienﬂren£taintl{9] Protoﬁype results
[8,9] indicate similar nodea of failure. The similarity betveen nndel and pro-
totype mode of failure indicaCes :hat the direcc nodellng techniqua is feasible

to predict, naaonry behavior.
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Table ‘4 -~ Summary of Compression Test Hesulte ."'j" i i ;.Q}I’% i B
(Croup A apecimena)? ) ‘ .

Compressive Strength of Prisma
Mortar Grout Mortar Individual, | Weaa, oV,

- e
Type Type Strength Strengch pei _pal 2

81 o © 2010 1 a0 2530 |- :
: 2070 2570 16
2450

s2 o 1730 1300 2630 _
: 2520 2630 4
10

N GN 1120 1 3300 . 2530
2740 2600 3
2540

s1 cs 2020 4380 1580
. 3040 3240 9
3100 -

. ' 1980
31 G 2020 | 1480 1550 1900 17
' . 2180

21 pst = 6.89 kN/a?

b Compreasive etrength of alr-cured 2-1a. (51 mm) moctar cubes corrected
by a factor of 1.3 to account far sise effect [4]-

¢ Unconfined compressive strength of block molded grout prisa.

b) ~Shear Mode of Fatlure

Fig. 6 - Fallure Modes of Axially loaded Prisms



The resulta are summarizgd in Table 4 (Group. A specimens) aﬁd Table 5
(Gl‘.“Oup B apecimens) for model prism under ‘axial compression. Figure 7 shows
streas-strain;relagionshipn for tested model prisms with those for prototype
prisms. Ag can be seen, tha elastice moduius and compressive strength of_prisma>
with types S and N mortars were similar indicating the insignificant aspect of
morta‘r type on assemblage .modulue of elasticity under working loads. As the
‘sﬁrcss‘l-evel 1ncreased; thg effect of mortar type becomes significant. Prisms
‘with tyi:e N mortar showed highex.j dafoma:ions comparéd to those for type S
mortar. Similar bebhyi-or ‘was observed £or-proto':ypa prisms [8], particﬁlarly
ﬁodﬁli-of elasticity, indicating the feaaibility of ‘direct modeling in predict-
ing the behavior under axial compressicn. ‘

I?igure 8§ shows that the cﬁmpresaiwe Qtraﬁgth of grout has an appreclable
effect on prism streangth. As can be seen, the contribution of grouting. is more
gignifiant for model ﬁrism cha#' it s for‘_ prototype prisms. It has to be
noted that the geometry of the model grout cores 1s not identical ta that of
the prototype. Fuil sﬁ&lefﬁnits have & flared shape which is naot the>case for
nodel‘mi&'s- As a result, the critical crose section of the model grout core
is larger 'ﬁhan_f it ghould be, cgugihgian: ofefeatim:lon of the contribuction of
grdu:iné. '

Pigure 9:shoha’the effect of height-to-thickness ratio (h/t) ratio on prism
-compressive strgngth.( As can be seen, 1nc£easing the h/t ratic decreased pfism
compressive atréng_ﬁh. The lower the h/t ratio, che higr;er are the confining ,‘
stresses, Tﬁéa&rﬁ:fg&ééa=att1£1c1aliy‘LgcfeAna prism compressive strength.[a].
I:has to be noted that model results agree»_wi;th, 'p,ro:o:ype t_'esdlte [9] in pre-
dicting the effect of Aprisq‘ -géomg;;y‘oﬁ comptessive atrength." Aﬁaj:n, model
prlsms yielded.higher strength values compared to prototype prisms, which is

similar to what 'vpa pbgerveq .previéusly Hiéh; half-blbck pfishs_ (Group - A).
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Table 5 - Summary of Test Specimens (Group B Specimens)$

‘ . o Compresaive Streagth
Number Mortar |. Grout .
h/t of strength§ |atrecgth, |Configura~ [Individual| Mean, [COV
Series | Ratie Courses| (pei) (pai) tion - {pal) (psi) [{(X)
‘ . o . 2880 N
Bl 2 2 ~ 2450 3380 EEH . 2990 - 2880 3.9
- ' . 2760
full
mortar bed
' g 2610 .
B2 3 3 2450 3380 - 2550 2680 6.4
% 2870
full
mortar bed
' , 2610:
B3 4 § 2450 3380 3 2610 2650 1.4
2680
full
mortar bed
- 2610
B 5 5 - 2450 3380 2250 2500 9.1
. 2680 f
full
) wmortar bed
@ 2920
B5 k) 3 2450 3380 © 2750 2770 4.9
: ‘ " 2650
face-ghell'’
mortar bed
2340
B6 2 3. 2450 kk1.]o] @ 2800 2570 8.9
) 2580
eut, full
mortar bed
: 2440
B7 5 5 2450 3380 2370 . - 2410 | 1.5
' 2310 -
face-shell v
mortai bed
; 1 pai = 6.89 kN/n?

h/t = height of prishlleas: lateral. dimenglon.
Compressive strength of air-cured 2~in. (51 mu) mortar bubea cotrected by a

factor of 1. 3 to accoumnt for size affect. [6]
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Fig. B - Effect of Grout Strength on Prism
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ITI=8-13



Comparing the resulrs of Groups B2 and 36, Table 5, iﬁdicates the effect
of number of courses on the compreasive strength of prismx. The results showed
that the compresaive streangth of prisms with h/t = 3 (three courses) was apptox-
imately the game &8 that for prisms - with h/t = 2-(thteé‘;quraeq~with;hblffblocka
top and bottom). This iandicates :hpé priam,éqmptgsﬁivqlsﬁrgngth,iy_a functiod
of the number qf courses and not of ‘the h/t ratio. Thie,donclusioﬁ hsrees¢h£th
Hegemier et al [9] ptoto:ype test reéult;.'

' The effect of bond type on compresaive streng:h can. be atudied by comparing’
the results of Groups BZ and 34 with Groups BS and- 37, respectively (Table 5)

The results indicate. that there 1is nn-sigpificagt éffeq; of bond type on com
pressive strength of wmasoary prisma. aihia obée#vatign agrees with Bamid [12]

and Hegemler et al [9] prototype test resulta.

Joint Shear

The mode of failure of the shear spécimens wgsfaishear:failu:e of the bed
joints as shown in Pig. 10. The failure was initiated by mortar debonding,
followed by diagonal tengile fallure of th;vgrbﬁt cores. The model failure
duplicated very well the failuta modes of ptototype specimgna recorded by Hamid
et al [10]. Table 6 aumma:i:es.the shear test reaults. Pigure 11 shows the
variation of shear streagth of model masonry jolnts with grout compressive
strength. As can be seen, gr;uting suﬁstantialiy“iﬁéreasad‘the average shear
strength of the model maséﬁry joints, with higher grout strength rgsuiting in
higher shear satrength. It is to be- noted’ however, hat'the'resdlts of\mddel
specimens ara highar than those of the pro:otype. The wnflared ahape of model
units allous larger croes-sectional shear area _of the grou: ‘at :ha WOTLAT

joints, thereby’ overestimating the. ahear streugth.
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Table 6 - Sumary of Shear Test Reaultsd

Grouc Strengch Assemblage Shear Strength
Mortar Strengch® } c Cd Individyal | Hean C.0.V.
{psi) compreasion ‘tension {pai) pal) ()

177 K
1360 210 216 - 194 8.8
: 194

203 .
2170 - ar00 390 201 206 | 2.5

: 203
194

266 .
4850 640 238 256 5.9
263 .

8~ 1 pei = .89 KN/mZ

b“Average coupresalve strength of air cured 2 ia. (51 mm) mortar cubes
corrected by a factor of 1.3 to account for sigg effect. :

¢~ Equivalenz cylinder atrength of block molded prisms [4].

a- Splitting tensile strength of grout prisms.
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Fig. 11 - Efféct‘o! Grout Strength om the
Joint Shear Capacity .
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In-Plane Splitting

. The fatlure mode for model splittiué specinens wae characterized, in gén—
eral, as a splitting wmode of fallure along the line between the load polnts, due
to the induced transverse tensile stresses. The faflure plane for all panels
with 8 = 90 degrees (angle between principal tensile stresses and bed joint,
a= 0 degree) passed through the interce#:eé blocks ' face shells and along the
mortar-block interfaces of the head jointe, in a direct line bétween the load
point as shown in Fig. 12. The fallure plane left thé center web and grout
core intact. For 8 = 45 degrees (a = 45 degreés) the Erac:ﬁre crack partially
followed the mortar block interfaces in a zigzag plane of faflure as shown in
Pig. 12. 1In this casgse, it was & mixed shear-tension mode of fallure. ' Similar
modes and planesj of failure were observed for protot&pe splitting specimens
tested by Drysdale et al {11). This indicates the feasibility of dirécg
‘'modeling Iin predicating the coﬁplex behavior of masonry panels under in-plane
splitting tension. |

A sﬁmmary of the splitting teat re;ults is presented in Table 7 and plotted
in Fig. 13. Based on the r;sults shown in Fig. 13, itiiq evident that the
tensile strength of maaonr& apééimens was significantly affected by the grout
strength and the stress orientation with the bed joints. The groutr has a maximum
contribution when fhe'princiﬁal tensile stresses were normal to the bed jsint
{a = 50 degreesiq aince the,gréhtéd-cores contributed by their rensile strength,
vhich 1is much'ﬁighet than the tension bond st;gngth of the mortar. Also, note
that the maximum ténsile capacitf of”grout;d specimenalwas achieved at a = 45
degrees. This véa due to the significant coatributions of the tensile strength
of the biégk and the grout. Sigilsr proté;ype‘behavior was reported by Drysdale
et al‘[lll; It 18 to be noted however, that quél specimens revealed higher ten-
sile.stfeﬁgthss. Thlé'is'malnly'attr;bﬁted:;o“iﬁpérfectinn in geometry of model

wmics and size effect which Cendd to cause higher streagth and stiffness (3,6].
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(a) o = 0%

Fig. 12 - Failure Modes of Tension Specimens
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Table 7 - Sunmary of Splitting Tear Redulrist

Tensile Strength, a = 0° Tensile Strength, q._- 45° Tensile Streagth, 4 = 90
T -
Hortar|Grout Indivudal Mean C.0.v. Individual Mean C.0.V. Indtvidual Mean C.0.V.
Type |Type {psi) (psi) [¢3) (pel) (ps1) (I . (psl) tpsl) (2}
‘201 233 213
3% GN 192 189 7.4 243 220 i 14.5 194 214 9.3
174 184 i 234
192 165
81 GW - - - 234 200 15.¢ 186" 17¢ 6.3
175 ' 177
‘ 330 250 )
81 GS - - - 237 280 16.7 245 250 2.0
272 255
41 pgt = 6.89 Wi/al .

AVERAGE SPLITTING TENSILE STRENGTH, psi

‘0 Prototype
. G5 grout

® Model

50 .
- W Protorypa '
: GW grout
V¥ Modal -
i 1
¢ ’ 45 90

ANGLE o - DEGREES

Fig. 13 - Effects of Léad Orientation and Type of
Grout on Masonry Tensile strength '
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CORBRELATIONS BETWEEN MODEL AND PROTOTYPE RESULTS

As discgssed in previaus secriona and shown in FPigs. 7-9,11 and 13 the
fallure modes and the general trend of modelvmaaonry results coampare favor-
ably with prototype test results. Small scale model apeciméns provide Nigher
“etrength values compared to similar prototype specimens. This is attribured to
a mu}titude of geometric and strength parameters of the constituent materials
[6,13]. Differences in model andvptototype block geometry and size effect are
the two main parameters affecting the degree of correlatién between model and

prototype results.

CONCLUSIONS

The present study concludes that direct modéling is feasible and capable
of'predicting the complex behavior.of block masonry assemblages. The 1/4 scale
masonry wnits do not resemblé the exact geometry of prototype units,Ncausiﬂg
deviations in thé strength results frﬁm prototype results. “Also, the effect of
the aggregate size on thq behavior[of the constituent materials under mulri-
axial stresses. could be significant in direct modeling. The effects of block
geaﬁetry and aggregate,sizé ot model repults are curreatly under investigation

at Drexelrﬁnivefsity. r
-vIt 1is thé’authors’ oﬁinion that uitg a more refined scaling of the dif-
ferent geométric charactefisticé of the model units and the ﬁroper assessment of
‘the'effect‘bf aggrega:eléigi a8 better correlation between wmodel and protot&pe

masonry can be achieved,
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INELASTIC BEHAVIOR OF REINFORCED CONCRETE FRAME
SUBJECTED TO REVERSED CYCLIC LOADING

'Shen Ju-min? Feng Shi-ping!! Weng Yi-jun®
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
‘slippage of bars in beam-column joint have serious influence upon
.the laad-carry capacity and the deformability of frame structures
and. can't be neglected. A generalized method for full-range
analysis of reinforced concrete frame is proposed. The element
stiffuess equation, taking into account the cracked and yield
_ regions and also the slippage of bars inm the joint, is developed.
The full-range analyses of three experimental models are made.
The analytical results are in good agreement with experimental
results. : ' h

Qutline of Experimental Investigetinn

The configuration and the treinforcement of the frame models
are shown in Fig.l1. The foundation of the frame is fixed on the
loading floor. Three frame models are designed to have the same
overall dimensions and member size. They are divided into two
types, - one (FI type) has two strong column-weak bean models
denoted: by FR-1 and FR-2, ‘another has only one weak columm-strong
beam model denoted hy FR-3. 1In order to certify to the conditionm
of “strong column, at a joint the ultimate strengthes of the
columns are higher than those -of the beams. For the models FR-1
and FR-2 the column-to-beam flexure strength ratios at. the Joints
ZMc/EMb are 2.0-3.5. Although the reiaforcement and the scale of
model PR-2 are the same as that of the model FR-%i, the stirrup
" space .in the bottem of columms of the first story in the ‘model

FR=2 1s closer than that of the model PR-1. 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
_formed in the columns. The model FR-3 1is a weak qolumn-strong
beam type and its column-to-beam flexure strength ratios at the
joint IMc/IMb are 0.42-0.78. :

I. Ptofessor of Civil Engineering, Tsinghua University, Beijing,
China.

1I. Lecturer of Civil Engineering, Tsinghua University, Beijing,
China.
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The material characteristics are shown in Tab.1 The sketch
of loading equipments 1s shown in Fig.2. Three vertical loads
are applied to the top of second story colummns by hydraulic' jecks
and are kept constant during the test. These jacks can move
freely in the horizontal direction when the top of the frame
model 1s displaced. The lateral 1load which simulates the
earthquake load, 1is applied at the 2/3 height of second story on
a distributed beam.

During the test the measured signnls include - load,
displacement, rotation, reinforcement atrain, slippage of bars in
‘the joint and shear deformationm of the joint core. All measured
signals are recorded by computer. ’

General Behavior

The hysteresis 1oops of horizontal locad H and top
displacement 830f the model FR-2, which is FI type and has closed
stirrup space in 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 1s 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 desigm.

The envelopes of the hysteresis loops of the horizontal load
H and the top displacement A, for the models PR-1 and FR-3 are
shown in Fig,5. It is indicated that there is no obvious yield
point of the eavelope in the frame structures. The nominal yield
point is defined in accordance with General Yield Moment Method
and 1is referred as D 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
ultimate displacement. Evidently, although the models FR-1 and
FR-2 have almost the same condition, due to the closed stirrup
space in the columis of the model FR-2, the ultimate displacement
and . the ductility ratio in the model FR-2 increase 19.8% and
24,27 respectively. It is useful to delay the concrete damage in
the region of plastic hinge of the column for the wmodel FR-2,
The closed stirrup apace improves the. deformability of - the
column. The deformability of the modél FR-3 is poorer than that
of the models of type FI, though ‘the "ductility ratic of the model
FR-3 also reaches 2 78 due to the. résult of the yield
displacemént" being very small. ' On the other hand, the load-carry
capacity of the model FR-3- decreases tapidly after the load
reaches the maximum value. Therefore, it i reasonable to
consider simultanecusly strength, deformability and energy
dissipation to " evaluate the seismic behavior of the reinforced

noncrete .structures.

s



P-a Effect

Due to the vertical axial force in the column the p-a effect
brings about an additional moment on the columns and thus reduces
the load-carry capacity and deformability of the structure. The
influence of the p-aA effect increases with increasing horizontal
displacement. - _ n

Fig.5 shows the p-a effect of the models FR-1 and FR-3,
where H 1s 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 yileld loading which {ia
corresponding about 907, ultimate load. The influence of the p-aA
effect gradually increases with . increasing deformation.
Especlally, i1in the descending range the p-a effect obviously‘
increases. '

The envelcpe of the shear Q—story driftdis shown in Fig.7.
In Fig.7 the equivalent shear Qe is obtained by inconsideration
of the p-a-effect. From the ‘comparison of 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-A effect almost
concentrates on the first story of the frame structure of FII
type. Even though the total p-& effect of two collapse types of
the frame structure is similar, the frame structure of FII
collapse type 18 more dangerous than that of FI type. The
deformation of the frame structure of FII collapse type almost
concentrates on the damage story.

Fig.8 shows the comparison of two hysteresis loops between
'H- A2 and He-Aj; of the model FR-2. It is indicated that the p-a
effect has less influence on the unloading and reloading state

and 1is not significant-dn the energy dissipation of the frame
structure. ‘ ‘

Energy Diss;patiod<

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 hysteresis loop and a
corresponding triangular area.  If the areas of the hysteresis
loop and triangular are denoted by E, and E; ' respectively, the
ability of the emergy dissipation can be expressed-as following.

e=E /E2

The behavior of the energy dissipation of the models at some
stages 1s shown in Tab.3. . The absolute value Ei of the energy
dissipation of the model FR-Z is larger than that of the model.
FR-1 because of the closed stirrup space in the columns of the -
model FR-«2, On the other hand, the ability 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
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structures should be designed for strong column-weak beam type.
For the models FR-2 and FR-3 a normalized hysteresis loop is
shown in Fig.10. From Tab.3 and Fig.10, it can be seen that the
energy dissipation of FR-2 model is greatly different from that
of FR-3 model, but the difference between their relative ratios e
is little. Therefore, the relative ratio e can not always
correctly evaluate the behavior of the structural energy
dissipation. . ‘

" The contribution of energy dissipation of each story is
shown in Fig.11. It is indicated that for the FI type frame
structure the first and second story absorb 60% and 40% of. the
total strain energy respectively, but for the FII type frame
structure the total emergy dissipation almost concentrates on the
first story where the failure of structure takes place. - 5o the
strong column-weak beam type frame displays distinctly much
better behavior of distribution of deformation and energy

dissipation.

Slippese of Bars in Joint

The experimental results show that the slippage of bars in
.the joint 1s inevitable and is very large especially after
ylelding. Fig.12 shows the hysteresis curve of the slippage
rotation which 1is caused by the slippage of bars in the joint,.
It is indicated that the slippage rotation incresses 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: ‘ :

@ =61+8p
where 8g--- the rotation due to the elippage of bars in the
joint,

Gp--- the elasto-plastic rotation of the plastic hinge
‘ zone at the end of the member.
The proportion of the slippage rotation is

_dg = 95/9 ' .

The relatlonship of the relative tatio d¢ and the load
cyclic number n can-be shown in Fig.14, The additional rotatien
due to the slippage of bars in the joint has a large proportion
. in the total rotation of ‘the plastic hinge zone. This value is

about (20-40)7 either in the elasti¢ state or in the plastic

- state. As a result, 4if the. edditional rotation due to the

slippage of bars in the joint does not be taken into account, the
calculated rotation'at the end of the member is much less than
the actual rotation and the. calculated internal forces and
deformations will oot correspond with the actual reality.



Theoretical Analysis Results

According to the experimental results, it is known that the
horizontal load H and the displacement A of the reinforced
concrete structures have the relationship as shown in Fig.15.
Evidently, in the descending range BC. the structure presents: a
state of instable equilibrium. Therefore it is significant to
use the concept of structural stability im discussing the
ultimate load-carry. capacity and full-range analysis.

A corollary from the minimum total potential 1is ' as

following
. 'Corollary If the second varietion Vp. of the total
potential 1s equal to or less than zero for at least one
compatible perturbation, then the equilibrium is instable,

As far as a structure with multiple-linear physical
relationship is concerned, the total potential is:

Vo= 31aY" kI {a}-taY ({P}-{P)1) |
where [k] ---- global stiffness matrix only relating to current
linear étiffness branch.
{a}» {p}» {p}y---- nodal deformation, load and initial load
- respectively, :
If the carrylng load of the structure i{s in an instable
state in the loading direction, 1its Vp corresponding to the
deformation of - the load direction is: ' ‘

62 VP—{JX‘}T [‘K:; - Kxg.Kgg K‘ex] {61}& 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 obtained, :

Criterion As far as a structure subjected to lcad is
concerned, fea - global stiffness matrix corresponding to
deformation of loading dizection 1is shown as following.

[K] = [Kxx"Kne Koo Kox ]

When one of the eigenvaluee of the matrix [k]* is equal to or
less than =zero at first time, then the ultimate load-carry
capacity of the structure is reached. 21

In accordance with the experimental resulta ™", the stiffness
matrix of the wmember with flexure and axial force can be
obtained. _ , ’ o

In analysis the etructural member may be modelled as an
elasto-plastic element with nohlinear spring which represents the
slippage rotation at the end of the member.  The element model,
deformation shape and. curvature distribution along the length of
the member are shwon in’ Fig 16.

The rtestoring force models of the cross-seetion of the
member and the slippage rotation spring at the end of the member
are shown in Fig 17,

A computer program which cen be used for the nonlineer full-



range analysié 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 horizomtal
load H vers the displacement A for the modils are shown in
Fig.l18. In the figures the solid line and dash line represent
the wmeasured and. calculated results respectively. "Fig.19 shows
the calculated hysteresis loops for the models FR-2 and FR-3. 1In
Fig.19 the: corresponding measured hysteresis 'loops are also
shown. ' From above comparison between the calculated and measured
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 complete curve in -

the model FR-3.
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 descending range of the displacement curve and so, it
can not be ignored.

2) The slippage of bars in the joint significantly influences the
behavior of structural deformation before and after yielding. It
should be considered.

3) The load-carry capacity, deformability, energy dissipation and
internal force distribution of FI type structure are more
reasonable than those of FII type structure, therefore, FI type
structure should be designed as far as possible.

4) The proposed generalized method for the full-range analysis of
reinforced concrete frame structure is vseful and powerful. The

results of the computation and experiment are -ino good agreement.
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Jn 3Simulating tne Nenlinear Planar Hysteretic Response
-of Reinforced Concrete and loncrete Masonry .

8. A. Hegemier! and H. Murakami!l!
' ABSTRACT

This paper concerns a nonlinear model - for reinforced concrete with
appiications also to reinforced concrete masonry. The presentation
~ focuses upon planar response, The theoretical framework is nonpheno-
menaiogical in the sense that the global equations are synthesized

from the properties of the constituents and constituent interfaces,
ind the component geometry. The model is cast in the form of a dinary
misture which resembles the overlay of two continua: - steel and
concrete. Validation studies reveal good agreemant between simula-

tions and experimental dats for both monotonic and  hysteretic
1eformation histories. . ‘

* INTRODUCTION

The nonlinear response of structural composites such as reinfeorced
zoncrete and reinforced concrete masonry s dominated by compiex
interactions Dbetween the steel and concrete masonry.  Such inter-
actions have a major effect on structural characteristics such as
stiffness, strength, damping, and ductility, Consegquently, it fs
necessary that a model reflect these phenomena. Further, in an effart
to minimize the number and type of tests necessary to define model
parameters, it is desirable that the model be nonphenomenological,
i.e,, that tnhe global properties be synthesfzed from the praperties of
the steel and concrete masonry, the steel-concrete/masonry interface
pnysics, and the 3teel geometry,

[n this paper a candidate model 1s discussed that satisfies the
foregoing requirements. The theoretical formulation is validated, in-
part, by detailed comparisons between numerical simulations ana
experimental data. These validations concern two primary steel-
concrete interaction mecnanisms: (1) The steel-concrete band problem
and - (2) the steel-concrete dowel oproblem. Probiem (1) plays a
dominant role in the Dending and the nonlinear stretcning of rein-
forced concrete beams, plates, and sheils, Problem (2] plays a major
role in the transverse shear deformation of reinforced concrete Deams,
and the transverse and 1in-plane shear deformation of reinforced
concrete plates and shells, -

L.Consultant, $-CUBED, A Dfvision of Maxwell Laboratories, Inc., P. 0,
Box 1620, La Jolla, CA 92038-1620, and Professar of Applied Mech-

anics, Deparmment of AMES, University of California, San (Oiego, La
Jolla, Californfa’ 92038. : :

IlAssistant Professor of Applied Mechanics, Department of AMES,
University of California, San Diego, La Jolla, California 92038.
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The discussion to follow 1s devoteda primarily to reinforceaq
concrete, However, some applications render the model applicable also
to reinforced concrete masonry, One such case, unicn involves fully
grouted masonry, is treated herein, .

THEORETICAL

A large c¢lass of theoretical modeling problems concerning the
constitutive description of structural composites such as reinforcea
concrete/concrete masonry fall into. the general category of "homo-
genization". The term, as used here, implies construction of the
macro-constitutive .relatfons 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
response of a continuum for which two widely differing lengtn scales
can pe identified. The large scale, or macroscale, is determined by
the specimen geometry and/or the loading condition; the small scale,
.or microscale, is determined by materfal heterogeneity, In the case
of reinforced concrete, the typical steel spacing constitutes the
appropriate - microscale.  For concrete masonry, an . additional
microscale related to the block geometry may be necessary. :

The homongenization problem is parameterized by the small ratic of
the two length. scales, ¢. The fundamental problem is to determine the
“proper"™ macroscopic response equation as e » 0. Once obtained, it s
natural to introduce asymptotic (small e¢) notions into the analysis to
determine a physically meaningful sequence of equations ordered in
powers of c¢. The higher order equations are {ntended to provide addi-
tional simulation capability on the macroscale,

Using homogenization concepts, a nonlinear model of reinforced
concrete with -a “dense” unidirectional steel layout has been ‘con-
structed. Typical such mesnes ‘are depicted in Fig, 1. The con-
struction technique was based upon the use of multivariable asymptotic
expansions, a varfational principle and certain smoothing operations.
The resulting model has been cast in the form of a binary mixture -
wnicn- resembies an overlay of two continua: steel and concrete; these
conttnua finteract via body forces which are’ functiona‘{s of the
relative global displacements of the continua., A ‘compléete mathemat-
ical description of the model and the construction procedure can be
found in “"Development of Advanced Constitutive Model for, Reinforced.
Concrete,” (Hegemier, et  al., 1984). For brevity, remarks in -tnis
paper are focused primarily upon comparisons between. tneoretical
simulations and experimental data in' an effort to demonstrate the
simulation capadbility of the model,

STEEL -CONCRETE BOND PROBLEM
The steel-concrete bond prqb'leﬁ: coﬁcerﬁs the manner fn wnich

normal forces are transferred across cracks in reinforced concrete,
angd the stiffness degraaation that occurs due to progressive
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Figure 1. Unidirectional Dense Steel Arrays

cracking. The phenomena considered include bond slip and degradation,
concrete cracking, and yielding of the rebar. In the li{terature,
problems of this type fall into the category of “tension stiffening”.

Consider the problem of pred1Ct1ng the global response of a uni-
directionally reinforced concrete specimen whére a state of global
uniaxial stress is applied in the Steel direction, Fig. 2. For smal)
deformations, tne theory developed in Hegemfer, et al., (1984) wnich
is valid for multiaxfal stress states and Iarge deformations, reduces
to the elementary relations: .

1

W(19) 420 . '
gy PO 11 1 ’1 0. ()
(ap) (a) (ul (u) {a} 5 . _

N1 ! - Eep Ul 1 : - (2)
., S g2, | - o
Pl s Kepll) - 0151 @ K 10 . | (3)
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Figure 2. Global Uniaxial Load1n§

In the above, a = 1, 2 refer to steel, concrete, respectively; u,(‘ﬂ,‘
",f) _denote a. 111 dfsplacement and axial stress _(averages),
respectively; 5! and Kep are tangent moduli; n a)  genotes
volume fraction of material a; and ( ), = a{ )/axy, () = a( )/st
where t represents time,

‘Relations (1) are the equilibrium equations for each material; tne
latter interact via the interaction body force P; which reflects
interface shear transfer Detween the concrete and steel. Equation (3)
shows that this interaction term depends upon the relative displace-
oent nhistory. Equations (2) represent the global constitutive rela-
tions for each uateﬁal.

. For the elast'!c response regime, the tangent mod‘uii are deter-
mined, through a micromechanical analysis, to have the form:

: .2 o 7 ‘
Ei;) T AL L J_A'(u) /(xfu)(“)ss(‘?) . o (4)
1 kI :zm‘2’+(zzn nu)m(zm | s
Kep 8" SO T T =X |

wnere ala), (‘G) denote Lame . constants of material a. Equation
(5) 1mpHes tnat no slip occurs between steel and concrete,

_When steel-concrete sHp occurs, Equation (5) must be general -

~1zed. For monotonic global deformation, a simple elastic-perfectly
plastic model 1s sufficfent. For nhysteretic deformation, detailed
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studies (Hageman, 1983) of steel-concrete pull-out specimens nave
guiged the construction of an elementary bond-slip model whicn 1is
depicted in terms of the interaction term P; in Fig. 3. For a wide
range of.concretes the following selection of parameters is appropri-

. (1) .
ate:, Pepe 24n (opylep/es - Pg aPp = 08P, Py sz Pers Poe -

- PGH = 0.1 Pcr' The model suoum in Fig. 3 is easfly placedﬂin
analytical incremental form., The description fnvolves two parameters,

K as defined by (5) and (orxler uhich represents a critical steel-
cancrete interface shear stress, ,

Figure 3. Bond-slip Model

Global {inelastic material pehavior can, within the context‘of the
problem under consideration, take place via crackfng of the concrete
or ylelaing of the rebar. Typical gloval tangent modul{ for these

~ phenomena are shown in Fig. &,

f%l 's:}* |

“F

b
—

(b)  Stee!

(aj Concrefe

Figure 4. Benhavior of constituents for monotonic extension example.
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Consider now monotonic extension. For. this case, an analytical
solution of the foregoing model has Deen .obtained (Hegemier, Myrakami,
at al,, 1986). wWith reference to Fig. 5, the analysis reduces to the
consTderation of a typical “cell”. Fig. S({a) is the starting condi-
tion; in Fig. 5(b)} the concrete has reached the tensile strength; tne
crack location fs flaw-dominated and for convenience {is placed at the
~specimen center; thereafter the theory predicts the appropriate crack

Tocation as deformation increases, Figs. 5(b)-5(d). The mathematical
Dboundary conditions and cracking sequence are shown in Figs. 5{e)-
5{(n). Figure 6 shows the various response stages predicted theoret-
ically; these consist of elastic response with no cracking, debonding,
or slip (1), progressive cracking with dedonding and slip (Il), and
slip only (II1}. Figure 7 shows a typical comparison between theory
and experiment (scaled specimens, Somoyaji, 1979). Agreement is
obsérved to be good (stress drops were not c1ear1y observed since the

tests were conducted under load-control), The quantities (egler,
(salcps in Figs.- 6 and 7 denote average strain, str?ﬁ ﬂ'
Hr crete cracki ang ture modulus; here ga = nliiN}S
et T TR Y BT e - mM
(ay ~ (e}  (e¢) (d)
Lt mun il i
N I
] 'H c ) . ::
% i i Pt
0} i . i
T e " L
Physicgl  Cracking
Saquencs
< (e) (f) (g) (h) ‘
Liied N . B - " ‘
T8 ] g feelide
LY i i
a4 24 i bl . '
L] ad .
i l i wex-d
111X ]

Mathematicai Reprasantgtion
‘Fi-g{are 5. Cracking Sequence Assumed

A more critical test of the model concerns nysteretic deforma-
- tion, A comparison of cyclic tension-compression test data DOy
Hegemier, et ‘al. (1978) -on full-scale reinforced concrete masonry
specimens ana "Tmulated test data s 1llustrated in Fig, 8 for test
panel No. 87. 'Shown here is the entire load-unload-reload history of
the specimen as given by the experiment (Fig. 8(a)) and as given by
the simutation (Fig. 8(b)). In Fig. 9, the envelop of the exper’-
mental data has been superposed on the simulated data to illustrate
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Figure 7. Comparison of Test and Simulation: Tension Specimen B3
from Somayaji (1979). :

model accuracy. The agreement s generally excellent, .Figure 10
gives a closer look ‘at the experimental and simulated response for tne
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Figure 9, Comparison of Test and Simulation

first and second cycles of Fig, 8. The overall ag’reemeﬁt is good
although the ‘experimental data 1indicates crack closure {i.e.,
steepening of the stress-strain curve) at larger strains than does the
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simylation.  Possibly this difference {is due to a mismatch of tne
asperities of the actual crack surfaces during reloading in compres-
sion. Hysteresis damping is apparent fn the simulated response as
well as the test data. The extent of this damping in. both cases fis
clearly snown in Fig. 11 in the reproduction of the third, fourth and
fifth deformation cycles. Although the- shapes of the hysteresis 1o0ps
are not identical, the enclosed areas, which are a measure of the
damping, are similar. Finally, the tangent stiffness degradation as a
result of progressive Jgamage was, determined by measuring the average
siope of the unload-reioad curves. Excellent agreement between theory
andg experiment for the tangent stiffness degradation ¥s snoun in Fig.
12. ‘
At this point, 3 remark fs in order concerning the above: concrete
masonry specimen. Concrete masonry is a composite cons1st1ng ‘of
block, grout, mortar and steel. For the purpose of simulating a fully
grouted specimen under extension, it was assumed that, following the
first macrocrack, cnly the grout cores pius steel contributed sig-
n1f1cantly to the global structural response. Thus, in tension tne
"cell” geometry corresponds to the g¢rout core. d1mensions. In com-
pression, on the other hand, the entire specimen cross-section was
activated. - . ’ .

STEEL-CONCRETE ODOWEL PROBLEM
The dowel proﬁlem concerns -the manner in which shear forces are

tranferred across cracks fin -reinforced specimens, Three distinct
modes of snear transfer exist at a c¢rack: {1) Interface shear
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transfer (IST) on tne rough surfaces of the. crack (2) dowel action
(DA) in tne reinforcement crossing the crack; and (3) components of
axial forces in the reinforcing bars inclined to the ¢rack direction,
IST includes tne effective frictional and bearing forces generated at
a sligntly open crack as the protruding part1c1es on:each side of tne
cracked surface come jinto contact. DA fs induced by the shear and
bending deformations experienced by the refnforcement when shear
displacements are applied to the crack. Where the dowel transverse
displacements become sufficiently large, axial forces in the rebars
crossing the crack contribute to effective shear resistance. The
example to follow focuses upon a single preexisting crack in the
absence of [ST with rebar initfally normal to the crack surface.

The dowel problem is illustrated 1n 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 a prescribed relative

IIIIIZ‘ A/2 'O ‘ u,'-lzz
Figure 13. The Dowel Problem

" displacement of the concrete. To eliminate IST, it will be assumed
that the c¢rack surface 1s smooth and lubricated; thus the contact
shear stress between concrete segments {s assumed to be neg1igfb1e.

“Under this condition, together with the assumed prescription of the
average global concrete displacements, the tneory developea in
Hegemier, et al., (1984) reduces to. )

(6)

s
N{éfl : ("(Ip) éli) 1’ ;z = 0'-_, SR o (N
”{ip{ AR R ST
'{ip) ) E(l)(utll éll (1)) | ' o)
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where [Uq] U}Z) U}l)} dll) §s tne aiameter of the .rebar,
and A represents a certain “cell” area. In the above, N{#P' s
tne partial stress associated with the steel, Py {s an "{ntefaction
body force in the {1th direction, and M{}P) is a weighted 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 rotations of the steel is implicift in these relations. Based
in part on micromechanical considerations, the models shown in Figs. 3
and 14 were utflized to represent the {nteraction relations (12) and
{13). The boundary conditions of the proh1em depicted in Fig. 12
correspond to .

1y (2)  L(1p) . ' o .

Uz = Uz .= "11 =0 at Xl =0 ‘ (14)
(1p) _ ,(1p) _ u(1p) o o ‘

Nll 12 11 =0 at:xl1 = /2 | {15)
i : !2

'/( . | (4,1

. Figure 14, Interaction Term Pz for Dowel Problem.
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With use of the above model, a simulation of the monotonic dowel
tests by Pauley, et al. (1974) was performed. The test specimen and
setup are 111ustrate3-1n Figs. 15 and 16; wax was used to lubricate
the joint surface, A comparison of ctheoretical and experimental
resylts are shown 1in Ffg. 16 for three. different steel vo]ume
fracticns. - Agreement fs observed to De good., The "shear stress in
Fig.. 17 1s based on the specimen area.

e ﬁ
'-J:;L:-: 'o .

Figure 15, rDetailsAof test specimens;.Paulay et al. (1974),

Figure'lﬁ.' The Test Set Up, PauIay,_gE.gl. {1974).

A more critical test of the model simulation capabflity is
represented by the cyclic experiments of Jimenez, et al. [7]. The
specimen and test setup are i¥lustrated in Fig. 18. Thin brass sheets
were used to lubricate the Joint surface. A typical simulation versus
experiment is shown in Ffg. 19, The agreement is observed to be good
‘considering the complexity of the response. -

Conclusion

An advanced nonlinear model for reinforced concrete has Deen
develioped far dense unidirectional steel layouts. For some
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appiications, the theory is also applicable to problems involving
reinforced concrete masonry., Tne description takes the form of a
binary mixture of concrete and steel, VYalidatfon tests performed
to-date  indicate that the model correctly simulates progressive
concret? crackiné\ steel-concrete bond degradation and slip, and
steel -concrete dowel action. Current efforts are ' focused upon
extensions to include more general steel layouts and- inclusion of a
more accurate plain concrete model.

ACKNOWLEDGEMENT

This research was sponsored by the Air Force Office of Scientffic
Research (AFSC) under Contract F495620-84-G-0029 to S-CUBED, A Division
of Maxwell Laboratories, Inc., San Diego, California.

REFERENCES
Hageman, L. J., “A Mixture Theory with Microstructure Applied tc the
Debonding, Cracking and Hysteretic Response of Axially Reinforced

Concrete”, Pn.0. Dissertation, University of California, San
Diego, 1983.

 TIT=10=15



Hegemier, G. A., H. Murakami, and L. J. Hageman, “On Tension Stif-
fening in Reinforced Concrete,” Mechanics of Materials, VYol. 5,
1986. ‘ '

Hegemier, G. A., H. E. Read and H. Muraiam. Development of Advanced
Constitutfve Model for Reinforced Concrete, Repert S5S5-R-84-6684,
S-CUBED, La Jolla, CA., April 1984, ‘

Hegemier, G. A., R, 0. Nunn and S.k. Arya, Behavior aof Concrete
Masonry under Bfaxfal Stress," Proc. North American Masonry Con-
‘ference, University of Colorado, Boulder, Colorado, August 1978.

Jimenez-Perez, R., P. Gergely and R. M. Wnite, “Shear Transfer Across
Cracks 1in Reinforced Concrete," Report No. 78-4, Department of
Structural Engineering, Cornell University, Ithaca, New York,
August 1978 (NTIS PB-288 885/RC). :

Paulay, T,, R. Park and M. H, Phillips, “Horizontal Construction
: ~ Joints in Cast-In-Place Reinforced Concrete,” ACI SP-42, Shear in
Reinforced Concrete, Yol . 2, 1974,

Somayaji, S., "Composite Response, Bond Stress-siip Relationships and
Cracking in Ferrocement and Reinforced Concrete," Ph.D. Disser-
tation, University of I11inois, Cnhicago Circle, 1979.

ITI=10=16



IV DAMAGE PREDICTION,
' RELIABILITY ANALYSIS AND
'~ STRENGTHENING ‘ ‘






PREDICTIONS OF STABILITY FOR UNREINFORCED -
BRICK MASONRY WALLS SHAKEN BY' EARTHQUAKES

J.C. Kariotis, R.D.-Ewing, and A.W. Johnson!
SUMMARY

Full scale dynamic testing of unrelnforced 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. Earthquake 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 building. The results of the research
program were introduced into earthquake hazard reduction ordinances
that are now in effect in the Pacific Coast seismic hazard zome of the
United States.

INTRODUCTION

Building construction using unreinforced 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 still being used in areas considered seismically active,
even though investigations  of earthquake damage have confirmed .that
this type of building has been a major contributor to personal 1nJury

or loss of life during relatively high intensity earthquakes.

'In 1977, the National Science Foundation (NSF) initiated a multi-
phased program for the mitigation of seismic hazards, which resulted
in a study to develop 3 methodology for the mitigation of seismic
hazards in existing URM buildings. A key observation taken from these

damage reports 'is that some structures sustained more damage than

others, and the researchers were led to assume that the interaction
among the bu11d1ng components was a vital issue in explaining and
predicting URM bulldlng damage. Accordingly, a study of typical URM
building response was conducted and three related component responses
and their interactions were identified for' further study; namely:

!Co-Principal Inveﬁtigétérs; ABK, a Joint Venture, El Segundo, CA, USA
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] Horizontal diaphragms‘
] URM walls subjected to out-of-plane motions
(] Anchorage between the URM walls and the diaphragms

The topic of this paper, stability of URM walls shaken by earth-

quakes, has received little or nro attention in prior research.

In-plane strength of URM walls can be estimated by common 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 copcepts. Determination of the probability of
stability of the anchored URM walls at the building exterior is the
single most significant part of an earthquake hazard reduction

program. Separation and cocllapse of the URM walls at the building -

exterior contribute to the majority of threat to life during an earth-
quake. Anchorage of the URM 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 was undertaken.

CONCEPTS OF DYNAMIC STABILITY

Unreinforced masonry walls survive moderate to strong ground

shaking by mechanisms not related to usual seismic 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 stable 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 + W_)e
and (0 + Wl + W, )e_,, do not have to equal at any point in time the
horizontal inergia moments caused by dynamic horizontal displacement
of the URM wall. These moments limit the dynamic horizontal excur-
sions of the two rotating blocks. When the center of gravity of the
vertical loads above a cracked surface lies within the wall thickness
dimension "t", the gravity load moments provide a restoring momeht
that - closes the crack upon reversal of the earthquake displacement
motions. ‘ o
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Figure 1 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 W., W,, and O are modified by vertical accelerations
caused by a  component of the ground 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 vertical 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. h : Co

‘EARTHQUAKE
DISPLACEMENT
:RECORD ‘ 0

' Fl.
AS NODIFIED !
BY DIAPHRAGH

EARTHQUAKE
D1 BPLACENENT
RECORD.

GROUND NOTiON
OR AS MODIFIED
8Y DIAPHRAGH 0+ ¢ ¥,

Figure 1. Dynamxc Stabiiit.y Force Model

The concept of ‘control of structural displacements of yielding
elements. is inherepmt in all seismic design provisions, and a2 yield
capacity of the lateral load resisting system is prescribed by design
provisions. This prescribed capacity is less than calculated elastic:
structural response, but: can effectively limit the magnitude of rela-
tive inelastic displacement. ' ’
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DYNAMIC TESTING.PROGRAM

URM wall spec1mens were fabricated adjacent to the test apparatus
uslng common masonry material and mortars. The specimens were 1.8 m
wide and 3.0 m to 4.9 m high. The height-to-thickness ratios (H/T)
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
plasterlng techniques.

The URM wall specimens were installed in a test fixture that
allowed the base and top of the wall to be moved independently in the
out=of-plane direction by servocontrolled hydraulic actuators. The
walls were fabricated on a coacrete filled, metal base with two
attachment lugs for the hydraullc actuators. ‘When the wall was
installed in the test fixture the base rested on a low-friction
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 on 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- add1t1on the mechanical header was fitted
with two vertical rods that supported an overburden mass to simulate
additional wall or parapet mass above the wall séction being tested.
The overburden mass was suspended from. the header a few inches above
the laboratory floor so that its fall at the time of wall collapse
would be controlled. :

The basic instrumentation for the measurement of the1 dynamxc
responses and forcing functions consisted of load cells, accelero-
meters, and displacement sensors. The displacements were measured
using string potentiometers. The displacement semsors, including
feedback deflection sensors, were mounted to a stable reference frame
that was 1ndependent of the frame for the forcing system. The data
from each instrument was recorded on magnetic tape in digital form.
The raw source data tapes were interpreted and written on new tapes,
using a standard format with some data compressxcn, for use in data
presentation and interpretation. Additional data recording: was taken
in the form. of still and motion pictures as well as cbserver notes and
test logs. The' detalled data, . photographxc coverage and observer
notes are given in ABK- TR 04 (1981)

The kinematic. motlons used in the test program were based on
actual earthquake’ ground motion records that correspond to seven major
- geographical = regions. of . the United States . (ABK-TR-02, 1981). The
ground motion records were scaled so as to cover the full range of
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seismicity from an ‘Effective Peak Acceleration (EPA) of 0.1 g to
0.4 g. These ground motions were imput to the nonlinear, dymamic
analysis model of a typical URM 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 assembled in pairs from these dynamic motions to
simulate the EKinematic enviromment at the base and top of the URM
walls for both ground. level wall elements and elevated level wall
elements. :

The pairs of motions were selected to include the following
parameters: ' '

° Paired motions with small phase shift

. Paired motions with substantial phase shift

3 Paired identical input motioms.

. 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 can represent the kinematic environment of
single story walls supported at the top by stiff roof diaphragms,
walls at the midheight 'of buildings. with similar stiffness floor
diaphragms, 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 inmput motions represent
the kinematic environment of URM walls that are attached to diaphragms
coupled by croﬂéwal‘ls that cont.r—ol relative diaphragm displacement.

The order of dynamic test motions was first based on the assump-
tion that the collapse of the URM test specimen would be related to:

. Incréasing spectral intensity (EPA)
. Large. relatlve d1splacement of the wall ends
. Increas:.ng spectral veloc:.ty of input motmns

The order of dy’nam:.c motxons were revised, after the first tests
established that imput veloc1t1es, smultangdus in time, were the
critical dynami¢ input factors.

The URM specimens were ‘installed in the test apparatus with a
test overburden. ‘Three overburden ue1ghts were used for each group of
test specimens. The ratio of overburden we:.ght to test specimen
weight (OIW) varled from 0.13 to 5. 1. The specimens were shaken by
increasing intensity paxred motions until collapse occurred or the
excitation capacity of the apparatus was reached. Specimeas with o/w

v-1-5



ratios above 3.8 and H/T ratios of 15.7 and 21.3 survived input velo-
cities of 1 m/s and 0.7 m/s respectively. All specimens were fully
cracked at several bed joints by prlor 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 lnterpretatlon 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 amplifica-
tion of ground motions by the in-plane URM 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.

PRﬁDICTION OF\DYNAHIC STABILITY

. Experimental studies of in-plane dynamic stability of URM wall
piers have indicated that the stability moments caused by dynamic
displacements on cracked surfaces have a linear 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 the restoring gravity moment shown in Figure 1 has a declining
branch due to the rotational geometry that is similar to a degrading
hysteretic ‘moment-rotat1on relation. However, unlcading moment-
rotation- paths trace: the loéd1ng moment-rotation relation. Kinetic
energy is lost from the system by loss of momentum on cracking clos-
ing. Mathemat1cal ‘duplication of this bebhavior is difficult and can
be done only for a’ generalized masonry model. For this reason, sta-
tistical gtudies are extensively used. 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 stiffmness pro-
perties and the yield capacities of diaphragms. Apparent damping
‘(energy adsorption) of . URM walls is generalized 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 of URM walls need to consider probability combi-
nations that are equivalent to those 1ncorporated into current seismic
des1gn recommendatlons

Statistical studies and analyses of the test data concluded that
the key. parameters that determined dynamic stability of the URM walls
were: . )

-

' T The square root of the sum of the squared inmput velocities
. . at the ends of the URM wall (SRSS)

‘o The overburden to wall weight (0/W) ratlo of the wall
e The wall height to wall thickness (H/T) ratio of the wall
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Plots of these parameters are presented in Figure 2 for a 98%
probability 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. The observed collapse of the
unstable URM wall specimens was not sudden but. can be characterized as
a slow drift into the instability 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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The prediction of input 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
crosswall 1is defined as an element with elastoplastic load-
displacement characteristics that interconnects the diaphragm with the
ground between the diaphragm ends. These crosswalls are generally
interior partitions that extend between diaphragm levels. -

Development of mathematical models for time-history studies of
the elastic and inelastic responses of diaphragms indicated that the
hazard analysis of the diaphragm response should not utilize wusual
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

Wb‘

2 v D+ ZV.
- u c

" where
Total weight tr1butary to the diaphragm
Y1e1d capacity of the dlaphragm

X
n

Diaphragm depth
Total yield capacity of crosswalls

C

Studies of thé amplification of the seismic hazard design veloci-
ties determined that diaphragms with large demand-capacity ratios (in
excess of 2.5 for spans of ‘18 meters or more and 3.0 for a span of
54 meters maximum, region 1 of Figure 3) have a limited amplification
.of input velocities. For region (1) 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 ground motion sctaled to an_EPA,of 0.4 g
determined that crosswalls with a yield capacity of not less than 30%
of the diaphragm capacity, Voo D, and spaced not more than 12 meters
along the diaphragm length can also limit the diaphragm amplification

" factor to 1-3/4. These recomiendations are fully described. in the

commentary in ABK-TR-08 (1984) and ABK TR-OG (1984).

Figure 3 and the descrlbed.crosswall criteria for limiting ampli-
fication of design ground moticns 1is only applicable tc a seismic
hazard zone of EPA = 0.4 g. The dynamic testing and its interpreta-
tion indicates that dynamic instability of anchored URM walls with H/T

" ratios that are common to existing buildings is improbable in lesser
EPA hazard zones. An except1on to this is described for the seismic
hazard zone of EPA = 0.2 g in ABK-TR 08 (1984), which* describes a

method of determination of acceptable H/T ratlos ’

RECOMMENDATICNS FOR USE OF DYNAHIC STABILITY CONCEPTS

The methodology, ABK- —08 (1984), recommends an upper lim1t of
acceptable H/T ‘ratios’ for. URH walls in the seism;c hazard zone of
EPA = 0.4 g. Table 1 uses descrlpt1ve terms ‘to- def1ne the relat1onsh1p
of the wall to the paramet.e:s that affect the pred:.ct:.on of dynamlc

stablllty These parameters arer:

» IOverburden-Wall We1ght (OIW) ratxos
) SRSS of the 1nput veloc1t1es to the top and bottom of- the'

wall , .
e  Height- thxckness (H/T) ratlos ﬂ . I



Table 1. Allowable Height/Thickness Ratios of URM Walls with
Minimum Quality Mortar -

Building with All Other
Crosswalls Buildings
Walls of one-story building ' 20 . T . 14
First story walls of'multi- ’ ‘ -
A 20 20
story buildings
Walls in top story of multi- .
1oy 14 9
story buildings
All other walls 7 20 - RS

*

- These recommended allowable H/T ratios are related to Figure 2 by
Categorization of stability parameters as:

0/W = 0 for single and top story walls

Q0/W = 0.5 for all other walls

Design ground motion for EPA = 0.4 g is 0.3 m/sec
. 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 using a 98% probability of survi-
val were used to determine allowable H/T ratios

The effects of 'vertical ground motion were not considered to have
a significant influence on the dynamic stability predictions for URM
walls. TIf the -soils under a URM building are modeled as an elasto-
plastic compress1on only medium, the recorded free-field vertical
ground motions are modified and acceleration peaks are attenuated.
The frequency band of vertical motions is mnot im the critical
frequency band of horizontal ground motions. The effect of high
frequency vertical motions on the restoring moments, Figure 1, dces
not result in a bias of increasing or reducing the restoring moments,
due to the significantly lower frequency of instability excursions,
especially as the relative excursion of the center part of the wall
approaches 1hstab111ty The de31gn diaphragm excitation also assumed
the URM shear walls were rigid bodies to tramsmit 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.
The probability of vertical ground motion influencing the prediction
of dynamic stability of URM walls shaken in their out-of-plane direc-
tion is smaller than the probab111ty 1ntroduced 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 CHINA

~

Yang Yucheng, Yang Liu

SUMMARY

Based on the reference (5) and 66), a method of predicting
damage to brick buildings in the whole city is developed further.
Macroscopic predictionxof damage, prediction of damage probabili-
ty and prediction of -high risk region and high risk type of buil-
ding is included in this paper.. ‘

Probability of damage to multistory brlck buildings designed
according to current seismic code is,predicteu for different inten-
sity in this paper, and it is pointed out that brick building sati-
sfied basic .design requirehent of selsmic code will mostly be sli-
ght or meduim damage when intensity of potenmtial earthquake is de-
sign inten.ity, but collapse will scarcely occur when intensity of
potential earthquake is one grade higher than'design intensity.

INTRODUCTION

In the 1960s-70s, the economic loss and people casualty in ci-
ties amount to nearly 85% and 90% of the total separately during
earthquakes in China. Most of the buildings are brick ‘construction
in these cities, and hence, damage and collapse of brick buildings
caused a huge disaeter. Only in the City of Tangshan, 933 multisto-
ry brick buildihge had collapsed and number tens of thousands of
people had died durlng that earthquake. At present and even before
2000 brick bulldlngs will be still the most important type of bu-
ilding in chinese cities. Therefore, earthquake damage and damage
prediction of brlck ‘building is matter of great importance for wi-

'tigation of earthquake dlsaster in cities.

For brick building, earthquake damage survey, test and measur-
-'ement of model or prototype, aseismic design and aseismic evalua-
tion, prediction of damage and study on countermeasure of mji tiga-
tion of disaster has been paid great attention all along at IEM,
After Tangshan Earthquake. we made up systematic summation about

b Institute of Engineeringldechanlcs,State SEismologlcal Bureau,
Harbin China.



appearances of damage and aselsmic experiences of mul;istory‘brick
suilding (Ref.1,2)and through statistical analysis of earthquake
damage to over 7000 aultistory brick boilding undergone‘atiack-of
‘dilferent earthquake intensity and contrasting relationships betweem
damage with strength in over 70000 wall pieces from almost 1000
floors of more than 400 buildings (Ref.3,4) a method of damage pre-
diction of existing multistory brick building and had been developed
(Ref.5,6). Afterwards potential damage to buildings had been pre-
dicted one by one in a zone of about two square kilometres 1n'Anyong
City, Henan Province in 1980 (Ref.?;8,9). At present the method has
"been Applied in more than ten citles to‘damage prediction or aseismic
design(Ref.10). “ ‘ }

~In order to suit the needs of urban planning of against earth;
quake and prevent disaster,a study on prediction of damage to exis-
ting brick buildings'and other types of building of the whole city
is carrying out. The method of prediction damage and predicting da-
mage probability of multlstory brick building designed according to
seismic code is illustrated in this paper.

The study 1s a section of PRC-US cooperation project "Risk Ana-
lysis and Seismic Safety of Existing Structures",and sponsored by
the Join Seismological Science Foundation.

SOME KEY LINKS IN SEISMIC RISK
MITIGATION OF EXISTINu BUILDING

Under normal conditions, the scheme of seismic risk mitigatioan
of existing building consists of four key links, see Fig.l: Damage
prediction is-middle link in the block chart of seismic risk mitiga-
‘tion, Both first and second links consider possibility of potential
seismic event and its influence degree. But so far as present scien-
ce level, uncertainty of predicting seiemic event on time,ﬂspaoe and
‘intensity is far more than ;hag‘of predi¢ting damage to,existidg'
building for given site and intensity, Therefore. for potential vari- -
" ous intensity‘to predict different damages to ex;éting building is
required. Afterwards, the cost and benefits analysis on differeat
" countermeasures: against earthquake and prevent disaster is conducted
for policymaker s decision. : ‘

According to the block chart, damage prediction is reatricted
by the link both front and back and S0 two requirements are conai-
dered.
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T 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 years)
« Probabilistic hazard analysis

CONSIDERATION OF SITE CONDITION
e Soil condition
. Local geological structure arnd topography

PREDICTION OF DAMAGE
o« Building classification
« Vulnerability evaluation
for various types of building
, Important buildings
+« Damage hssessment-[

VYulnerable buildings

DECISICON ANALYSIS ‘
- Opinions . ' _ . !
. , : safe
. Status quo ante-[ - 8light
: damage acceptable%imoderate

- no collapse
- Strengthening
.« Replace

Fig.! Scheme of seismic riskimifiéation of existing buildihgs

(1) Due to the earthquake generating probability is very 1itt-
le but its’ uncertainty is great, consequently it’ig’needful_to'pfgr
'diCt ‘damage to existlng ouildings for hot only basic intensity but
» also lower inten51ty thh greater probability and potentlal maxxmum
1nten51ty. In other words, in the whole city the result of damage
predlction of ex1sting building is a damagelmatrix whlch includes
intensities, damage degfee and probability or percentage and a set
of map of predicting damage distribution in concection with site
condition. That is necessary to decision analysis on seismic risk
mitigation in the whole city.
(2) Sometimes it is probable thatreffect'of different site con-
dition on damage to building 15 evidenter than effect of different
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tuildings themselves, and so the site condition is considered seri-
ously in prediction damage to existing buildings, particularly when
we nake use of past earthquake data and experiences, For example, ‘if
earthquake data of Tianjin City during Tangshan Earthquake -and that
of Yingkou City during Haicheng Earthquake are provided to Dalian,
Yantai, Xiamen and other coastal city, it must pay attention that .
difference of some site condition are very great in these cities,
Beeides Mexico city, Tianjin city and Yingkou city are different in
view of earthquake damage in the whole city, although they are all on-
sogft ground, Therefore according to different site condition,‘to di-
yide a city into some areas is required for damage prediction in the
whole cify.

3ASIC IDEA ON DAMAGE PREDICTION OF EXISTING BUILDING IN dITYt”

In the whole city the prediction of earthquake damage to exis-
ting buildings includes two essential contents (classification of
nuilding and assessment of aseismic behaviour), in addition deals
#1ith three questions (estimation of casualty, econoamic 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 risk region and high risk type of building, and as estl-
mation of the total direct loss caused by damage to buildings for
future potential earthgquake. Outline of basic idea of damage predic-
tion of existing building in the whole city is shown in Fig.2.

A lot of brick buildiogs may be divided into four major catego-
ries: multistory brick building,‘industrial brick building, large-
span brick buildinga and single story brick dwelling.

Predicting methode of various categories of brick building wers
considered, specially, the predicting method of - multistory brick bu-
ilding has been applying extensively. Predicting damages to existing
brick buildinge groups were obtained according ‘to statistical data
of coneiderable macroscopic damagee during destructive earthquakes in
the 19605—705 or to predict damage to buildings ‘one by one in the '
last years . In order to suit the needs of damage prediction of con-
siderable brick buildinge in cities, at present, a method that clas-
sification and search by computer — eahpling survey and discrimina-
'tion'by predictor —_ synthetical-identification by computer is deve-
loping in. the interest of predicting damage to existing building in
the whole ¢ity for fdture'potential earthquake.
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MACROSCOPIC PREDICTION OF DAMAGE DEGREE OF EXISTING BRICK BUILDING

Macroscopic qualitative predictinn of damage degree of existing
orick building for different intensities is approximately as follows:
1nten51ty VII ~— minority of buildings mediunm damaged, but

majority of buildings basically; 1ntact or slightly damaged
intensity UIII-—-,ahout half of buildings damaged and a few
taildings collapsed ‘ :
intensity IX == majority.of buildings damaged but minority
collapsed and no damaged ’
intensity X -—— majority of bulldings collapsed
In order to work out of urban planning of égainst earthquake
-and prevent disaster, mac:dscbpichuantitatiue predicting damage to
- brick building in the.whole city or a area whe;e:h few 'bulldings is
designed according to aseismic code may roughly adopf statis;iCal'
data in past earthquake damage to various‘typé of brick buildings.
Such as according to atatistica_ data of multiatory brick building( -
more than 7000 bulldings in 49 citiés and towns or area) during six
earthquakes, for various intansities averase damase degree that be
referred to as damage index is shown in Fig.} and percentage of dif-
ferent damage degree are shown in Fis 4o
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Fig.3 The damage index of multistory brick buildings
for different intensity.
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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
multistory brick building will be controled during fﬁtufe potential
earthquake. But it must be admitted that variation from mean damage
would be very big in the figures. Standard. deviation of the prodic-
tlng damages is one grade of damage degree in Fig,3 that is to say,
namely average damage degree for intensity VIII is mediun damage
(1=0.40), upper limit of damage degree’ exceeds serious damage
(1=0.4+0.23=0.63), lower 1limit is less than slight damage (I=0,4-
0.23=0.17). So such it is required that predictor have abundant ex-
periences of engineering and knowledge eapthuéke damage as‘ﬁell as
ability to judge deviation degree of macroscopic daﬁagé‘from avera-
ge index for the city or area. Flg 4 also shows that distribution
of damage degrée is very wide for intensity VIII IX which damage
to brick building will be probable from bagically intact to collap-
se. Of course two things account for the odcurrence, on the one
hand evaluation of intensity is treated“as'a average of damage, on
the other hand difference of buildings themselves is a essential
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factor for different damage on ldentical site. In all cases, distin-
guishing damage degree of different existing bulldings is'exectly
the basic task of damage prediction . In order to prediction of da-
‘mage to existing building 1n a specified city, a rational classifi-
cation of buildings is required as a consequence, predicting ave-
rage damage degree of subcategoryof building so that the variation
of the damages becomes as small as possible. To make macroscopic.
quantitative prediction of'danage to multistoryrbrick'buiiding, if

the buildings are redivided into 'some subcategories, the variation
of average damage index of each subcategory will reduce obviously.

detailed level of clnssificntion depends on purpose and dégand of
predlCtion.>In any wise. effect of slite condition on damage degree
must be estimate enough

PREDICTION OF DAHAGE‘PROBABILIT?IOF BRICK BUILDING

Considerable earthquake experiences indicate that ‘earthquake
damage to rigid brick building depends mainly on strength of wall.
According to statistical relationships between strength of wall with
Vearthquake damage during past earthquakes the eseismic coefficient
Kij of the jth brick wall element on the ith floor and -the ‘average
aseismic coefficient Ki of brick walls on’ ‘the ith floor is used as a
main criterion for the predicting cracked and collapsed of such bui-
lding. The method of prediction damage that is considered as a defi-
nite discrimination criterion had been developed and applied, see
reference (5), (6) {?7),(8) and (9). ‘For the good of mecrosc0pic predi-
c¢tion and probability analysis, the relationship ot aseismic stre=
ngth to damaged(cracked or collapeed)probability for multistory
brick building is drawn in Fis 5 and F15.6 respectively In the two
figures the deviation that average damage index of. Samples calcu-
lating aseismic coefficient from the total averase dadage index of
all samples for various intensity in. Fig.3 had been considered. The
regulative coefficient of the damage probability is 1,05 for inten-
sity IX and 0.89 for intensity X. To predict probability of damage
to existing or beingdesignedmultistory brick building may make use
of Fig.5 and Fig.6. In the former case with definitive discrimina-
ting criterion,the damage probability is 30%, 4O% and SO%lior inten-
sity VII, VIII and IX respectively in Fig. 5 , and the collapse pro-
bability is all about 50% for intensity VIII Ix and X respectively
in Fig.6. '
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 Pig.6 The collapse probability of multistory brick buildings
for different earthquake intensity



Por example, predicting damase probability of brick building
designing according to current aseismic code (TJll 78) will be dealt
with velow. The limit values of aseismic coefficient of the weakest
wall element of brick building -for different -intensity are marked in
Fig.5 and Fig,6., For intensity VII,VIII,and IX they are 0.1,0:2 and
0.4 respectively. Simul taneouly the extent'df'average aseladic coeffi-
cient of brick walls on the wegkest floor is marked too. In general,
the coefficient of the weakest . wall element is about 0.7—0.9 times

"of the average aseismic coefficient of the floor namely'

1
-

om
Ki=
m

, =(l.l——-|'.l})‘(xij)min .

§= K1

where m is number of wall element on the ith floor in transversal or
longitudinal derection.?orVﬁhltisto;y brick building provided the
lowest strength level by aseisamic code, the damage probabilities that
are found up from 315.5‘and‘F18y5 are listed in Tab.l.'If s¢ the de-
magze probapility of multistory brick bullding satisfied with_aseismic
code is not greatsr than that value.:Whedfmultistory brick building
wicth R.C. constructiva-coiuﬂns and other measures is bullt according
to aseismic code, predictipg damage probabilities, 3-story and &-
story residence is used as exagple; are listed in Tab, 2. ﬁere both
ratios between-area of transversal wall or longitudinal wall and

area of floor of the buiid:ng are all 0.0722, grade of mortar of wall
masonry in eﬁery floor is listed in the table too. In é-story brick
residence for design intensity VIII, R.C.constructive columns are
installed at corners of exterior wall and conjunction between inte-
rior and‘exterior“wélls,‘atrengthening coefficient of the comstruc-
tive column is taken 1.1 and 1.3 for cracked (slightly or medium da-
maged)resistance and seriously damaged or collapsed resistance res-
pectively. The damage probabilities of liaoning province 78-2-I-type
- and Beljing 80-2-type 6-story residence for design intensity VII and
VIIT respectively , i1f built on second type of soil are listed in
Tab.2 too.

Aforementioned results of predicting damage indica-e that most
of multistory brick building satisfied with lower limit of aseisamic
code, when subjected to a earthquake of deslgn 1nténsity, will cracks
at weak wall elements. In other wards, for such buildings designed |
according to the aseismic code, majority is not intact but medium
damage or slight damage, and naéds‘répairing. However when subjected
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to a sarthquake intensity ia one grade higher than desigh intensity.
in greneral, such buildings will not collapse; when that is one grade
‘'lower than design intensity, §uch'buildings will be seldom cracked.

For model multistory brick buildings the aseismic coefficien.
is listed in Tab.3, where the original data of model buildings see
reference (2), (12) and (13). According to such coefficient, predic-
ting damagae probability to list in Tab.] and 2 was found up on Fig.3
and Fig. 4. - ‘ | :

Tab. 1 Predicting limited Value of damage probability
" of multistory bric¢k buildings designed accor-
ding to aseismic code(take no account of R.C,

.column) ‘ o

Prediction ) r : : - Designfintensity
..intensity'-;-Degree of damage ‘ QII-t - VIIT | IX
Slight damage . aa' I 20 Q

‘VII : Medium damage : 69- 84 =11 0

| | Serious damage . 7-32 ). 0 o

| siignt damage 99 | 76 2

VIII } Medinm damage 95-98 | 37-67 0
Serious damage 60-83 | 0-7 0

Collapse 7 1-12. ¢ 0 0

$iight damage. | 100 | 97 | 57
X : Medium damage . 93-100 | 86-94 [6-4i

! Serious damage 93.98 36-67 Q
‘Collapse 1 L8-79 0-1 0]

X Collapse | g9-100| 347} o

XI  Collapse | 100 | 80-99 [ O

Note: Slight damage — Cracking of wall element with
minimum aseismic strength
Medium damage — Cracking of more than half wall
elementsin dinimum aseismic
‘ strength floor

Serious damage-— According to a criterion in
reference (8) Tab.2
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Tab. 2 Prediction of damage probability of some model multistory
" brick buildings designed according to aseismic code

B 7 Degign intensity
Prediction Difgee VII " VIII IX
) liaoning , {Beijing '
intensity damage 3-story|6-story| 78-2-1 |3-story|6-story| BO-2 |3-story
Slight damage | 27 72 87 13 20 / 0 -
VII Medium damage 2 30 64 0 | 23 0
Serious damage 0 2 7 0 0 0 0
_ Slight damage | 80 96 99 | 69 76 / 0
VIIT Medium damage | 45 82 93 29 38 78 0.
Serious damage 5 - 45 60 0 0 10 0
barfial collapse 0 0 <1 0 0 0 L))
Total collapse| O 0 0 0 0 .0 0
Slight damage | 98 100 100 95 | 97 o/ 77
Medium damage | 88 98 99 - 82 . 86 97 39
X ‘Serious damage | 65 89 93 | Ll 70 3
Partial collapse| O 8 41 0 "0 <) 0
Total collapse| * O 4 > 0 0 0 -0
x  [partial collapse 9 80 98 <l 0 37 0
Total collapse| 3 73 68 0 -0 2 0
X1 Partial collapse| 9} 100 100 58 23 98 0.
Total collapse| 80 100 100 38 12 76 0
"6-floor 25 25 20 0
. 5= floor 25 25 50 50
, ' 4~floor : - 25 25 0. 20
Mprtar grade 3 floor [ 25 50 50 55 100 75 )
2-floor | 25 0 0 25 10C 100 75
1=floor | 25 50 50 50 100 100 100
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Tab,3 The aseismic coeffiéienf of predicting damage to multistory brick buildings

Predicting degree of damage

Desigh | Model ~[gy; n¢[ Medium Serious Partial Total
intensity ‘building vdamage damage damage collapse collapse .
: (Kij)minf (Ki)min | (Ki)min/0.6 or |non-bearing| bearing
, ' ' (K1)/(.7—.9) (Kidmin {Ki)min
TJ11-78 | 0.10 |0.11-0.14| 0.183-0.233 | 0.11-0.", [0.11-0.14
V1I 3-story | 0.189 | 0.264 0.376 0.264 0.281
6-story | 0.132 | 0.185 0.266 0.185 0.196
;F;gfg}?g, 0.104 | 0145 0.233 0.145 0.201
| mavi-78 | o0.20 |o.22-0.28] 0.367-0.467 |-0.22-0.28 | 0.22-0.28
| 3-story | 0.215| 0.301 0. 450 0. 301 0.315
VIII 6-story | - 0.199 | 0.278 0. 439 - 0.329 0.343
Bgég%ng 0.195 0.356 0.230 0.285
Ix S TJ11-78 .| 0,40 0.44-0.56 0.733-0.933 0. 44-0. 56 0. 44-0.56
" 3-story 0.326 0.457 T 0.600 0.456 0.4




PREDICTION OF HIGH RISK REGION AND HIGH RISK TYPE OF BUILDING

At present, predicting high risk region and high risk type of
existing building in the whole city are developing. According to
block chart (Fig.2) predicting process is roughly as follows.

'. Set up Data Bank of Existing Bulldings On the basis of data of
general surveyvofﬁbu;ldings'and/or of appropriate sﬁpplement, some
informations of bullding related to damage prediction are inputed
into computer. The informations are not more thah following f{ifteen
items: (1) ordinal number of building, (2) the number of block of
houses;-(S) location of the building at state cdbrdip@te_system, (4)
the number of story, (5) built age, (6) building area, (7) archi-
tectural construction, (8) present use, (9) quality of building, (10)
unfavourable factor, (11) strengthening measure, (12) the number of
. person in Building by day, (13) the number of person in building at
night, {14) worth of buiiding at present, (15) worth of property in
building. . : -

2. Classification and Search by Computer According to (4),(5),(6),
(7) and (8) items in data bank, in the whole city all buildings are
classified by computer and the total amount of detailed categories,
its code name, area of building, the number of person, worth and
property for every gategory of building are listed. “

3. Mergeing Categories of Building by‘Computer Based on experience,
- predictor determines some plans of c1éssification and instructs com-
puter. to merge categories. Then new code name and the number of the
~categories of building are re-listed, Prédictor selects one or some
plans of classification of existing buildings‘for prediction..

4. Sampling Survey and Predicting Damage to Individual Building
Predictor surveles various category of building by sampling, as-
‘sesses aseismic behavior of samplingfbuildings and predicts demage
to individual building. Predicting :ésﬁlts are inputed into data
bank of computer. | :

5. Predicting Average Damage to Various Category Building

Taking second type of soil or a soil distributed the most extensi-
vely in the citj as the base of site condition, average damage in—
dex of -various category of building for potential different inten-
sity is outputed, : '
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6. Predicting Damage to Individual Building or/and 3uilding Group
Based on the research result of seismic hazard analysis and wicro-
zonation as well as (9),(10) and (11) iteas in' data bank, damage to
individual building for various category is predicted, Then damage

to bullding group 1is predicted block by block and category by
category.

7. Identification of High Risk Block of Houses and High Risk

Category of Building 'On the basis of one or some predicting
plans and through codparison of damage degrees among blocks of
houses and:among’Catego?ies~of building, high risk region (one or
some block of houses):and high risk type (one or some category of
building) will be identified in the whole city. '

CONCLUSION

According to predicting information of The Ministry of Urban
and Rural Construction and Environmental Protection{Ref.l4), clay
brick make up 93.22% of the total volume of product of various wall
'-material for 1985, 76.4% for 1986-1990 and S0% for 1991 2000. The-
refore .brick building will ‘be. gtill. the most main type of construc-
tion at present and in future half a century in chinese cities, -

Both the earthquake experliences in the‘lastrtwenty:years‘and
present study on damagerpredict;oq all indicate that aseismic beha-
vior of existing and .future newly built brick building is better
than that of building built before thirty years,but failure probabi-
lity of potential damage or collapse is very great yet. Therefone
in future half a century earthquake damage to brick buildings witk
their disastrons results will still become one of the most serious
natural hazards in city. In order to mitigation ofrseismic disaster,
the aseismic behavior of brick building will be needs further inc-
reased and improved in China,” ‘

hY
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A METHOD FOR EARTHQUAKE DAMAGE EVALUATION
" OF SINGLE-STORY PACTORY BUILDINGS

I IT

Yin Zhi QGian~, Li Shu Zhen 208

y Yang Shu Wen

- ABSTRACT

In this paper, according to experience of H&ichang and Tangshan
earthquakes,the following problems were studied.

(1) Classification method of buildings damaged from earthquakes.

(2) parameters of influence on earthquake damage to R. C. single-
story factory building and relat:mn between ihe parameters and damage
ranks.

(3) Calculating method of earthquake damage ranks of a ex;stmg
" R. C. single-story factory buildimg.

I. INTRODUCTION

Human ca.sult:.es and eoonomisal loss during an earthquake are
caused mainly by colla.psa of buildings. Therefore, to prevent collapse
of buildings and to lay down program for prevention disaster in a city
are main measures for alleviating earthquake disaster. Both to improve
sseiemic design of newly- built buildinge and to strengthen existing
buildings in earthquake gzones are important steps for preventing col-
lapae of buildings. So it is necessary to assess aseismic capaclty of

existing buildings.

In the past few years, most of the factory buildings sufferd
earthquake damage werenot d.esigned for earthquake resistance. There
are a number of suck factory buildings in earthquake gonesas yet in
-China. Th order to provide scientifio basis for aseismic strengthening
of existing buildings and to take urban precaution againstdisaster pro-
gram, the aseismioc capacity eof those buildings should be assessed. In
this study, a method for calculating damage level of existing single-
story Re C. factory building is developed based on earthguake damage
data Fig. 1 of Haichang and Tangshan earthgquakes. -

II. CLASSTFICATION METHOD OF DAMAGE OF BUILDING

To date, the available method for evaluating structural damage
may genarelly be divided into two kinds. The first kind of method

- belongs to experiential, in which a relation is given between ‘
intensity and damage level of buildings based on historical data from
‘earthquake damage. The second kirnd of mthod belongs to theoretieal,

i. A.asboiate Res. Pro. IJ. Research Assoociate III. Engineer,
Inatitute of mgineering xechan:l.os, State Seismologooal Buresu.
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in which a relation is established between ground motion and damage
level of building based on caloulated responsé of building by foreca~
sted ground motion, wWhatever method is used, it is necessary to define
the damage of buildings. Qenerally, there are three types of defini-
tion for damage of building. The first one is numerical, the second
one is given in terms of repair coats and the third one is verbal. the
verbal classification for damage of building usually used in China is
to olassify the damaga into five ranks as followingj (1) oollapse,

(2) severe damage, (3) moderate damage, (4) slight damage and (5) no
dapage. 3imilar classifioation has been used in this paper, and a nu-
meral called damage index is bestowed on each damage rank. but here
the term “destruction” is used instead of collapse, because the mean-
ing of "collapse" is not olear as sometimes both the roof of building
to fall down and the whole building to collapse are called collapse.
"destruction" is defined as that the building has lost its function
and can not be repaired.

In this study, a factory building is divided into three parts

i, 8. structural members (suoch as columns), non-structural members (
such as cladding walla) and roof system. The damage for each part is
ciassified into five ranks, just the same as the buildings. Wher the

damage rank of a faotory building is judged, it is neceasary to judge
damage ranks of 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 effact on factory building, a weight factor is bestow-
ed on damage index of sach kinds of msmbers. then the damage index of
a factory building takes the weighted sum of the damage index of these
members as follows.

Dy= 0+45D,,+0.30D,+0.25, " - (1)

Whera Dg— damage index of a faotory building,
- D— — damage index of the columms, .
© D e index of the oladding walls,

v
D-—- damage index .of the roof sysiem.

Classification of damage rank of factory buildings, columns, cla~

wallas and roof system with the corresponding damage indexes are
listed in table 2. ¥When the damage rank of a factory bullding is judg-
ed on a earthquake epot, the values of D, D and D, in equation (1)
must take the standard valuse in table 2. The damage rark of the fac-

tory bailding is dntornined acoording to D caloulated from equation
(1)
Example; Suppouo a faotory btuilding suffered the attaak of a 8°

earthguake motion, and danaged, aa r011015, the columns are moderate
damage, the cladding walls are severe danag.~and the roof system is
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Damage Qrade: ‘of‘ l(em'box"e

Ta_b].e te

Damage state

Damagé atate of

q’ﬁd. " pamage Btate Damage state Az
T A of B. Co of briek of brick | roof system and
| - members walls: ocolumna floor slaba
At the loca~ | Many remark- | Bricks at Roof slabs (or
tion of break:| able oracks side were floor slabs)
Reéiforcements | ocourred orushed | fell or wmoved.
wore bended. and nearly and brick trusses fell or
Core ooncrete | breaked pleces inclined brace
.were crushed | into pieces fell down failed.
' Remarkable "or have or have
I vertical and/ | been been
or horizontal | oollapsed. toppled
deformation ‘ over.
| osourred or
| have been
breaked off. o
. Surfase leyar | Remarkable Bricks Roof slabs(or
of members - oraks or were floor slabe)
fell apart severe in crushed moved.
and clear clination ‘looally Clear deforment
ol cracks ooour- | occurred. at side ocourred on
red inside. _— of braces
. Reiforcements columm. '
were revealed R
and bended \
slightly.
Clear craoks Clear Horigontal Roof slabs
ocgurred on oracks oraoks “becoms less
: surface of oocurred. oocurred. crowded. -
11X members- and . ' : Visible defor-
reiforomemts | ment oocurred
were revealed. ‘ on braoe.
Visible. visible Visidble Visible cracks
.| oracks oracks . .| oraoks _oceurred on
IV | ocourred on ocourred. | coocurred, roof alsbs(or
‘surface of " | ‘ floor slabs).
.members. T

slight damagé. From table 2 the damage -indexr of each member oan be ob-
tained as D «0.4, D 0.7 and .DrgO.2. Then we obtain the damage index
D, =0.44 from equation (1) and it is defined ~

of the factSry buil

from table 2 that this bu!lding belongs to moderate damaged rank.
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Rank of Damage of Building and Dama.ga Index

Table 2.

. ) . Damage’ index
Ranlk Damage phencmena Standard " Iimite of
' | value(D) | index
_Most of mombers was damaga,for
grade T and II as defined in
Destru- table 1. The building was : .
ction close to collapse or had heen 9 .85<Dst.0
collapsed. The funotion of
design had been lost ‘and the
building oan not be repaired.‘
, .uout of momber wasa damage for ‘
Severe | grade IT and a few members B :
damage for grade I. They are diffioult ?11. Os1. +55<0%.85
‘ to repair. N '
Some mombere were damage for
Moderate | grade III and few members for 0.4 3 <DSe55
damage grade IT which can be renewed * +5 CDSe.
its original dssign function.
31ight ‘ sone members were damage for : T ,
grade IV and few monbors for 0.2 ‘o1 <D&3
damage grade III. :
| Yo lle,mbei-s, were not dasage- or :
dam: few members were damage for 0.0.. - 0 £ps.?
amage grade IV. . ‘

OF PACTORY BUILDING

III- PARAMETERS OF INPEUENCE OH ‘DAMACGE

Ea.r‘thq_uska damage to a single-story R. C. factory: bu:llding con—
sists of three parts, as mentioned above. The first part comes from
the damage of R. C. columns, the mecond part from that of cladding -
walls and the third part from that of room system. The parameters of
influence on damage of the three parts will be discussed belew.

. RELATION BETWEEN DAMAGE AND BENDING INDEX OF COLUMNS - |

Prame is the main member of a single—étofy factory building for
earthquake resistance.The cross section of columns is assumed to be
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rectangular. Then the marimum ea.rthqua.lce sireases :Ln columns depend.s
on the bending index »: defined as : :

VE : '

N - ’
A= r ' o (2)

bh : .

¥here - ¥ — weight loading on the top of column(kg)s

' H — diata.noe from low-boom to calculated section(cl),
_b — width of section of the calumn(cn),
h — height of section of the oolumn(om).

| If there are more than one ruof supported on different heinght of a
oolumn. the bending index of columm will be taken as - A . !

E : t
oi - , :
)\’- —_—— ’ ‘ ) (3) '
_ 'b n : .
¥hazre li._.ueight of the 1th roof loa.d.i.ng on the oolunn,
' !a:l. distance from low-boom of tho ith truss to caloulating

seotion.

The bending indexes were oalculated based on more than 200 sam— ‘
 plea suffered attack from Baichang. or Tangahan earthquake . Most of
the calculated factory 'build_ings are .of two to four spans, and a few
buildings are of one span or more than five spans. one frame was calou=
- lated in each factory building. Generally, the maximum earthquake stre-
sses occurred at the foot or variable cross-section of columms. So the

°  bending index of such sections were calculatéd. the va.lu.eq of total 750

A, were obtained. The maxrimum », in each fastory building ie connected
with the damage of columns as shown in Pigis 2, 3 and 4. It may be seen
from these figures that the larger the A, is, the heavier the damage of
oolumn is, and the minor the earthquake intensity is, the larger the »,
is for the same damage level. This result shows that », is an important
parameter to mark the asoismio capacity of a singl-story factory buil-~
ding. Pig. 5 shows the relation between mean values of » and damage
ranks. In addition, the strength of concrete is also an important pa-
rameter that influence the damage of columms. The relation between the-
ae para.meters and damage ind.ex of column may express as follows

D, =Bt BB R N OF
Where R ia the atrangth of oonorato,

Bss (3‘ and (32 are the cooffiaianta of regression.

Based on the d.ata mentioned above & regreasoin analyais was oompletod
and the resulta wara o‘btained as- fol]owe,
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. = 31.93"14, 0.004 A = 0.45?"‘,. for intensity VII. -

- 86,98+ O. 004x~ 0.52 , for ‘interisity VIII. .

e o (5)
D, = 68 o~ 4- 0, 0057~,- 0.49 y for intemsity IX. o

D° = 164 4R + O.ma)«.— O 886 ’ for lntensity x.

2. RELATION BEI'HEEN DAMAGE AKDHEIGE'I‘ INDEX OF CLADDING WAI;_S.

Cladding walls are not a load-bearing member in which only the con-
stitution measures of earthquake resistance were taken. In past eartth-.
quakes the damage ratioc of cladding walls is heigh. the data of earth-
quake damage indicate that the height-to-thick ratic and the number of
spandrel beam have significant influence on earthquake damage to ola.dd-
ing wall. Here, a wall height index was defined as

B e
. ’ S + 1 . X
flhero H —the height of wall,

b —+the thick of wall,
s — mumber of spand.rol beams over tho height of 'all.

Arm

Pig.s 6, 7, 8, and 9 show the rolation between X,and da.mage of
cladding walls based on the data of ea.rthquake damage mentionde above.
‘?ig. 10 shows the relation between the mean value of »: -and the damage
racks. It may be seen from these figurea that the heigher tha wall is
and the fewer the spandrel beam ie, the heavier the damage is. So the
relation between *2 and damage index may be expressed as follows.

T o
Where %, and «, are coefficients of ‘regresaion.

Based on the date mentioned abov'e, a regression anu.'l:ais leadn to -
the results as follows. .
D - 0.036 nz - 0:d4 , for j'.n'tens.it: ViI.
D_ = 0,037 »2 -'o’.384', ~ for intensity VIII. 7
- 0.047 22 - 0499 , for intensity IX. @)
D = 0.046 A2 - o.352 , for intenaity X. '

ldl
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3. -EARTHQUAKE DAMAGE TO ROOF SYSTEM

. The earthquake damage ratio of the roof systems is also high in
‘single—story factory buildi s especially for roof system with large
-prefabricated ooncretelalaba_ o Fig. 11 shows the earthqake damage ra- ‘
tio of the roof system of s1ngle-etory factory buildings in Tangshan
earthquake. The main causes for damage of roof system are (1) weak or
no connection between large prefabricated concrete slabs and the trusses

« S0 the relative displacement and sliding occurred between the trusses
and roof slabs resulting in falling of the roof slabs, (2) poor inte-
grity of bracings between trusses. when the building undergoes longitu-

dinal vibration, the bracings lost its stability resulting in tilt of
trusses or falling of roof system and (3) weak connection betweer the
trusses and columns. The csuses (1) and (3) are due to the poor quallty
. of construction, the cause (2) is mainly due to the inadequacy of de-
sign. The influence of them on the earthquake damage can .not be expres-
sed dy mathematical formula. Howsver, according to the condition of
existing buildings and experience of earthquake damage, the buildings
can be classified into Beveral cases ( say four cases ) and give a da~
mage index to each case. as follows. ’ ‘

- (1). when the qumlity of comstruction of the roof system is good
and the bracing system is- sound, the damage index may take a numeral as
ahown in table 3 for various intensities.

. table 3.

intensity ‘ T 8 9. 10

damage in‘d'ex'(])r‘)i 0 | 0.05 0.20 0.35

i (i1). When tke quality of construction of the roof eystem is good
but the integrity of bracing system is poor, the damage index may take
s numeral as shown in table 4 for various intensities.

table 4.
intensity T 8 ' 9 . 10
Lda.ma.ev index (D.r) 0.05 . 015 | 0.35 0.45

(1i1). When the qual1ty of construct1on of the roof system is poor
‘and the bracing system is sound, the damage index may take a numeral a8
shown table 5.
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table 5.

intensity 7 8 | 9 | 10

d.angge intex ‘(Dr) 0;10 : 0.20 - | 0;40 | 0.55 -

(if) When the quality of oomsruction of ihe roof systéin is poor
and the integrity of bracing system is poor, the damage index may take
a numeral as shown in' ta‘blo 6.

- table 6. '

intensity 7 8 |1 9 1’0‘
damage intex‘(‘Di_)ﬂ 0.15 9.30 | 0.55 0.85

Here,the quality of construotion of the roof eystem means whether
the quality of connection between trusees and roof slabs, and between
trusses and ocolumms are good or poor. The imtegrity of bracing system
means whether the desxgn and construction of it is good or poor.

DMGE INDKX OF FLG'I‘ORY BUIIDIR‘G
The dmags indexes of oolumn and ocladding wall may be oaloulated
from equations (5) and (8) and the damage index of the roof system may
be taken from table 3-6. substituting the equatioms (5) and (8) into

equetion (1), the erpressions for damage index of fastory build.‘l.ng is
obtained,

D, <14 +0.0018,40.0112;~0.33840. 25D, , for intensity VII.
ns'-39n"1+o.ooz N 40.01112-0.34940.25D_ , for imtensity VIII.
D, -313'1-.-o.bozaﬁ.;..0.0147\,-0;370;0.251)’.. for intensity Ix.
D, -14&'1+o.0036>~.-..o.-o1v4>‘.-o.504+0.25n. . for intensity X.

Where R — strength of concrete,
N,— bending index of columnm,
Na— ’ho:l.ght index of wall,
D, — damage index of roof system.

- Pnowing the geometric sizes of cladding walls and columns and the
strength of conorete of the columms, the damage index of the factory

TV=3-8



building can be ocaloulated from equation (9), and then the damage rank

of the factory. building can determined from table 2. In order to check
the error of equatiom (9), 25 exampls of faotory bullding that suffered
attack from Tangshan or Haichang earthquake were examined. Among them
six buildings are in area of intemsity X, ome building is in area of
intensity IX and eightesn buildings are in area of intemsity VIII. The
examined results are shown in PFig. 12. The points drawm on the 45 line
are what the oalculation agree with the maoroscopic investigation. From
Pig. 12 it may be seen that calculated resu ts from equatipn {9) agree

basioally with mraaao;pio results. The merits of this method are sim-
plicity and easy to lcno' well.
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: RELIABILITY CONCEPTS FOR
, * EARTHQUAKE RESISTANT MASONRY

by
"Gary C. Hart(I)

SUMMARY

The rational de»e]opment earthquake resistant de51gn criteria
must utilize tne concepts of waliability theory to define failure
modes, quantify test dzta and analytical models, and establish
design valuves for parameters that satisfy reasonable levels of
safety and economy. This paper provides an 1nd1cat1on of how
reliability theory can be used in this deve!upment .

INTRODUCTION

An essential concept in structural design is to produce a struc-
tural system with sufficient capacity to resist the effects of
the anticipated loads imposed on it during the life of the
structure. Although this is a very straightforward concept,
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 appears, then, that
there are two.fundamental problems which must be resodved so.that
safe buildings may be constructed at economical costs: What are
the anticipated -loads, and how should the capacity of a struc-
tura] member or system be estab]1shed :

There is uncertainty assoc1ated with most aspects of the struc-
‘turatl design and construction process. For example, structura?l
engineers .cannot establish with certainty the maximum loads to
which a structure will be subjected during fts.life. Reinforcing
steel is nut placed exactly as shown on the construction
documents. Structural engineers must design bufldings in the
" face of this uncertainty and must. do so with a final level of
safety that is acceptable to society

(I}' Profeésdr, Civil Engineering Department UniVeréity‘of
Calffornia, Los Angeles and Principal, Englekirk,ahduHart;
Inc., Los Angeles, Ca11fornia. USA

.
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The 1ncorporation of uncertainty in structural problems suggests
the use of prbbability theory. It is clear, however, that it is
not reasonable within today's level of practice to ‘expect the
designer to attempt to quantify the level of each source of
uncertainty. Therefore, the development in the last decade of
the probability-based limit state design {PBLSD) approach has
been intended to be the rational vehicle for satisfying the

requirements of practicality and the probabilistic aspects of the
design process. .

The PBLSD method used the design equatlon

(Design resistance) > (effect of design Ioads) NG S

In the development -of thé right- and left
(1), uncertainty: and probabilis
fncorporated fnto the design proc ﬁ,IHIT STATES must be
fdentified by the ‘structural engineer a5’ a, part of ‘the process of

destgning the. structural system The design format of the PBLSD
method takes the form

. are. explicitly

n . ‘ " : R ’
8R > I 8iQ5 . . L S (2)
R T VR - |

where ¢ = strength reduction factor .
‘Rp = calculated nomina] capacity computed accordIng teo a
‘ prescribed formulation in the material spec1f1cat10n uswng
specified materiaT strength and d1mensions

£ = load factor o

Q4. = serv1ce loads ,

The right hand side of Equat1on (2) represents the summation of
factored service loads specified by the appropriate bu11d1ng code
for déad, live, wind, seismic, and other relevant loads. The:
specified load factors are intended t¢ account for unfavorable
variations inherent in the randomness .and uncertainty associated
with the true loads on a structure. The-Toad factaors are derived
from a probabilistic study af the drstribution of these service
" loads #n such a way as to maintain consistent leve1s of safety,.

The left- hand side of Eg
NOMINAL CAPACITY" OF A-L
REDUCTION FACTOR The‘
concrete masonry: componentJ
princ1p1es of mechanlcs.‘.

tton (2) represents the computed

STATE multiplied by a STRENGTH
-‘capacity of a 1imit state of a
tablished using test data and the
'VaTue of the strength reduction
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factor is a function of many items, inciuﬂingvthe building
material, the 1imit state under consideration, the consequence of
a particular type of failure, and the possible modeling erraors.

Limit state refers to a srtuation in which a structurai element
or a structural system no longer satisfies its intended design
objective. Designers typically consider two types of limit

states: wultimate limit states andwservtCeaniiity'iimit states.
A limit state related to structural collapse is a strength limit
state.” A serviceability iimit‘state relates to functional
utility.

"Limit state design requires that the designer explicitly consider
possible limit states in a member or the Jlimit ‘states in an
entire system. For example, such consideration might involve
determining the load at which a wall under combined loading would
fail in flexure and ascertaining that it is Tess than the load
that will produce an undesirable compressive failure in the
masonry. Most material specifications that employ the strength
design method. are -formulated to produce .the more ductile modes of
failure, but it remains for the designer to step back and
‘consider how a particular system might fail during an overload

condition or because of an understrength condition in ane
construction materia] - )

The specification of both the load and strength reduction factors‘
depends on the level of structural reliability deemed sufficient

‘by those responsible for specifying these factors. = This
determination indirectly represents a determination by society as
a whole as to what is adequate structural performance The

estimate of reliability is defined by the RELIABILITY INDEX B.
STRUCTURAL RELIABILITY

- R - C

If ome considers the shear wall it may be seen that the nominal
design strength. of this member may be calculated using the
appropriate limit state equations. ~This design 'strength is.
considered-to be a deterministic quantity in that the equation
gives the designer but one value of moment capacity for a-given
set of dimensions, area of reinforcement steel, and material
strengths. This number, however, does not represent the value af
the actual moment strength, 'and until the member is loaded to
fatlure, only statements of a probebi 13tic nature.c¢an be made
regarding - the beam's true strength. L Similarly. .only
probabilistic statements may be made" regarding the actual loads

“that might be imposesd on the. shear wals‘guring its design life.

The structural engineer must, hcuever. make - predictions regarding
‘the anticipated loads which the member niii experience as well as
attempting to establish the capacity of the member for a given
Timit state. Probabiiity is useful in making these predictions,‘
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in that probabilistic methods explicitly recognize that al!
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 designs, and quantify it using probability theory.

- If failure is described by the condition where the capacity of
the member or system, R, is equal to or exceeded by the specified
load effect, U, then failure occurs when R minus U is less than
or equal to zero that is, E

FreR - U , 3
where F {s the safety margin. '
Thus, failure occurs when F < O.

A failure caondition requires two separate events to occur before
the member is judged to have failed because failure is a function
of both capacity and load. Consequently, failure occurs when a

member of moderately low strength is loaded with a very high
level of load or a very low strength member is loaded with a

moderately high .load. As a result, it may be seen that thc’

. occurrence of an extremely high load does not necessarily
represent a failure condition unless combined with a member of
sufficiently low capacity.

The variability of the data about the mean value of the safety
margin, F, is quantified by the standard deviation, . The
standard deviation represents a measure of the spread of tre
data. - A given value of F may be described by how many standard
deviations it is away from the mean. Thus, the mean of F is zero
standard deviations from the mean, while an extreme value of F
might be three or four standard deviations (above or below) the
mean. . It is assumed that for a given value of F, the greater the
.number of standard deviations it is above or below the mean, the
lower the probability that <such a value of F will.occur. The
more unlikely ft is that & value of F will be less than or equal
to zero, the more unlikely it is that the member under conSidera-
tion will fail. It thus possesses greater reliability

If the values of F and sfg are known; it is pOSsible to define
another term which gives an indication of the reliability of a

particular eJement or structural system. The reliability index,
B, i- defined as , l

B = F/sp T | ' (4)
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The abave definition of re]iabl]ity index is not appropriate when
F is a nonlinear function of the random:variables in R and U.
Therefore, a more general definition, referred te as the
Hasofer-Lind definition, is used for nonlinear function.

The re]lﬂbl]lty index has twag fundamental advantages over conven-
tional methods of relfability analysis. It allows the strength
of building components to be viewed on a material by material
basis, and it provides for and encourages the characterization of
strength to be done independeéntly of load factors.. In addition,

it enables one to address safety and rellability without dTrectTy
quantifying the probability of component or system failure.

The advantage of the last observation may be more clearly under-
stood if one considers that the load and resistance effects
leading to structural failure eccur at the extreme ends the POFs
describing R and U. The probability of failure is very sensitive
to the PDF used to describe the distribution of the values of
resistance and load effects because of the influence of the
values at the extremes. Thz selection of different PDFs may
result in changes in the probabiity of failure by several arders
of magnitude. By avoiding the.explicit specificatian of the
probability of fallure and. relying on the re11ab1lity index, a
more robust estimate of structural reliability may be obtained
It -has  been shown that most designs are not partlcu]arly
sensitive to the actual preobability of failure, and that measures
of reliability not heavily dependent on the extreme tails of the
PDFs describing the structural system shou]d ‘be used The
reliability index is such a measure, ’

The rel1ability index 15 a measure,of structural rellab111ty

The greater the valtue of B, the greater the structural
reliability, and the smaller the probability of failure. Typical
values of B present in current masonry, concrete, and steel
design codes, are shown in Table 1. It may be seen that the
reliability index is much larger in masonry components than ¥t is
in the equivalent stee] or concrete element. .Additional research

is required to assess the impact of strength design concepts on
masonry structures, but it appears at this time that these wvalues
of B are too conservative. For example, it has been found that a
value of B=3.0 is consistent with average current practice for
load combinaticns 1nvolv1ng dead and 11ve or dead plus snow
loads, while 8=2,5 and  1.75 were representative for combinations
describing wind and seismic loads, respective]y Therefore,
current masonry B values. are too large. - I

§



TABLE 1 ' '
TYPICAL VALUES ‘OF THE RELIABILITY INDEX, B,
FRO® CURRENT DESIGN CODES

Reinforced Steef

‘Hasonry Caoncrete (Ultimate!
Beams . 7.5-8.5 2.6-3.8 2.7-6.6

Columns . 6.0-7.5 2.6-4.3 1.9-3.0

LGAD FACTORS

There are several problems that make the development of a unified
set of load factors a difficult task. Current design criteria
for the different materials result in different values of. B. Ar
important parameter in the varfiation of B is the ratio of 1ive
load to dead load, L/D. Within a particular material specifica-
tion, different magnitudes of L/D also result in varying values
of the reliability index. The random (probabl]ist1c) nature of -
all loads, in particular 1ive, 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 has proposed a new
set of load factors and loading combinations uhich have beer
adopted as. part*of ANSI A58.1.

The total 1oad on a member or structural system is broken up into
permanent (dead) loads, sustained {live) loads, and loads of
short duration (seismic or wind). The maximum total load will
probably occur. at some point that does not represent the
combinataion of the maximum values of the individual loads. The
time interval over which the load is monitored for the maximum
combination is typically assumed to be the building design 1ife,
which, in the NBS study, was taken to be 50 years.

Now, - if the probability distribution of each load type and an
estimate -of its mean and standard deviation are known, the’
different loading combinations may be simulated and the strength
of various members computed. If the calculated strength is
compared .to the actual tested strength, the reliability of the
-section may be computed. .The probability distributions used in
the derivation of the NBS load factors are shown in Table :2.
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. TABLE 2.
LOAD PARAMETERS

Load . PDF
Dead . © - Normal :
Live ) Type 1 extreme value
- Wind ‘ -Type [ . extreme value
Snow . Type 1I extreme value.
Earthquake ‘ ~ L Type Il extreme value

It is clear that for each material, load combination, and-struc-
tural component {i.e., column, wall, beam), different values of B
will be found. The basic idea is to identify a target value of B
for a set of loading combinations and establi'sh the lgad factors

which will allow the value of B to remain as constant as possible
under those conditions.

Assume that it is desired that ‘B be equal to 3.0 for laad com-
binations involving dead plus Tive load or dead plus snow load

for all materials and structural components and B be equal to 2.5
and 1.75 for load combinations involving wind and seismic loads,
respect1ve1y Then it follows that the load factors can be
deréved and those obtaineﬂ in the NBS study are

U= 1.40 | o (5a)
-1.20 % 1.6L . . ‘ (50)
= 1.20 + 1.8S + (0.5L Or.0,8H) ' (5¢)
= 1.20 + 1.3W + 0.5L o - (5d)
- 1.20 + 1.5€ + (0.5L or 0.25) (5e)
= 0.90 - (1,3H'or'1:5E)‘ ' o (5)

STRENGTH REDUCTION FACTORS

The strength reduction factor, #, on the left-hand side of Egua-
tion (2) is an .attempt to account for the variations in the
actual lgading and the in-situ capacity of the member from that
calculated using the analysis and design equations. If the
designer had the ability to establish the exact capacity of a
structural section, it would be stra:ghtforward te compare the
calculated resistance with the anticipated maximum -load effects.

If the capacity were greater than the demand, the section wou1d
be considered adegquate. Unfortunately, just as a structural
engineer does not have the ability to establish with certa1nty

vt



the maximum design ltoads, neither is it possible to determine the

exact capacity of 'a section for each 1limit state wuncer
consiceration . '

' - SUMMARY

One challenge we face in the future is . to. define more relevan:
failure modes and to develop, on a rational basis, values for the
strength reduction factors. This involves a team effort from
experimentalists, analytical modeling persons and engineers
interested in reliability theory. =
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RCINFORGED BRICK BUILDING il

Wu Ruifeng * - ‘ CHénJXighi LA

Xi Xjaofeng #* -  Xie Mingyu *»
Suhmafy

,In this paper a méthod for prediction ofiséismic néliabilify of
multi-storey building with a storey diaplaceménf Critefioq is proposed.
By using of the Second-moment method the cracking and-coliapﬁehproba—-:'
bilities of é hollow brick—wall building of 8 storey with coneideration
of elasticity of feundation are caloulated. The effect of soil-

structure interaction of this kind of buildings is specially discussed.
I. INTRODUCTION

"The eartnquake aofioné on sfructures ahd~strength of‘materials
are random, theretore the structural zeliabillty, based on the theory
of probability, is a rather reasonable method to assess the safety of

a sturctuze, but whlch component is ‘the: maJor factor of the principal

" * Frofessor, Dept. of Enganearlng Mechan1cs, Dalian Instltute of Tech-

olopy, Daljan, Chlna

'*Assoc1ate Professor, Dept. of Engineering Mechanics, Dallan Institute
of Technolcpy, Dalian, China.‘
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criterion of damage ih the analysias. of reliability is still a problern.
We consider that the decisive factor of collapse of a bu11d1ng is its
deformations. The collapse of- a buildlng occurs only 1n case of its
deflections reach/a,certa;n quantity. It is tha begt‘illustration that
many serious daméged buildings still stand without collapse after the
earthquake. Cralking of a wall must be also connected with deformation,
and so the carresponding various deformation values are the reasonable
index of cracking and collapse of buildingse £, 2]

How to determine the values of. deformation corresponding ‘to crac-
king of wall and collapse of building is a diffxcult_problem. The de-
pendable way is making nunerous itests to obtain necéésary-dafa. It is
known that the test on whole bu11ding is not only expenslvely, but
also very difficult. Eee1des, we can t make Buch large amount of tests
"~ to conta1n various kinds of - bu11d1nga. Therefore a computational method
7for determ;nlng these values of deformatlons is needed. But as we know,
there are not effectlve elasto—plastlc analytical method. for masonry
fbulldlng as a spatial structure and not enough 1nformations of eeismic
experimental data about whole bu11d1ng to glve out these values of
deformations. _

Arranging reinforced cpncret? constrdctional‘cblumnsror heart
columné, horizontal and vertical steels in wall can increase its defor-
mable ability. The reinforced wall can be treated aS'a'élasto-plastic
element, such that, the deformation criterion fbr'ﬁfediction of crec-
k;ng and collapse of walls has based on a reasonable foundation and
has practical significance. ' '

~ In recent’ years, in chiha # lot'of éxpériﬁehiai and theoretical
'rasearch works on brick-walls with constructlonal columns, heart colu-
13-5) had

For lack of experzmental data and analyt1ca1 method of whole building,

mne and various type of reinforced steel been completed.
‘the- authors of this paper pPOpOBe 1o ut111ze the teat data and analy-
tical method ofﬂa s;ngle‘wall tp deternine the deformat;on values,
correaponding to cr?gking'and collapse of the wall. It is 2 conserva-

tive approxihation. At the same'time,fan,estfmation of spatical effect



af. building can be made on the bagis of compﬁtationstand some informa-
tions from medel test. This estimation will be uaéd as;a.referénce“ ‘
when the allowable.failure probability ie established.

We know that the responses of a building subjecfed to various
earthiuake inpui with same peak value of acceleration are different.
In this paper, the elasto—plaet1c responses of a bulldlng is calculaued
by means of step—by—atep 1ntegrat10n method for various acgelerogrém

e

of earthquake with same peak value, the slanto-plastic res ’”aé of a

(6]

building is calculated_, and ‘the statistical values are o_-ained 1f

the nunber of accelerogram_ofIearthquakq used is enough, a gpod_result
can be gxpected. ' | | o

In general, the spiliaifuqfure interation for masonry pﬁildiﬁg is
. not cansidered, but the inféfadtive'actiéh is exist. 'Espéciﬁily. for
so11 of II and III categor;eg the effect -of goil-structure 1nteract1on
is, apparently, and accorﬂ;ng ‘o [7] a study about this effect is dis-

cussed

II. PROBABILITY OF FAILURE AND ®ELIABILITY

s

By using of the Second-moment method the pract;cal distributions

c¢f random variable can be. con51dered.‘Assume that the bulldlng is in
failure when any story of it is cracked or coliapsed. ‘
Based on veriflcatzon of experimental data of walls and dynamxcal
response of deformatipn, the lpgnormal-dlstrxbuﬁ;on and type I of ex-
treme distriﬁutibn dan-beJacdepﬁed forifai1u;§-of,ﬁalis'éﬂd storey

displacemenf 'due to‘dynémic reép6nt respgé;iﬁé;jg
III. DETERMINATION OF u AND u
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U and u are the given cracking or collapse‘disblacements and dis-
placgment-between stories of dynamic response under earthguake respec-
tively. Tﬁe determination of W and u is to find the statistical value
mt‘; B and By oy |

The, characterlstlcs of the accelerogram of earthquake is the ma-
jor 1nf1uence on the random variablé u. Dynamic responses of a given
structure differ widely for various accelerograms of earthquake with
“same. peak value. It is not poasible to use the real or experimental
’dynamlc response of a buildlng in order to receive the observational

samplesa of u.iwe propose that instead of using the real earthquake
response the dynamic analysis of a building,under various accelera-
gram-of‘earthgﬁake with same peak values is used to éalculate tﬁe na—
ximﬁm;storey displacements. The ‘maximum story displacement responses
dorfesponding'to-Qvarious accelerograms of earthquake are adopted as
observational samples, and”from‘uhich the mh‘andfﬂru are abtaine&;
Ag a general rule the more accelerogram of earthquake are used the
more reliable statlstlcal value is expected. Hereln, a uncerta1nty
'due to the error of calculatzons arrlsed, whzch can be neplected at
present time. ‘ ‘

The mechanical properties of wall materials, geometric‘clhazja'cter,’
stress siate'and Hdrking‘quality'efc. ére infléuence 6n random varia-
ble u. Currently, to ut:lize the exper1mehtal results of a large amount

of reintorced brzckpwalls is a. reallzable way. Of coures, we can ‘not
test all walls in varlous combxnatlon of mortab strength, vertlcalf
‘1oads, dxffirent h?;?ht—wldth tatios etc- In this paper, the appro-

x1mately formulas ver1f1ed by many testing data’ are used to find
the stlffnesses and d1sp1acementa of every reg1on in hysteresls loops.
i'Based on the known‘rglnforceduwall testlng results and rev1se¢_coeff15
ciaﬁis_ﬂor given. wailé to-fihdfout the. obaervdtional samples and mean
values mg »and deviation @7 . In doing so, some errors and uncer-

ta;nty will be produced whloh Hlll “be- negected 1n th1s paper.

TV=5-4



IV. ILLUSTRATION

A horizontal and veifical reinforced hollow brick-wall building
of 8 storey with traﬁsVerse'shearing walls is subject to ground acce-
lerations of 0.2g and 0.4g respectively. To find out the cracking and
oollapse“reliability'of the building, the parameters of the house are

shiown in table 1.

Table 1. Pgrameteré of the building

“Story

VO,
Pargmeter

stiffenss 13435' 13435 | 11320 | 10436 | 10436 | 10436 | 9559 | 9559
K, (w/m) - - |

stiffness 498 | 498 . 498 98 98 98 | 98 . 98"

K, (MN/M) o L | - ‘
[weiebt ) 4a3 | 4234 | 4238 | 4234 | 4234 | 4231 | 4234 | 3675

(xN) I R L |
|Beight | 58 58| 2.8 | 2.8 ] 2.8 | 2.8 2.8 2.9
1) o | | t B |

It is asaumed that floors in its plane are rigxd the modes or
v1brat1on ars shear modes, the hyster331s loops of. storv shear forceé'
Hand ehear dlsplacements are slmplif1ed in a two linear stiffneas de—
gpadlng model. , |

C20 accelerograma of earthquake and 10 seconda ‘are used to obtain: '
the dynam1c response. The 8—storey buildzng simpl:fied to & system |
of 8 ‘Tumped masses. Elasto-plaatio dynamic analysieea are perf ormed
for rigid and elastzc foundatlon. All of the peak values of accelera-
tion is readJusted to 0.2¢ and O.4g respectively. Based on the testzng

results of 15 single walls with variousgcomblnatzons of reinforcements
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and reviaed coefficients for diffireént size of walls and designed ver-

+tical load.the m o and’ G5 are obtained. All of these results are .
listed in taple 2-3.

Table 2 Displacement respdnse u(10f4)*
Rigid Foundation Elastic Foundation
Storey- 0.2g ' Q.42 - 0.2¢g _' . 0.4g
m'{ & | m. G m ‘G' ’ m a

v 13.0931 0715 | 7.811] 4.264 | 1.547 | 0.626 | 3.479 | 2.586

"2,‘ 2.902| 0.680{ 5.503| 1.699 | 1.375 | 0.548 | 2.763 1,117

3 |2.058 | 0.624. 4.625] 1.008 | 1,595 10.470 | 2.390 | 0 é;o
4 é.794. 0.647 5.481 2.729 1.195 | 0.464 | 2.395 0.928
5 |2.548 | 0.683 4.500 1.038 1,084 | 0.401 2.094 | 0.806
a,a" 1.911 }0.438. 3.417| 0.533 0.782 | 0.298 1.570 1‘ 0.601 .

7 1257 0.328 | 2.540| 0.421 | 0.561 0.212 | 1.126 | 0,429

8 |0.669| 0.149 | 1.181| 0.210 | 0.262.-| 0.099 | 0.526

* All the values are divided by the storey height -

. Table 3. Failure displacements u of stories (1074

storey cracking displacement - Limitgd displacement
R m s | 0™ | &

) ©10.53 |« 3.58 5.029 © 1,461
2 10.60 3.61 5.127 ~1.489
3 10,700 | 3065 5.7 | 1505
4 10.92 - - 3.72. | 5.280 | 1.534
5 1.14 | - 3.80 5.388 1.566
K 11.37 | 3.88 | 5.499 1.599
1 11.49 | 392 |- 5.551° | 1.616
8 11.61. | . 3.96 |- 5.617 |  1.632
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Table 4.

Failure 'Probability

Q

2E - 0.4g | )
E;_ Cracking Collapse . _Crackingi R Cdilaése
n — ‘ - T T
Fomg;f;‘;n Fou;;i:':: R.F. Z.F. R.F. EF. 1 RF E.T.
K 1.63 x 1073 5#83 x107 <1077 | < 1077 '29.-2,»? 1072 -4‘.-595410"2 1.8 x 1074 | 1.0x107®
2 1.0 %107 | 1.89 X107 <1077 <1077 | 7.28 x10°2}3.63x 107 310t <0l
3 |4.65 x1072 | 4.2 x107 ;'1‘0'7 < »10'7> 1 2.02 xao‘z 1.2 X 107 3.52-::10'77‘7 <107
4 >5.6 x.10:'4 3.1 x 107 <107 <1077 10,28xio‘2 1. 05x1o -3 | 2.6 x 1‘0""’5;'_ T
5 [2.1 x107 | 5.59 x 107 <1077 c10-T | 1eds x107213. 37x10 = <107 | <o
6 |2.0 x107° | <1b"7 <1077 < 10"7 -8.65 *i,o_‘; 2. 56"x 10 5| <-1o*7 R 7<16‘7
17 147 x 1'057 1077 <1077 <1077 5.01 }10‘5 8. 87x 10 T <1077 <1077
8 | <107 <1077 < 1077 <1077 <0 <1o -1 <o”T | c10T
Nax{1.63 1073 | 5.83 x10™° <1071 <1071 | 29,2 x1072 -59 x 10 2118 x104 | <1077

* Wave velocity and thickness

~of foundation medium are assumed 250m/s and 60M respectively,
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‘ Therfailufe probablity is listed in table 4. From table 4 it is
shown that qomparison with current code TJ 11-78 the height of reinfor-
.ced hollow brick-wall building could be raised about 2 stories.

V. THE EFFECT OF SOIL-STRUCTURE INTERACTION.

 In general the inﬁefaétion effect between soil and structure is
not considered in seismib éesign,_but from table 4_we can gee that
the effect is significant in cases of II and I1II category foundation
soil for a building of 8'stofey. In order to investigate the -influence
of elasticity of this foundation medium on natural frequency, first,

let us consider the effect on the given building of 8 stori§y  th
result is shown'ih Fig.1.

0 Q2 69 06 aB 40 12 4 A6 A8 20 T /
: . - ' ﬁV13
Fig. 1. Efiect of 501l-structure 1nteract1on on

natural frequency.

From Flg ! we can see that when TbﬁT < 0.6 the consideration of

1nteract10n become necessary, where T ' Th and T are natural fre-

quencies of foundation soil, bu:ldlng on rigid foundation and system
of building with elastic fouﬁdation soil respectively. In the analysis
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“ the T 13 taken to egual O 96 sec., i. 8oy the consideration of interc-—
tion 1is necesaa.ry when T <0 6 sec., but this 15 in the range of na-
tural frequency of masonry build1nga. In the given example, from ta-
‘ble'2 we can see that the storey displacements,ane decreasgd whern the
elasticity of fo@ndatibn soillia taken into acount. But, due to defor-
mation of foundation the relative to gound displacement of the top
of the building may be larger than thoae of rigid foundation. It must
be consldered when the l1m1t height of brick—wsll buxldxqg ‘is deter-
mined.
.By'tne way,we shiould like to note that the spatial effect en;arge
_ the stiffness of buildingfand herein thih:qfféct is not considered.

VI. CONCLUSION'

1. Basedfqn the method of Second-ordérlmoment.and story displace-
ment criterion the‘faiiure pfobabilitycan be‘obtainéd, from which a
more_resonable'liﬁit‘hgighf of masonry building can be‘déterminated.

- 2. The soil—struéture interactioq and sﬁat;al‘éffect of building
are two problems, which must be further inveaiigatéd. But, in general,
" their. effects make the building in safety side, therefore it may be
considered when allowable failure probabilityshould be determined.
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. SEISHIC RELIABILITY ANALYSIS OF B!U'LTI—S'I‘ORY BRICK BUILDINGS

Jinren J].a.ng . F!ang Hong e

ABSTRACT

A method for assessing fa.xlu.re probshility of multi-story brick
buildings subjeoted to seismio lcading is desoribed. In order tc ana~
lyze the atochastic seismio reaponse of hysteretio brick buildings by
equivalent linearization, the effective parameters of a simple brick
structure with restoring force model proposed are determined from ine—
lastic reaponse spectra. A two parameter damage criterion model is ob-
tained based on test data of brick wall. The struotural failure proda-
bility is evaluated on the basis of two parameter damage oriterion.

=

INTRODUCTION

. Multi-etory brick building is a widely used type of struoture in
industrial and civil buildings in China. It is known from the axperience
of large earthquakes that the aseismic capacity of such structures is

. very poor and some degree of damage is unsvoids.bls whsn subjeoted to
high intensity earthquake motion. In order to assess or ‘predict the
earthquake damage of such bullding in a syeoified period, a method for
analyzing the seismic reliability or fe.ilure ‘probability of suoch. buil-
1ing 1s necessary. This method must include the \mcsrtainty of oocurence
of earthquake,  the randomness of. sarthqusbs ground motion,: the inelas-
tie and nonlinear behavior of struoturo and the hystorotio ohu'aotori-
stics and uncertainty of the stmotural resistance. '

A moethod for analyzing the seismio mliability of oulti-etory bri-
ck buildings, whioh. includes all of the above. fsotorl but in a simpli-
fied way, is proposed. Fer illustra.tion, ,tho mthod ia spplied toa .
- J-etory buildmg designed sooording to. chiness ueisnio cods (1 )e

STRUCTURAL HODEL AID MUIVALEN‘I' PLRAKEI'ERS

, nulti-story brick build.ing: sub;joctod to osrthquakn motions can be
modeled in sufficent accuracy as hysteretic’ multi-deégree~of-fradom
shear beam system. It has been shown (2)-that for a nonlinear WDF sys-
tem subjécted to stationary random base ‘motion, if the ‘behavior of its
“nonlinear members depends only. on the relative coordinate between the
msss (such as shear beam system), the: equivslent ‘system oan be achie-
ved by simply replaoing esch nonl:i.nea.r msmber 'tw sn olnstic member with

® usociate Professor, ]:nstitute of mginoering neohanics,
State Seismological Bureau, China.

*# Research Assistant, Centre for. Ea.rthqum !onitoring and Ressa.rch
in’ Northssst, 348, China,

TV=6-=1



equivalent parameters, determined as for a SDF system. Therefore, in
ordsr to cobtain the equivalent MDF syastem, the equivalent parameters of
a simple hysteretic brick stiructure must be determined. The equatior
of motion of such structure is

nﬁi+z;fﬁﬁ+kz--ﬁa ' (1)

where; z is the hysteretic part of the restoring force. According to.
test data, a restoring foroe model is proposed as follows (Fige?).

- (/(2nQ)) (102 ¢+ &jz)) 2)
in vhich k is the initial stiffness; Q is the ultimate strength; }]a
the parameter governing the degradation of stirength.

<dily
Up) ~ (d up)Q
ne-lrome e 00,
Q1/q R U 2 fly

where; Q is the friotional strength dus to normal stress, “n is the
maximim éisplaoement, uy is the nominal yield displa.cement, o and {3 are
paramsters and here take values of 4.5 and 7. 5 respecturely.

The eq_uiva.lont parameters of the simple brick structure with such
restoring foroe can be -determined from inelastic response spectra (3).
An ensemble of teh _earthquake accelerograms are chosen to calculate the
inslastic responsa. spectra. The peak acceleration of zach a.ccelerogran
is adjusted so that the mean squared difference between the response
spectrum of the earthquake and the Chinese code design response spec—
trum for site IT and intensity VNI (1) in the period range of 0.1 — 4.0
seo. to be minimized..

The average inelastio response spactra. over the ensemble of acoe=
lerograms for duotility ratio u of 0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 and
the elastic response spectra for various damping are obtained., Pig.2
ghows the average inelastic response spectra for duotility ratio of 8.0
and the 0.16 damped average elastic response spectra. It can be seen
that the spectrum for Me 8.0 would lie almost exactly on the 0.16
damped elastic apeotmn if that spectrum is shifted in period by a
faotor of 2.0, This feot. indicates that it is possible tc replace a
nonlinear system by an- equivalant linear system whioh will give nearly
the same peak reaponse ‘an  the nonhnea.r system over a range of periods.

" 1et SDn(Tj_, Ty ) ‘be the average apectral displacement of the hys-
teretic system and SDB(oTl, Ze) be the average spectral displacement.
of a linear systam with period oTy and damping Ze- .

ne differencs between these two speotra.l dlsplaoements may be
maasured as

£y - (-sn.(c'ri, Ze) = BDn(Tys 2, p)) / Sa(TsZsp)  (4)
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The mean squared difference can ba axpressed as
L L& 2
52-—-2 £ . (%)
where, ¥ « 12 is the number of period. The optimum equ.i.ve.lent parame—

ters Tq /T = c and &4 are obtained from the condition that the speo-
tral difference attains its minimum.

Pig.3 and 4 show Ty / T - 1 and T, - Z versus u respectively. The
least square f1t {0 the data points leads to the equivalent period

Te = T(1 + 0. 1858}10’8187) C (6)

or the equiva.lent atifmess

‘ - X(1 + 0.1858/40'8187) M

and the equivalent damping

= &+ 0.06641 /.¢°'3‘°” - (8)

STOCHASTIC SETSNIC RESPONSE ANALYSIS

The earthquake ground motions may be modeled as a filtered Gaus-
sian process with zerc mean and a speocified power speotra density
funotion. The mean square acceleration of the prooesa can be expressed
as

21 =Y 8GRE ' 9y

in wh:l.oh, O'a 18 the mean square acceleration of a stationary Ganssian
process. When the process is specified hy the !id.ely used Kanai-Tajimi
speotrum, o”a is expressed as

Ta’ -jS(w)dw —;—ﬂ-u 4:, - o

in which wjand Z, are epeotml parameters, reproaaing the natural tn—f-
quenoy and damping of the grotmd filter; G is the npeatr&l intensity
of white noise process. _ .

Y(t) is the envelop funotion defined as

Tv=6-3



(t /)2 - o=t=t,

Y(t) =3 ‘ t1<t<t2- _ - (1)

in which ty, t2 and o are pa.rametern.

. For simplification, and considering that what we are interested
in are the maximum chapla.cement and accumilated energy dissipation
rather. than the response process, the nonstationary procese may be
replaced by an equivalent stationary process, the duration T of which
is given by that of the intensity m excess of 50% of the peak value
and 1ts mean squm acceleration G'n is taken as the time average over

Tof g (t), i.e.

+

LTty '
Gn = [, W et - na (12)
2 .
K - (-»&h + 12 + iO) /T : (13)
= - t1/2 + t5/2 + 1nd/o ‘ ' (14)

The spectral intensity S, can be determined from the maximum
ground ecceleration Qpsy by using the following relationshap

amax r(ﬁ, "ﬂa'a‘ ._ . ‘ (15)

in which r is the peak factor.

The parameters of earthquake loading and their coefficients of
variation are listed in Table 1 (4),

The essenoe of the response to the filterell Gaussian excitsation
mway be described for a SDF system. The equatxon of motmn c:n be wT: t-
ten as .

U+ 22 4+ u - 2l -wdua0 . (1)
| “8 + 2(305:.18 +wg ug = - f(t) : (1.7')

in \rhich f(t) is the white noise excitation. Introdnoing vector. {r}
(71 = uy y2 = 4, y3 = ug y4 - ), eqs (16) and (17) oan be -armtten :
aa .

%{Y} + [6]{Y} = {f(t)} (»18)‘
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 Iet (8] be the covariance matrix >f {Y| with the element 814 = E[yi y:"
for the stationary excitation it can be shown that (S' satisfy tho ‘
following matrix equation

a){s} + (8){0)T = (B} - (19)

in which (@] 1s the matrix of the struotural system pa:ramatarag' (B} 18 _
the exoitation matrix with by = 27MS.,and other elements equal to zero.
For MDP system, the same matrix equation as eq,(19) ocan be obtained.

The solution of eq,(19) must 'be obtained iteratively. An effective so- - |

lution of tho matrix equation has been given ‘by Bartals and Stewart
(5) ’ 3
Knowing the root mean square displacemant (y, the mean value. 1'5,

and root mean square value uy of the maximum displacoment are eaay to '
obtain as follows

e o = 05112 et
Uy = PO, 9 o =J§mvr.+%§ . (20)
| ‘ T 1 o . - - N _
m " . - : 1 T
Ouy = 10u 1 zfﬁ )(2‘ ) e

in which V is the expected zem—omﬂsing rato. . ' s -

The mean value ¢ and root ‘mean square va.lus G“ of the anoumlated -
snergy d.issipa.tion can be computed from the follcvin,g equa.tions (4)

£ = 2ougnGT ey
q-g§ (@)
with : |

6 (i e e

DAMAGE . CRTTERIOR

In order to evaluate the failure probability of. structure, a ori-
terion to accurately assess the struotural damage ia necessary. Re-
cently a two parameter damage criterion has been proposed for B/C :
atructures, According to the test data at TEM, a brick structure undor
earthquake loadings is damaged by a oombination of mimm response
and mumber of loading cyclee as for a‘ R/C structure.. consistent with
this behavior, the maximum deformation & and the acoumulated snergy'
d.ilsipation JAE are chosen as damage-controlling va.riablas. .Based on -
the test reatoring force curve lata of 45 brick wall. speoimens, ‘it is
found that the damage index is expressed as a nonlinear ﬁmotion of dy
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.and (AR as follows.

“y

 in which dE is the incremental sbsorbed hysteretic energy and (4B ia
the asccumulative energy dissipation.

The damage index contains two parameters u. and Q. The Q is deter—.
mined from eq.28; Uy = Q/K with K determined from eq.30.

The damage index r# follows Weibull distribution (Pig.5)

()2 4 e 1y (25)

F(r4) = 1 - exp(- Spgs) e

. with the mean va.lne and mean squara value equal to 14.61 and 33. 34 reg-
pectively.

o It should be notod that tho failure defined here corresponds to

~ the generally defined moderate to serious earthquake damage to brick

t buildings ‘ ‘ ‘

. STRUCTURAL PARAMETERS AFD THEIR UNCERTAINTIES

<

Fbr ehea.r beam model, the mod.el parameters are the story mass,
: atrength, stiffness and viscous d.amp ratio, which can be expressed as
follown,. .

The story mass

B = {('.' T"" Y& for floor | (21)
(W, + W, )Y/g  for roof

in which Wy is the story dea.d loads; W, is the story live loads (perma-
- nent live loads "-P plus tempora:y live loads W,, )i L5 is the snow load
.-on the roof.

. The stor,v uJ.timate atrength
Q= 0.711(-33 + f0) | \ | ~ (28)

1n .which A ia the croes-section area ‘of etory wall in the direction

cons:.dered; f is the friction ooefficient along the wall, assumed to

© be 0.7y ¢ is the normal stress in the wall; Rj is the shear strength
along step sac'hon of tha wall: and may be expressed as
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Ry = 0-4J§2(R2 - 1)/Bp J A (39)

-in which Ry is the strength of mortar. 5 AT
o The story initial stiffnees e

(0.77 + 0.23 )Ebr
TBAAB0 +9) + (B/1F]

"' 1in whioch v is the Poisson ratio and can be assumed to be. Q.135.h, 1,
. and b are the height, length and width of tha wally E is the modulus
. of elast1c1ty and may be ezpressed ag .

)

(30)

B = {333-3R - - Rs15 ks/cm » (31,)' : ‘
1000(1 - 10/R) R>15 kg/on? .

- in which R is the compreas:.ve stmngth of the wall and ma.y be expreuod
as ‘

R - (0.1,1—1 + o.zr)m - (-32)‘_‘; o

in whioh Ry ia the atrength of brick.

The oooffioienta of variation of nod.el pa.ra.netera can be expraased
as : : .

-4«&: .
in whioch 4, is the ‘inherent variability of the para.neter and Ap is the '
uncertainty due to error of eatimation. J, can be obtained from the :
- prediocting formula, if the coefficients of variation of ita basic vari-

ables are known. The coefficients of variation.of the related basio -
variables and predicting formulag are listed in Table 2 (4). —

m.marmr mns:s '
In the following, eatimation of failure probability of atructure nr

on the basis of two-parameter criterion is given. The failure probabi- ‘
lity of structura in a. spem.fied period T nay bo erpresaed as o

Pf -f (R< S/a.) p(a.)dn
.zd(a<s/a-iu)r?,(ha--§<a<m+-y) o (34) 'v



in which cl(Rts/a) is the conditional failure probability of the struo-

* ture,. being given the ‘peak acceleration of ground motion, a; B(a)da is

the, probability of oocurence of the acceleration of ground motion with
intensity between -4 and Mda; iaa is the discretization of acceleration
of ‘ground ‘motion. P( ) is obtained from the ‘hazard analysis results.

d;(.;) - J’r _(x/a-i a)Pgp(x)ax - (35‘) .

in whioh ll\R(x) is. the probability distribution function of the s'l:nm-
- tural resisisnce and is expressed by eq.26; fs(-) is the probability
density function of. the load effects which must be expressed in terms
of the ‘damage index in consistent with the resistance. From the first
.order approximation the mean value of the load effect can be expressed
as : - :

‘(( um)z ’3 67(- ;)1.12]? - (36‘)'

The var;l.qnoe of the loa.d effect ocomes from the randomness of ear‘l:hquakv ‘
loading, uncertainties of. _parameters and error of model. From the first
order approximtion the three parts of variance can be erpressed a8 .
rollawé raspeotival,y :

ar1{31 ( (1 23y’ of+2fu,£<3s e, G
| m-a[s] Z}Z(ap1 (Zg J)fijai,io'p . | (38)
vm{sl-( >(J1u.> +( >"’(J,e> 20,2 (3 )(Jw,,)(crzs) 69)

1n the a.bcve equatione the partial denva.tlves take values at the mean
valuey (BS/aPi) 1 the sensitivity coefficient corresponding to parame-
" %ei p; and may be determined: by central finite difference ¢ are cor-
‘relation coefficientsy d'1 and 5, are the .coefficienta of variation of
uy &nd g due to- modal .error ‘and are assumed here to be 0 22 and 0.20

B respective]y.

The probability distribution of load effect can reasonably be
assumed to be Quibel Type I distribution. Wher the conditional failure

E proba.bility is 1args, ‘ite value is not sens:l.tlve to the type of d.‘l.stn-

bution of load affact.

EKAHPIE A.PPLICATIO'N

As an example a.pplioation of the method outlined sbm, a 3-story
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bnok build.ing dssi@ed acoording to the Chinese Selsnio Code (1) for
intensity  ¥IIT on intermediate soil site. is analyzed. The- structura.l
parameters and their coeffiocient of variation are listed in Table 3,
The value ot‘ dmay corresponding to intensity VIII is assumed to be

250 om/sec?,

Pig.6 showa the mean value of damage index in each of the three
stories for four ground acceleration levels of 62.5, 125, 250.and 500
on/ggo?.‘ It is seen that for the four acoelarat:.on levels the smarimum
damage index all occurred in the first story. 'I‘harefona the seismic °
reliability of the first story of the building is analyzed. The mean
valua, root mean square value and coefficient of varistion. of the da-
mage index in the first atory are listed in Table 4 along‘ th the
percentage contribution of the randomness of earthquako, ’l.maerta.intms
of struotural parameters and error of- nodsl to the n.rianoe of damage
index. The conditional failure probabilities of the firat story for
the four aoceleration levels are 0.9088:107 , 0.9112x107,; 0.5210:10""
and '0.5079 reapeotively Using ‘the aeinuo hagzard curve for a site in
Pei jingshown in P:Lg 7, it 1e obtained’ thnt the fa.ilure prnba‘bility of
the figs;- etory of the 3—01;017 brick: Mld.‘l.ng in 50 you.rs of lifetime
is 2.1 .

OOIGIIBIW

A method for aasessing fa.:l.lure probability of uulti-atory brick
buildings subjectod. to earthqua.lm load.ing or the basis of two—parametier
damage oriterion is given. The: -othod inoludea the randomness of earth-
quake, the inelastic behavior of stmture, the hysteretic oharacteris-
tice of the struntura.l resista.noe, the uncertainties of the .structural
paramcters and the error of the model. For praotical purposés, however,
aimplifica.tions had to be mde. 'I'hareforo the method should be vali-
dated using damage data of brick buildings from past earthguake. -
yorever, the oomputation of the response moerta.inty ise oomplioated ’
and the a.pproa.oh to :I.ts sinplif:l.ostion meds to find

1. The Aseisnmic Design coda for Indnstria.l A.nd c1v11 mmmg- (TJ 11-
78), 1979 (in Chinese). .

' 2.. Spanoca, P—T. D. and Im, W. D., “On the E:intmoe and miqmneas
‘ of Solutions Genera.ted by Equivalent I.d.nea.risa,tion," Int, .'g. Non-
linear Mech., 7.13, K2y 1978.-.‘

3+« Iwan, i. 1)., "mtimting melastic nespcnsn spactra. from Elast:lc
Speotm," D. v.8, ¥.4, 1980.

4. Jisng, J. . and ¥, Hong, "Reliability A.na.'lycia of lu.lti-etory
Brick Bui].dinga Subjeoted. to Seismic Ipad, Earthgquake Engineering

‘r‘v-s-e"’



and Bngineering Vibration, V.5, N.4, 1985 (in Chinese)

5. Bartels, R. H. and Stewart, 0. W., " Solution of the Matrir Egqua~
tion AX + XB = C," Algorithn 432 in COImunioationa of the AGH,
 Ve15, W9, 1972
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RARTHQUAKE RESISTANT RELIABILITY OF

BRICK RESIDENTIAL BUILDINGS
‘Huo- Zigheng (1)

ABSTRACT

ln this paper, the earthquake response deformations of
multistory brick residentizl buildings built nowadays are A
determined by the seriea model of multiple degree of freedom and
40 seismic waves on the basis aof test data of wall fragments, and
the probability distribution of the above-mentioned deformations
and the values of detormation of wall fraggants by tests are
examined.

Besidea, the probability of failuro of multistory brick
residential buildings are calculated by the linear-socond moment
check point method on the basis of the statistic probability Para-
meters obtained, and the quantitative relationahip batween the
probability of failure and the rmumber of stories of brick roaidon-
tial bulldings and that between the latter and earthguake intensi-
ties are ‘discussed.

f

(1) Engineer. Shaanxi Research Institute of Building and Construc-
tion. the People's Republic of China. '

The mathematical calculations involved herein are carried ous
with the help of Engineers wang Wenguang, Zhang Ino, lan Jie,
Zhang Yao and Zhai Houqin. _



I CALCUIATION OF EARTHQUAKE RESISTANT RELIABILITY OF
STRUCTURES BY LINEAR-SECOND MOMENT CHECK POINT METHOD .

[ ' ; : : s ] '
‘The' Uniform Standard on Structural Design of Buildings of the
People's Republic of " China states that the limit design or 8.
structnre must meet the following requirement:.

g(8,B) =R-83>0 | (1)

in which ‘
S8 = affect of action of load on structure

R = resistance of structure ) .
Gf course this fundamental requiroment also applies to aoisnic

design

1% is generally accopted that the design criterion of buildings
in seismic areas is that they shouldn'¢t fail unﬂor small
earthquakes or collapse under violent. oarthquakea and the quantita- .
tive atandarﬂ is deformation. Hhen the’ reaponae derormation of &
maaunry structure under: sarthquake action #xceeds its allovable
deformation, it means that the structure faila. In fact the seismic-
response deformation of & structure and the allowahle deformation
of a structural wall datermined by test are all random variables,
that is to say, the deformationa ef a structure under different
earthquake actionS, even if the peak values of acceleration being
equal, are not aluaya the same, they all obey certain probability
dissribution, and so does the allowsble deformation of & structural
wall determined by tests. Therefore, the problem of reliability

of 8 masonry structure under earthquake action is actually a
problem of quantitative determination based upon the fundamental
variatiles mentioned above.

According to the 1inear-seconﬂ moment limit state design
method, when the two fundamental variebles are of normal distribu-
tion, the index of reliability may be determined by the following
formulal E ‘ . .

a - ﬂ .
R (2)

[ s2., <2 .
J"’a* s

in whiech

B'= index of reliability

Rg, 64 = the averageé value and standard deviation of the
effect of action of lodd(which is retered to as the soiamic

response deformation in this paper).




B, »8 = the average value and standard deviation of resis-
tance ( which is refered to as the allovahle deformation of
structural wall in this paper )a

Since the response and the allowable deformation do not always
obey normal distribution, the statistical parameters in the formula
for calculating relinbility should undergo a process of equivalent
normalization, and their expressions aret

TRV _ -1 *\ 16 '“ < o
X, = Xy -7 (R (xi)J % (3)
i i
6 ' _ =1 - . * ., ) * B )
x, =¢L @7 (p, (x)I¥/2y (x) | (4)
. i - i
in whlch ‘
P(s) = normalized normal function of density
®$-1(+ = irverse function of normaliged normal function

P(-) = probabllity tunction
£() = probabil.‘l.ty mnction of dens:l.ty

*
Xy = assumed coordinate of check pcint

Bg'i .6x'L = equivalently normali.zcd average value and
standard deviation '

The state of distribution of randos varidbles is determined by .
K—S examination, and the index of reliability is cal@ulated by
equivalent normalization of parameters#z'y , 6 ;¢; , and thus the
probability of feilure Ps is determined as: :

Be=®-5) )

actually, the values ot 3 and Pf may- be dotermined by succe-
8s8ive 1ter%tion of formula (2), (3) and (4). Asaign the initial
value of Xy first, then the check point ‘of resistance and effect
for tne next atep are calculated by the following formlas respec-
tlvelyz '

Xy slxi reyx, cos exi o e
’ ,?‘5 ‘ .
S Y
cos @, = e it
. [ LY 3 z]z_
; ) 4‘-‘151(-_5-—‘,,?*. 50 b

v=7-3



and ;hus &0 on with cyclic lterative method. When

1t is considered that~tﬁe index of reliability is obtained. The
block diagram of calculation is as follows:

Begin

Type of distribution of the
known  resistance and effect and the
statistical parameters H , &

The known limit state equation

R~S=0 T
He assumed initial check point |
is Xy = 8 ' . | L

‘Equivalent normaligation of
non-normal basic variables

Calculating cos@ yi by formula
(6) _

Calculating B x4y and the check
polnt of next iterative computation

,:1

Let:Xi.q=X] Bxg -Bruy) Se

“nol:

'iyes

- TV=1-4



1

Calculating the probability of
failure Py

Results of calculat:l.on of ﬁ
Pf! X4

The end

H DEFORMATION: REbPOHbE OF BRICK BUILDINGS AND
RESISTANCB OF BRICK WALL

‘1% ia considered %111 now that the direct dynamic method of

. solving the differential equation of motiom (7) by inputting the
‘selsmic waves is a reasonable method for solving earthquake res-
ponae."A brick residential building can bs simplified as az series
system of multiple degree of freedom {fig 1).
If the mass of polnt mess, story rigidity
"of each story, story strength and "the

mode of restoring force" characterizing

the whole process of the relationahip
between force and deformation are

known, the story rssponse deformation

can then be determined by imputting

any seismic wave at ths base of

foundation and 3ubstituting equation

(7) ins

rnJ{r}+£c3{x}+m{z}=-Enl{r } - o

in which '
n mass matrix of mass point '
E 3{? = story rigidity and damping watrixes
{Y} = story displacemsnt, velocity and acceleration
column matrizes
{Yg]'= acceleration of aeiamic vave column matrixea

"In fact, the values of story mass (weight), story rigidity and

V=75



story strength of brick residential buildings are within certain
limits, i.e. the atory weight is about 1118 xs/n"'. the story ri-
gldity 1s about 200250 K§/cm-mZ2_and

the story airength is about
20—70 KN/m? when calculated
according to the floor area
of a building, and they are
smaller for upper stories
and larger for lower stories,
Reference (2) give= thnir

(4,1

average values for a 531135 
of existimg buildings from
statistical estimation.. as
shewn in tabkles 1, and also
the non-dimentional’ , mode
of restoring force based
upen the teat results of
aide thrust tests of 68 :
brick wall fragments as ‘ .
shown in fig 2(taking limit f‘, 2 ‘
load as unity).
' Calculated structural parametera from statiatics
for multistory brick atructures _ table °
I
W of stories weight(xm/mé) Rigidity(KN/cm L:ahgl‘i’i;f;;‘ /m 2¢

10 11.5. 22? 1 30,1

9 2.0 . a 227.1 ‘ '33.3

8 13.0 22T7.1 . 36,2

7 14,0 .258.8 42.5

6 14.0 266.5 46,9

' 5 '1;6-0_ X 33405 . ,5305

4 16.0 . T74,0 67.2

3 . .0 ' - 414.9 ‘ -Toos

2 17.0 ‘ ’455. ' 74, 5

llbte: The calculated load carrying capacity againss lateral
‘ force per unit area of a building

Snbstituting the above parameters in oquation('n. inputting

40 selspic waves apd adjusting the peak value of acceleration

of each seismic wave to the same wvaluve, determine the deformation
response, It is shown from eslculation that the deformation
response is dlfferent for different seismic vaves., Taking eight
story bullding as an example, when & seismic wave having i¢a pesak
fcceleration of O,4g 13 inputted and the deformation response of
each story being of lognormal distribtmtion, the probability pa-
rameters are as shovn in table 2, .
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Probability parameters for an eight story building
v when the peak mcceleration of seismic wave im o,7g table?2

Story "Average valuo .~ Mean Bquare deviation
18% 0,12786 . 0.04541
2nd 0.12534 0,04651
C 3rd 0.12004 0.04483
4th 0.16417 . 0.,08292 .
5th 0.13567 ' 0.04817
6th - 0.12392 0.0402%
Tth . - 0,09253 0,02828
8th 0.05221 ‘ 0.01524

Notes the data listed above are calculated on the basis
that the story limit deformation in unity,

Besides, the mode shown in fig 2 is omly an average, but it
obeys actually certain typs of distribution. The probability para=
meters of initial crack and failure (both of them are lognormal
distribution) are = shown in table 3,

Probability parameters of Structural resistance table 3
Initiel crack Failure
Average value 0.21048 1.00
Mean square deviation 0.08964 0.87

nIEARTHQUAKE RESISTANT RELIABILITY OP BRICK
RESIDENTIAL BUILDIRGS
In fact, the deformation paerameters shown in table 2 for

brick residential buildings of various number of stories cam be
obtained when inputting seismic waves of different peek accelera.
tions, Amd the earthquake resistant reliability and probability
of failure of each story of a building can be obtained by using
the linear-—-second moment method and the parameters shown in teble
3. 3ince maximum deformation always occur in the weakest story of
a building, the meximum probability of failure must occur in the
same story. We consider that the probability of failure of the
story in which the meximum probability of fallure cccurs repre-— )
sents the probability of failure of the building. Table 4 shows
the probability of failure of an eight story residential building
vhen the peak acceleration is 0.2g. It 18 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 3.2%.

ant€
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The probability of failnre of an eight story
‘residential building #

Story
18%

Znd

3rd

‘4th

. 5th

6th

7th

Bth

Initial cfécﬁ"'

18.6
17.8

15.8

32°7

21.7

6.0
0.3

Table 4
‘Pallure
1.3
1.2
1.1
3.2
1.5
1.1
0.4
0.05

The probability of failure for buildings of various number 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

seen from the table that the greater the number of stories and the

larger the peak acceleration, the greater the probability ot

failure.

Results of calculation of probability of failure

of brick residential buildings (%)

Peak of

0.’8

0.5

acceleration
State of Initial PFallure
‘failure crack
10 . 6.6
No nf 8 '

‘stories . 6

IV-7-8

Initial Pailure

Table 5
0.4g
Initial . Failure
crack ‘
4.6
4,0 88.0  33.9
TT.4  23.7
57.8 6.8
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Institute of Building and Construction, - 1985

V=7=9



COMPARISON OF U.S. AND CHINESE METHODOLOGIES
FOR THE SEISMIC EVALUATION AND STRENGTHENING
OF EXISTING UNREINFORCED MASONRY STRUCTURES

‘Neil M. Hawkinsl, F. Chou2 and X. Yin>

SUMMARY

A comparison is made of the separately developed and tested U.S. and
Chinese methodologies for the seismic evaluation and strengthening of ‘
existing unreinforced multistory masonry buildings. It -is shown that the
methodologies of both countries work reasonably well for the type of
unreinforced’ masonry building encountered in that country. ' However,
neither is appropriate for the building type commonly encountered in the
other country. There are major differences in the dynamic models assumed

in the two methodologies, in the assumed increase in shear strength with
axial 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 the appropriate procedures for such evaluations and: any necessary.
subsequent strengthening. What is clear is that a structure's totidl dyna-
'mic response must be considered. If a building is strengthened inappro-
priately, from a dynamic response viewpoint, 1its'seismic resistance for
subsequent. earthquakes can be lowered to less than that extant.before .
strengthening (1,2). It is better, and undoubtedly more cost effective, _
to work with the building's existing 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 part of a research study of the "Seismic Strengthen—
ing of Unreinforced Masonry and Inadequate Strength. Concrete Frame Build-
ings. - That research was sponsored by the US National Science Foundation
under grant CEE-8212079 and was a joint activity of the Department of Civil
Engineering, University of Washlngton, and the Institute of Earthquake
Englneering, China. Academy of Bu11ding Research.

‘1 Professor and Chairman; 2, 3 Research’ A551stants, Civil Engineering,
University of Washington, Seattle WA 98195
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AMERTICAN URM BUILDINGS AND
EVALUATION PROCEDURE (7)

Characteristics of American URM Building

Shown in ,Fig. 1 is the floor plan and elevation of a Seattle URM
building that has characteristics typical of American URM buildings.
Surveys (7,8) have shown that American URM buildings generally have the
following characteristics:

(1) 1In their unstrengthened state, they are not engineered for either
vertical or lateral loads. They were constructed at the turn of the
century and were proportloned by rules of thumb.

(2) The URM walls are bearing walls located on the bu1ldlng s.perimeter.

‘ Typically their height to-thickness ratios are between 10 and 20.
The interior of the ‘building ‘is spacious.

(3) The roof and- floor systems are timber.

(4) Ties connect the exterior masonry walls to the floors and roofs.
However; the spacing and size of those ties are arbitrary and their
strength usually inadequate for severe excitations.

(5) . The thick walls make. the building's weight significant. Consequently,
subsoil conditions “have little 1nfluence on the building's response
unless 1t is- located on Fill.

(6) There are many large openings in the exterior walls, especially in the
first story. :

(7) There are often ornaments on the bulldlng s facades and parapets,
gables and chimneys on its roof.

(8) Several bu1ld1ngs with abutting walls often constitute a city block.
‘In an. earthquake those buildings respond as a single unit rather than
as individual units. T P

" URM buildings have suffered badly in US earthquakes with the degree
of damage being almost: directly déependent on the 1ntensity of the ground
motion. For strong motions in 0.2G. regions, damage has been due primarily
to the breaking away of - 1nadequately anchored parapets,'cornices, ete., v
.and the collapse of ‘inadequately tied URM walls under out-pof-plane bending
actions. Only for base motions 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
of about 0.4G (6) '

eAmerican Evaluation Procedure

The most widely accepted ‘American methodology, the ABK methodology (7)
recognizes ‘that’ appropriate evaluation procedures differ according to the
EPA Zone, 0.1G, 0.2G or '0.4G in .which the building is located. A shortened
flow chart for a URM buildlng in an EPA Zone of 0.4G is shown in Fig. 2.
The methodology has" essentlally three parts: (1) a field survey of the
ex1st1ng building; (2) a ‘seismic evaluation- based on the results of the
field survey; 'and (3) design of the required retrofit.

1v-8-2



The seismic evaluation has three major phases involving examination
of: (1) the adequacy of the anchorages connecting the walls to the roof
and floors; (2) the dynamic stability of the walls for out-of-plane load-
ing; and (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 rigild
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 severe
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-
yvielding diapﬁragms Only when ground accelerations become large is crack-
ing of the in-plane walls likely, and then two modes of failure are
possible: (1) collapse of the piers.between doors ‘and ‘windows in combined
axial loading and shear; and (2) concentration of damage at ome 'floor level
due to an inadequate lateral ‘load restoring -capacity for the. given dis-

placement.

For combined axial load and shear, the maximum shear force, Vy, that
can be carried by a given piler is taken as 273 Va times the net area of the
pier. The allowable bed-joint shear, Vs, is determined” frcm in-place shear
tests on' individual brlcks and is taken as:

v, o= A(BV + co) ) o (1)
where A = .a constant to adjust for wnrkmanshlp and taken as. O 753
"B = reductlon factor to adjust test values for probable bondlng
,'of collar joint and taken as 0.75; )
A = basic bed-joint shear stress ‘equal to stress for which 20

percent of test values are less, when test values are adjusted
. to value for zero axial stress on bed-joint; and
o, = axjal stress normal to bed-joint. :

For a wall with frequent openings, lateral dlsplacementé are likely ro
cause cracking thréugh the depth of the ends of the piers as shown in
Fig. 3. Experiments (7) have demonstrated that the maximum lateral load
restoring shear resistance, Vg, for that situation is effectively:

¢

Vg = 0.9 PD/H : | S | (2)

where P {1s the axial force on the pier; D  its dépth in the direction of
motion and H its height. ‘ -

CHINESE URM BUILDINGS
AND EVALUATION PROCEDURE (5,10)

China has unique fleld experience on the performance of masonry build-
ings as a result of the 1975 Haicheng and 1976 Tangshan earthquakes. China
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has learned that buildings up to six stories in height, when evaluated, and
if necessary strengthened according to the procedures described in

References 5 and 10 ‘can resist intense ground shaking with only llmited
damage and without collapse.

Characteristics of Chinese URM Buildingé

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 ratios are typically 20 to 40 for perimter 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 are considerably greater than for the older US URM buildings;

{3) Roof and floor systems are cast-in-place or precast, made moncolithic,
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 multiple URM cross-walls; (6) Walls are
arranged symmetrlcally throughout the building's plan and are continuous
over its height; (7) The fraction of the perimeter wall area punctured by
holes is considerably less than for an American Building.

The earthquake performance of non-strengthened Chinese buildings has
depended more on the total structural concept for the building, and the
faithfulness with which that conceot was executed, than the adequacy of the
individual structural components. The poorest performance has been
for buildings for which the framing was essentially longitudinal loéad-
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 eleation 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 desirablllty 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 piers
were approximatelv the same; and the desirability of keeping vertical open-
ings for refuse chutes, drains, etc., out of areas, such as connectlons,
that are vital to the structural integrity of the building.

Chinese Evaluation Procedure

The Chinese seismic evaluatibn 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, etce. ) 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 minimums 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 Ting
beams and walls and roof. e

The shear resistance, Vy, of a wall is based on the formula:

: R , . ,
Vi/ A, LV, (1 + ao/vt.)/K | (3>
where K = factor of safety, taken for load-bearing walls, as 2.0 for

design intensity 7 (EPA of 0.1G), and 1.4 for intensities
8'and 9 (EPA's of 0.2 and 0. 4G) and reduced by 25% for non-
load-bearing ‘walls.

T = coefficient for non-uniform distribution of shear stress
- and equal to 1.2 for a rectangular cross-section.
v, = tensile strength of wall. Value is related directly to
. mortar strength and equelsZ:kg/cm2 for 25 kg/cm? mortar.
0, = average compressive stress on wall, :
Ae = effective cross- sectional area -of wall. Equal to thickness .
. times effective length at mid- height. ‘If height to thickness-

of pier exceeds 5.0, its Ae is taken as zero.

For buildings with rigid diaphragms, calculations for wall-to-floor
area ratios utilize the A, values for all walls parallel to the seismic
loading direction.  For flexible diaphragms, separate calculations are made
for each wall. For buildings with precast reinforced concrete diaphragms,
wall-to-floor area ratios are computed using the average of the ratios for
a stlff and a flex1ble diaphragm

COMPARISON OF AMERICAN AND CHINESE EVALUATION PROCEDURES

The philosophies of the American aud Chinese procedures differ. The
American procedure is closely tied to dynamic responses observed in 1abora—
tory tests on elements. The Chinese: procedure is ‘tied to what has proven
effective for their buildings in severe earthquakes Obviously, each pro-
cedure is effective for the given country' s construction.* Both procedures
presume that ‘the walls in the direction of the motion respond essentially
in shear and that ties between out- of-plane ‘walls and" diaphragms are
critical to effective performance. Differences result primarily from the
diaphragm's assumed response and the nature of the interior gravity load-
carrying system. A flexible wooden diaphragm is the norm in an American
building and a rigid diaphragm tlie norm in a Chinese building “Further,
wall-to~floor and roof ties are more frequent and more reliable in their
characteristics for Chinese than American comstruction. Interjor partition
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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-thickness ratios are also greater for Chinese
than American buildings. - Finally, in China ventilation ducts and refuse
chutes are often buried in. the wall. reduc1ng their effective thickness,
while in the USA the walls at: the’ lowest floor level are often punctured by
large openings for store fronts and doors.w Thus, in-plane“wall failures in
shear are consistent, with Chinese ‘construction and out-of-plane wall fail-

ures for the upper floors are- consistent w1th the inadequate ties and
softer lower stories of USA buildings. o

The Chinese and American procedures wére used .to evaluate the building
whose plan and elevation are shown 4n- Fig.»ln That evaluation was made for
EPA Zones of both 0.2 and 0.4G (Chinese intensitles of 8 and 9). The
vertical load- -carrying system for the- building was interior timber columns,
timber diaphragms and URM clay brick lime’ mortar walls. C0n51stent with
results for in-situ’ tests on buildings of similar age in the same area of
Seattle, the compressive strength of the mortar and brick were taken as 300
and 1,000 psi, respectively. Since both the Chinese and US procedures
vielded almost the same base shear for low-level excitations, direct numer-
ical comparisons between the two procedures were possible. Only differences

in the predicted in-plane capacities of the walls are examined in this
discussion. -

Shown in Iable 1 are the predicted locations of the weakest story in

strength predicted‘as necessary for 1ntensit1es 8 and 9, respectively For

-ocedure; the building was weakest at the second floor on wall
line A (Fig.‘w,qu ith the 1,4 factor of safety for the .Chinese procedure
neglected that wallihad only 66.-and 33% of the strength predicted as nec-
essary for intensities of 8 and 9, respectively _For “the ‘American proce-
dure with restoring capacity 1ssues- ignored the building was_predicted as
weakest on wall line ‘A, "but at the fifth-floor level. Eurther,,the,
strength was inadequate only. for an 'EPA Zone of 0.46. ' '

That building withstood the 1965 Seattle earthquake without damage.
Maximum ground accelerations in . the N-S and E~W directions were almost
equal at about 0. 0856. Thus, the response of the building in the 1965
quake was consistent w1th the predictions of both procedures. However,
according. to the Chinese procedure, wall A w0uld have collapsed if the E-W
’ acceleration had reached 0.13G. Differences in the predictions of the
American and. Chinese ptocedures were primarily the result of differences in
the predicted increase in shear strength with axial stress and differences
in the mathematical models used for determining the building's seismic
response. ' ‘ o ' ‘ ‘

Increase in Shear Strength withquial-Stress’

™~

Shown in Fig. ‘6 are the predicted increases in wall shear strength
with axial stress according to Eqs {1) and (3). For the Chinese procedure,

1v-8-6



the wall's shear resistance for zero axisl load, Vg, Was taken as the ‘

. principal tensile strength of" the Uall Rj «{5). Also shown in Fig. 6 are
' expressions recommended in Réference (12) and (13) for a wall's shear '
strength based on the results of 'US and Chinese racking tests. Unbroken -
lines indicate the range over which test data were obtained. For all four
expressions shown in Fig. 6, correction factors for workmanship, safety,
and non-uniform shear distribution were, neglected. Shown to scale at ‘the
“top of Fig. 6 are the oolvt ratios acting on the east-west walls at 0.4G
for the American procedure. Ratios.of the strengths predicted by Eq.,(l)
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. dependlng 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 procedures are

sharply reduced. In addition for the Chinese procedure, Og values were’
calculated using the recommended "more exact' expression. Resulting values
were between 97 and 192% of the corresponding 0, values for the American
procedure. When 0, values for the Chinese procedure were taken as those’
calculated by American procedures, the Chinese (modified) strengths of
Table 1 were obtained. That adjustment further reduced differences in
strengths predicted by the two methods. The proper strength comparlson 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 procedure€s, while the average strength for the
east-west walls is considerably less for the Chinese than Amerioan proce— .
-dure. , ‘

Influence‘of-Diaphr@gm—Ac;ion on Mathematical Model

The loading paths and deformations assumed in the Chinese and US.
response models are shown in Figs. 7 and 8, respectively In both flgures
the deformed building is shown on the left’ and -the undeformed building om’
the right. For the Chinese model the building deforms as a single unit in
shear. Consequently for a ground displacement Ag, the displacement at the
center of the roof, Ap, exceeds Ag even though no amplification of Ag 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 Zone of 0.4G, 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 ianlane 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 Ap exceeding 4g.
Thus, for low-level excitations the in-plaﬁe,end:Wall‘must be designed for
the same shear as for the-Chinese procedure. However, for high-level
excitations the American procedure recognizes that the diaphfagm -can yleld
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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Recogﬁition that the diaphragms can yield is the prime reason the American
'(modified) procedure (Table 1), predicts a building with strengths equal in
the N-S direction, but greater in the E-W direction, than the strengths
-predicted by the Chinese (modified) procedure. For the E-W.direction and
a 0.4G ground motion, the American procedure predicted shear yield of the
..wood diaphragms at values between one-half and one-eighth the shear predic-
ted for the Chinese model. For the N-S direction, however, the American
procedure predicted that the diaphragms between walls 1 and 3 remained
elastic at the second, third and fourth floor for the same intensity of

' ground motion

- 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 of
‘the structure falllng 31deways due to cumulative racking deformations or:

- the failure of the plers in combined flexure and shear. For a wall with K.
plers at the given level, the American procedure predicts satisfactory
erformance only if the restoring shear rgsistance for the wall as a whole,
VR, .exceeds the reatoring shear force, E Vp. The guantity Vp is taken
as half the shear V on the wall at the giVen level for V calciilated as
shown in Fig. 8. The quantity VR is calculated from Eq. (2). 1If & Vg is
less than % Vp but for all piers VR < Vy (where Vy is calculated from Eq. 1),

then satjisTactory racking performance can be obtained by adding materials
so that % Vp < __E Vg- If, however, for any pier Vg > VN, then shear failure
of the pfers 1is probableé 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 pler exceeds the allowable
bed-joint shear, v,, (Eq. 1), then that individual pier must be strength-
ened until v < vy,

The walls of Chinese buildings contain fewer openings than American
buildings, 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 the .H/D ratio exceeds 0.8. Then for increas-
ing H/D values the shear capacity should be gradually reduced to zero for-

. H/D values greater than 4.

The requlrement of the Amerlcan procedure that g VP % Vg and that -
V=21UFVp can be written as: .

v 31‘ n vy A/LS | | . (4)

where is a coefficient for the effect of flexure on shear strength and
. equal to.1.8 (Dy/H,)(9,/vg). 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 Vy, where.KbS is the shear

¢



_stiffnesa‘c{ the pier and kbs is the stiffness in combined bending and
shear of the pier. Then for a rectangular pier

o ' ( ) + 1 ‘

- Shown in Fig.- 4 is: the relation between d, -n, and. Hk/D for oo/va
values of 0.5 and 1.0. The Chinese Handbook recommendation, indicated by
broken lines, is close to the American requirement indicated by solld
lines when o,/v, is 0.5, and considerably more stringent when o,/v, is
greater than that value. Shown in Table 2 are o,/v, values (for o, from.
the American procedure) for typical piers at different’ levels and’ in all
four exterior walls of the bullding of Fig. 1. .Columm (4) lists the. H/D
ratio for that typical pier and columm (5) the H/D ratio at which. flexural
effects, according to the scheme of Fig. 4, first become felt. Obviously,
restoring force effects are not significant except where there are very
slender piers. . ,

AMERICAN AND CHINESE STRENGTHENING MEASURES

The American procedure requires that new materials added to a building .
provide additional capacity and not replace the capacity of existing
materials. Thus, all supplemental materials are desipned at their yield
capacities. All new masonry is to be reinforced masonry and all new
- concrete frames to be ductile moment resistant. Chinese strengthening pro-
cedures are described in Referemces 9 -and 1l. _Because of considerable
US interest in strengthening provided by additlonal concrete columns and
tie rods, an evaluation of the applicability of that method to US buildings
was made .  While the strengthening elements of this basketing method
‘can.often be arranged so that they have an aesthetic¢, -as well as a 'struc- .
tural value, this Chinese system is not likely to be useful for US build-
ings. The older US building often represents an important cultural and
economic resource, especially for small towns with economies largely’
dependent on tourism (8). Alteration of the facade of such buildings is.
likely to impact tourism and, therefore, be unacceptable to the property
owner, the town, and the historic preservatioﬁist. - There are also' strong
structural reasons for the non-applicability of basketing. In the.US
‘buildlngs 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. The -exterior walls in US
buildings are generally thicker than their -Chinese cuunterparts, and the
bufldings are often open-fronted with slender‘piers. Thus, methods for
extrapolating basketing principles 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 building were stiffened by basketing, more of the inertial effects
of the out-of-plane walls would be transferred to the in-plane walls and

the basketing would work against the preferred load path for severe

excitations.
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CONCLUSIONS

Bosed on the studies reported here, it is concluded that: ;
There are ccnsiderable 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 utllize differ-
ent mathematical models for the building's response, different allow-

‘able-shear stresses for the masonry, and account for wall openings in

different ways. However, both evaluation procedures have yielded

. convincing results for the existing buildings of the country in which

they were developed. .

.Proper idealization of the likely dynamic response of the horizontal
E.diaphragms is crucial 'to. the construction of a realistic response

model 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 used in
China.

The assumption in the US methodology that it is not necessary tc check
the in-plane shear resistance of walls in buildings located in an EPA
Zone of 0.2G 1s not consistent with the findings of this paper.
Strengthening, ‘as used in China, with additional reinforced concrete

.columns, ring beams and steel tie: rods is not appropriate for US

buildings.
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diaphragn

W, = weight of each
: out-of -plane wall.
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SEISMIC COFPUTATION OF STRENGTHENED BRICK STRUCTURES
Niu Zezhen1 ‘
SUMMARY

- The methods of calculating strengthened brick masonry wells and
columns are presented in this paper, The strengthening technologies of
cemerit mortar coating and reinforced cement mortasr coating attached to
the well aurfaces ‘are used to strengthen ‘brick walls and columns, and
 reinforced concrete columns with tie beams are used- to strengthen brick .
buildings. The computation methods are ‘based on testing data obtained
by institutions concerned in the recent years, The paper shows that
the results calculated by the methods described in this paper are in
good ‘agreement with those obtained from experiments. The methods
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 catastronhic events in
China, One of the important lessons learned from the quake 1s that
strengthening and/or upgrading existing. hazardous buildings situated
in the aress where a destructive earthquake might occur in the near
future sre an effective measures for earthquake dissster mitigation,
QGtisfylng with the requirements of large scale seismic strengthening
work soon after the Tangshan event, the "Seismic Strengthening Measures

‘for Civil Brick Buildings" .and the "Reference Drawings for Seismic
Strengthening® sre published based on the research works conducted in
the institutions concerned. In 1980, the author devéloped some methods
for calculating strengthened brick masonry structures for seismic hazard
applications. All of the methods described in the above mentioned
references 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 for cavity and hollow-brick wells, According to the results
obtained from experiments conducted in the recent yesrs, some methods
for calculating strengthened brick columns and brick walls including
cavity brick walls ‘and hollcw-brick walls are described in this paper.

1 Structural Research Engineer and Head of Fifth Research Section,
Institute of Earthquake Engineering, Chlnese Academy of Building
Research Beijing, China .
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The results' obtained from the methods precented in this paper are con-
sistent with those from experiments. The following three strengthening
technologies are discussed 1n 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 cemsnt mortar coating can be
used te strengthen solid brick wall, cavity brick. wall and hollow-brick
wall when thelr earthquske resistance are not satisfied with the
requirements 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 formulae:

. ‘sz (AmﬁAs) - | (1) '
1.2h . '
(sz+0.765) .
P amex ' (2)
1.9 b ’ C

Where

G, -- Shear modulus of strengthened‘masonry,'GZ-G.LBEz
E,=-- Modulus of elasticity for strengthened masonry,

By~ (EAn+Bghy )/ (A As)

Ap-- Net cross section area of the wall at the middle of
the story height before strengthening

A_-- Net cross section area of the coating at the middle height of
the atory considered

Ep~= Modulus of elasticity of the unstrengthened brick masonry
specified in the current "Design Code for Brick and Stone
structures”

IV=9-2



Eg--
h -

czj-

1

‘Modulus of elasticity of coating mortar snecif‘ed ir T« bla 1
Story height .

Shear strength. converting the strengthened wall to the -
original wall, for which the preater value obtained from the -
following formulae can be taken:

ntg "0.03nA
2 )
tn sty ‘
(Controlled by strength of cement mortar coating)
- 0,knt ' 0.,35nA
. sz - S Re +O.26ij+ ‘g Rg
o m ] -Jg'tm o

Rﬁd

eag--
tm--

tgm-

N ==
5 --
Ag--
Jo=*

(Controlled by strength of steel bars in the coatings)

- Shear strength of coating mortar specified in Table 1

Shesr strength along the horizontal joints of brick masonry
specified in the current "Design Code for Brick and Stone
Structures", and it csn be taken as the half of ‘the code
value for the cavity brick masonry wall R
Design tension strength of steel bar specified in the current
"Design Code for Reinforced Concrete Structures® :
Thickness of brick wsll including the cavity part
Thickness of mortar coating

Number of coating layers, n=1 for 51ng1e layer ‘of coating, and
ns=2 for double layers of coatings -

Spacing of reinforcements in reinforced cement coating (cm),
and the unit of spacing still keep on cm fcr 1its square root
Cross section area for single steel bar

Average compression stress at the cross section of brick uall
at the level of middle story height -

The comparison between testing and czlculating: results of lateral .

‘.'loading capacity for the sandwichlike strengthened brick well are listed

. in Table 2, It shows that the testing values are always. greater than
that of caslculating velues, Therefore, the calculating values are -of
conservative. ' :

. -For brick buildings. up to six stories, if the weight and stiffness
are uniformly distributed, the method of minimum rstio of wall cross
section ares to floor area can be used to check earthquake resistance
" of strengthened wall, Letoly (see Table 3) and o/, (see Table L) are
raise ccefficients of lateral rigidity and lateral loading capacity for
strengthensd sandwichlike brick walls rescectively

%y

. EgAg
-15‘

 EmAn

(3)
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;o 0.63(R,440.705) ‘
g = — "2 - bo o (b4).
T Ry . | .

then, the ratio of seiéﬁiéally strengthened wall croﬁshsection afea to
floor area can ba checked by following formulae: .

For longitudinal wall and transversal wsll with rigid floor diaph- -
ragm T :

_ %k
ol dk. F
E dlathmi

= ® (5)

For transversal wall with flexible diaphragm
Al pkhmic [iﬁ. . o o
L= =\ Fmir? (6)
Fk ’ ) ‘ i

For transversal wall with moderate rigidity diaphragm, such 89
prefabricated reinforced concrete diaphragm \

2pichnkc .
‘ >[Al - L : 3
o dicAnie F}min‘ (M

£ ddifng P+ Py

Where

rﬂ] -- FMin.mum earthquake resistant wall-to-floor area ratio,

[Flmin for solid and cavity brick walls, the [A/F)min values in
Table L of "Seismic Evaluation Criterion for Civil and
Industrial Buildings" shall be used; for load bearing
cavity brick wall, the (A/F)min values in the Table
shall be multiplied by the coefficient of 1,27; for.
non-load-bearing cavity brick wall, the {A/Flmin values
in the Table shall be multiplied by the coefficient of
1,55; and when buildings with cavity brick walls and with
average weight of story unit area "W" differed much from
1000kg/m2, the (A/F)min values calculated by the above
mentioned method shall be multiplied by the coefficient

w/1000.

a ~- Adjustment coefficient, for solid brick wall and hollow-
brick wall, "a" in Table 5 of Criterion-shall be used, for

Iv=9-4



~ cavity brick walls, when the seismic evalustion and streng=-
‘thening 1ntensity is 7, a=1,0 and when the 1ntensity is 8,
. ael,b
dka- Raise coefficient of lateral 1oadinq capacity for kth
: strengthened wall in the story concerned
(L ax—- Raise coefficient of lateral rigidity for kth strengthened
, wall in the story concernad
F == Story's building floor area
¥y == One half of the building area between the two ;elghborlng
seismic resistant walls of the Kth earthguake resistant wsll
Rz == Shear strength of brick’ masonry while checking earthquake
resistance :

Rr = lel* G-D/Rj -

Rd -- Tension strength of brick masonry, for solid brick wall end
. hollow-brick wall, it can be taken as the shéar strength
along the stepped cross section of brick masonry specified
in the current "Design Code for Brick ahd Stone Structures”;
“for cavity brick wall, one half of ‘the "Rj" values obtained
for solid wall shall be used

USING ADDITIONAL REINFORCED CONCRETE COLUMNS
TO STRENGTHEN BRICK BUIIDINGS '

For a multistory brick building, when fhe lateral loading capaci-
ties -of most of the transversal walls are less than those calculated
by the requirements of "Seismic Evaluation. ‘Criterion for Civil and
Industrial Buildings" and the difference between them is about 20%, the
additional reinforced concrete. columns with tie beams can be used to
strengthen it, However, in case ifs total height is greater than limit-
ing height in Table 2 of the Evaluation Criterion in 3m, the placement
of the additional R/C columns shall be satisfied the requirements set
forth in Table Sy

" . For the story's transversal brick wall strengthened by R/C columns
at both sides and tie beam or tie.rod at the wall .top, the lateral
rigidity (D) and the lateral loading: capacity (P) of the strengthened
wall can be calculated by following formulae;"

Gm‘q'z . - ‘ S |
‘ 7].2h l ‘ - ' o
P e /J[YR,A,,-i + (led )RlA + 0. hnglAgl = - {9) .

Where

7] == Opening-related coefficient of the wall, 7= 1-1,2p
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P -- Opening retio of the strengthened wall, b 'i 1l - Ad/Az
Ag~- Cross section area of the openings
A,-= Converting cross section area of strengthened wall

; Ay = Ay + Ag + 27gA, Ec/E,

" Ap-- Net cross section area of brick wall, the cross section ares
contributed by wall pier with ratio of helght to width greater
. than L shsll not be considered
Tg=- Coefflcient considering nonuniform distribution of shear
" stresses, when h/b >0.5, 7,=0,22 and when h/b<0.5, 7,=0.20
b -- Width of the brick wall of spacing of additionsl R/C columns
E,~= Modulus of elasticity of concrete specified in the current '
"Design Code for Reinforced Concrete Structures"
f3 == Brick wall type-related coefficient, for solid brick wall and
hollow=brick wall, A=l and for cavity wall, 8=0,75 .
Y -= Shear strength—related coefficient of the brick wall,
‘ when h/b > 0.5, ¥ =0.7; when h/b<0,25, 7=0,75
when 0,25 <h/b<0,5, calculating by interpolstion
A_~- Cross section sres of an additional R/C. column
dg--,longitudinal reinforcement-related coefficient of sdditional
R/C columns, dg = O.LRgA /RiAg
A == Total cross secticn area of 1ongitudinal reinforcements in an
- additiocnal R/C column
R;-- Concrete tension strength of additionsl R/C columns set forth
© 1in the current "Design Code for Reinforced Concrete Structures" '
- Design tension strength of steel rod
Agl’ Total net cross section area of steel rods of strengthened wall

“

: The strength of the steel tie rod shsll conform with the following
requirement: ’

RglAéls(l +ag)RjAy | C(20)

When A(YRzAp + (1<, )R1Ac + 0.LR; 1A 4] <R;Am/l.2, it is necesssry to
rededign by changing cross sectio% agea of additionsl R/C columns . and
reinforcement content. . '

The comparison between testing data and calculating results by
formula (9) for the brick walls strengthened by reinforced concrete
columns and 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 resistance and it is.
strengthened by additional reinforced concrete columns and tie rods
with uniform placement of columns, the seismic shear Qik subjected by .
R/C columns and tie rods. of -story's Kth transversal wall can be calcu~
lated based on the results obtained from seismic evaluation computa-
tion, After that, the cross section and reinforcement content of ‘



'

R/C‘coiuﬁna and diameter of steel tie rods can be selected by Table 7,

For the transversal ﬁall with rigid floor slab:

(,[m}m}a ) ( )
Qiy @ ( em—— ‘ . 11
%k 1,28:/F Vm) Relak |

For thé tfanaversal'wall with flexible floor slabt

: (AFlusn-a |
Qe ® ( ———r— =) ) R, : (12)
Uk iI'zAﬂk/Fk ‘ Y Amic _ »

For the tréﬁSVQrsal wall with moderate rigidity floor qlabz
- @/ Flgnea .
o (i -Ya ) ReA (13)

’sz 2.ha, 0 Rt | '

USING. REINFORCED CEMENT MORTAR COATING OR REINFORCED
CONCRETE COATINGS TO STRENGTHEN BRICK COLUMNS

Checking earthquake resistance of composite brick column strength-
ened by reinforced cement mortar coating or by reinforced concrete
coating is in a similar way to check eccentric compresaion streéngth of
composite masonry elements set forth in the "Design Code for Brick and
Stone Structures® (GBJ 3-73).-- : -

Computation of Fundamental Period of Composite Brick Column

Considering the rigidity of the coeting the lateral'displbcemont
under the action of lateral unit load at the top of the column can be
‘calculated as followss : '

In case of using reinforced concrete coating

8

e (1L)
3 ( Bply + BeIp # EI; )

" In case of using reinforced cement mortar coating, in equation
(1), the EGI_ shall be used instead of E I.. Where the sign¥ denotes
the lateral displacerient under the action of lateral unit load at the
top of the column; H, height of composite column; E., Eg, E,, modulus

c
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of elasticity for coating's concrete, coating's cement mortar, and
longitudinal steel bars resoec*ively, Lns s Iai a? I , the moment of
inertia about the centroid axis of convertigg crossgsection area of
composite brick column for brick masonry cross section area, . concrete
coating cross section srea, cement mortar coating CTross section area,
and for cross section area of longitudinal reinforcements respective Y.
When calculating the value of "Ip" the cross soction area of flange is
neglected,

. The fundamental period of compooite brick column can be calculated
by the follcwing formulas . ,

o g _ AR

Where, Tl denotes the fundamental pericd of- composite column; » part
of roof weight subjected by.one brick column; Wo, self-weight o} one
brick column; g, acceleration of. gravity; end » , modified coefficient
considering the ‘effect of. flange of T-cross section column and the
effect of fixed action betueen truss and- columns. The values of ¥ are
listed in Tsble 8, . -

Tdetification of Eccentricity

According to the longitudinal force and seismic ‘moment at the cross
section considered, the height of compression zone can be calculated by
the- following formula- ,

When using reinforced concrete coating" | | |

1.05R, Sy, + 1.85RaScn + L.2RZATe! + 1, gRgAge . o S (6)
When using reinforced cement mortar coating . : _'
1.058,Spn + 1.85RgSgp, + L. OBRéA'e' . 1.2nga e=0 (17)

In case the longitudinal force N is applied on the outside of both
centres of gravity of compression steel bars(A!) and.of tension steel
bars(A_), the positive sign shall be taken fortthe third term in lefte
hand mémber of the equstions of (16) and (17), otherwise the negative
sign shall be taken, The eccentricity can be identified. by the ratio-
between the converting moment of cross section area of - composite brick
column(s } and of compression zone area. of composite brick: column(S )
gbout the centre of gravity of steel bars subjected to less compre-‘ .
ssion or tension. In case of S,4/5,< 0.8, the grest sccentricity shall
be identified; while in case of Sza/Sza=O.B the smsll eccentricity _
shall be recognized, In equations of 16 and 17, N denoctes longitudinal
force applied to composite brick columm, Rps Ry, and Rg, axial compre=
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~ 3sion strengths of brick masonry, coating concrete, and coating cement
mortar respectively; R_ and R! , tensiocn end compression strengths of
design of reinforcements respgctively, 'Srms Sens and Sgp, moment of
compression zone area of cross saction of brick masonry, coating
concrete, and coating cement mortar about apolied peint of vertical
axial force respectively; A, and A}, cross section of temsion and
.compresaion reinforcements respect .vely; and e and e', distance between
‘applied point of longitudinal force and centres of gravity of A end Aé
respectively,

-Formulaé for'CheckingﬁEarthqpake Resistance

Great Eccentricity in Compression

Using reinforced concrete coating: o
KNs ¢, ( 1.05RpApy + i..B.SR;Acay L, 2R4AL = 1.2R.A ) (iB‘)
Using reinforced cemenf mortar'eoetihgz | a

“KN@fZ ( 1. OSR,,,.FLMa + 1 BSR ghea *' L. OBRéA' -1, 2RgAg - (19)
Small Eccentricity in ngpression ' o

!

‘Using reinforced concrete coating , ,
KNS, { 0. BSRySy, + 1. SRaSc *+ Lo2REAL ( ho - a} )} /e {20
‘Using reinforced cement mortar coating: ' |
KN 59y { 0.B5RmSy + 1.5RgSq + 1.08REAR ( ho - al )] /e  (21)

Where, ' : R
K “=- Design strength safety factor of composite column,

for intensity 7, K=1.7; for intensity 8 and 9, K=1,5 -
Amas Apas A ,~- Compression zone area of cross section of brick
masonry, coating concrete, and coating cement mortar
respectively
Effective height of cross section of composite columm

h

e? -- Distance between centre of gravity of Ag and the nearest
8 side of cross section { _

¢, =-- Longitudinal buckling coefficient of composite column

Soz . 1/ [1," 1 S(Rz/E )(Ho/h)zj ’
Ry, Ep-- Converting strengtﬁen and modulus of elasticity of cross
©  section of composite brick column respectively ‘
Computation height of composite brick column, and
- Cross section height parallel to the direction of seismic
load for composite brick column ,

| ;.‘;
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The comparison of N values betwaen testing and calculating results1

. for composite-brick column is° 'shown in Table 9. It shows that the cal-*
culating results are in good agreement with testing one. - .
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- Tab1e 1 'HECHANICAL PROPERTIES OF CEMENT MORTAR(kg/cm?)

i L P . LT TP L L T s e e~ -- - "
Erade of F -axial compression [ shear strength | modulus of . .|’
~mortar " gtrength (RS) (st) - elasticity
- e e a0 ---_--—‘--‘— --------- 1‘“-‘------— -i--tl---ﬂ-‘--------’-q
7% 38 22- | s,9x0b
100 50 - : 1 Tl
5o | 7 1 94660k |

Table 2 COMPARISON OF IATERAL LOADING CAPACITY BETWEEN TESTING AND -
CALCULATING VALUES FOR STRENGTHENED SANDWICHLIKE WALLS -

e P b D o8 e et e e O e P - - rf.‘ ---------------------- —mmaa
r'. ‘ thickness of| number of testing/calculati rdata
type of wall - wall ' average|standard |v :%ét prov.
| | /{mm)" specimens deviation| coeff, | by
------------ -———---—————-—p--————————l - g - - o - -
solid - 2ho .21 | 1,007 | 0,129 0,128 | (1)
soldd - | 180 - Lo | 2,300 | —mme | e (23 L
hollow-brick | 180 | . 13 1,215 | 0.107 .| 0.088 | (37"
- cavity | 2h0 R -27’ J51¥639'1 0;230 ”‘Q,lho f(hzj .

Note: (1) Building Research Institute of Idaoning Province
(2) Building Research Institute of Yurnnan Province
(3) Building Research Institute of Sichuan Province'
(L) Building Research Institute of Jiangau Province

Teble § MODIFIED COEFFICIENT OF FUNDAMENTAL ‘PERTOD. FOR' COMPOSITE.
BRICK COLUMN = -

I - v,,-l ) T Ilange width of brick columm' modified

wooden, steel and -
wooden, light steel

1910
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TABLE 3 :NHACEMENT COEFFICIENT OF LATERAL STIFFNESS OF STRENGTHENED
" SANDWICHLIKE BRICK WALLS (dy) . ‘ .

double

_number of coatings | - ' _single
‘thickness o grade of - : ; . .
coating(mm) | coating mortar b ) 10 2 4 10 25
20 " 100 1,39 | 1,12 - 2,71 11,98 | 1,70
, 150 1058 l.lB - - 3-22 2.27 1-91
T 100 3,71 7 1,30 [ 2,35 3,57 [2.h7 | 2,06
30 150 2,00 | 1.L6 1.26_ L33 | 2,90 | 2,37

.Note The valies’ 1n the Table shall be used for solid and hollow-brick
walls with thickness of 2lcm. In case its thickness is tg, o,y in
‘the Table shall be corrected, When using double coatings,

ddt = 2udg/tm - (2L/tm - -1); and when using single coating,

ay = 2Lda/ty - 0.75(2L/%,

od = 167 (dg = 0.k )

= 1)s For cavity brick wall,

TABLE § INSTALLATION OF ADDITIONAL COLUMNS FOR BUILDING WITH HEIGHT
EXCEEDANCE

jspacing between .

.intensit

: transverse walls(L) N 7

8 and 9

. IL.<-L,»5_mV |

.1 Intersection of interior and
-exterlor walls at every other

Intersectlion of interior
and exterior walls at

| bay, intersection of interiecr | each bay and quoin of
and -exterior walls of stair- exterlor walls
case and quoin of exterier
. walls
ILZL.SM | each bay along exterior longitudinal walls and quoin’

of exterior walls

_ TABLE 9 COHPARISON ‘BETWEEN TESTING AND CALCULATING VALUES FOR -
a AXIAL FORCE (N) OF COMPOSITE BRICK COLUMNS

specimen testing/calculating data

strengthening _ -
* jeccentricity standard | variat.| prov,
meaaure‘ number averdge| jeviation| coeff, by
PR _great 3 - 10,909 ! 0,08 0.219
‘ R/C coating _smsll 6 1,293 0.268 | 0,207 (3)‘
'vfrginforced-seme#tf‘ greﬁt g 1.021 0.163 | 0,140 | ‘(5$‘
mortar coating ] small 6, 1.300 UL2h9 0,192 {3)

Vote* The nsme of (3), see Table 2; and (5), see Table 6
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TABLE L ENHACEMENT COEFFICIENT OF LATERAL LOADING CAPACTTY OF STRENGTHENED SANDWICHLIKE BRICK WALL (dp)

thicknais

ade of ﬁasoux‘y mortar,

!

mmber | b 10 25
of walls| of [thickmess of[grade of specing of steel bars(m) - _
(um) [costing|coating (mm)(coat. mortar|150-| 200 300 [ koo [ 500, | no |150 [ 200 | 300 [ k0O | 500 [ no [ 150 [ 200 300 [ koo | 500 | no
10 ol T e o B b T R T N B e b oY P P I e
20 1‘5’8 B I N O O I s I I N ) Y I O Y S S
100 2.3712.23]|2.06]1,93[1.686]1.8d1.60]1,50{1,3511,33]1,32[1,27(1,16[3,07[ == | o= | == | -=
single 30 10 2.432.2912,12[2.0612.05|1.991,6L [1,5hL]1.L511 Lk 1,03[1,b0]1.39]2,12[1, 131,11 [2,10[ 1,08
: —_100 2,h612,33[2,16[2,04 2,1 | -- 1,66[1,57]1,5111,9111,50] -- [1,21]2,17[2,1812 3602,16] --
'  bo 150 2.53]2,h112,3712,36[2,35! -- [1,72[1,6711,6€[1,65]1,64] -- ]1,30]1,29[1,28]1, 271,26 == _
%o 100 . = =l em [ em T 2,08 - [ o= [ oe [ - T IR e [ e [ = [ - [ - .13
20 150 == = b om ) em [ om0, 3 e | oo | e | em | oo [1,62] - [ o= | o[ = | o= 1,29
: . 100 3.h2{3,2212.97]2,8112.702,592.35 [2.2212.05|1,94[1,89]1,72(1,77(1,66[1,52{ 1,13 | 1,43 1,38
double 30 190 "[3.49]3.31]3,07]2,9112,89]2,812,42[2,2912,11|2,0572,00,{1,98[1,82]3,71[1,59]1,58]1.57] 1.53
100 .5313,3€13,1213,0213,01] -- 2,b512,3212,1512,1h(2,13] -~ [1,BL11,7h[1,6571 85(1,6L] -=
ko 150 [3.6h4[3.k6[3.32]3.31[3.30] -- .52 2.39/2.3k]2.3h]2,33] -- [1.90]1,81[1,80]1,80(1,75] —
100 N I RN NS T O e S I S Y S I O e e
20 150 el =l == ] == == W33 = | o= | == | == f e | ee }ooe [ ee [ e | oo
1 100 - 1-88 1.77 1163 1.53 1051 1-)4 lci[l 1.16 1.16 1-15 1,15 1.12 - - - — - -
single 30 150 [1.90(1.02[1.69 | 1.68 1,67 [1.611a28 119118 LB L1716 oo | | = T =1 = T —
o 100 1.96 1851 1.75 [T 7L 1. 7h | == Q2L 1. 2601.23[0,22[3,22] o= | o= | o= | = | o2 | — [ —=
. - ko 150 17,0319 /1.93 192 [L.91[ =1L, 37|1.36/T.38[1.3511.35] -~ |1, 08|18 1.5 1.0k 104 -
360 : 100 s I A 1,20} == | -~ [ e o [T C
o 20 150 S e N IR I WY I T I S I I =
Vaouble o 100 |2.76(2.60]2.00]2.27 2.17 2,091,806 [1,77]1,62]1.53 1.51 1,4711,39]1,30{1,38 (1,17 {1,317 1.3%
' v 3 150 2.03]2.87/2.h712,37(2,36]2,321.9h 1.62]1,68]1.6711,6611.63 (1,43 1,3k 11,2911,29(1,28]1.26
b 100 2,862, 7112,51 (2. k7 (2,48} - .98 JLBS 1T, 75 [T 7L 1. 7h] - |1.h5]1.36]1.35 1.3h (1034 ] on
0 15 J2.95[2.80]2.73[2.72[2. 71| - P.0F [L.5h[1.53[1.92]1,91 [ - [1.50]1. h9 1911181118 -
Note: 1. "no” denotes that there sre no steel bars in coatings, .
2, The diamoter of steel bars in the Table is ®6, snd R, = 2L0Okg/em?.

3 For cavity brieck wall, the grade or laaonry mortar’ s 11 e decreased in one

graﬂa,



TABIE 6 COMPARISON BETWEEN TESTING AND CALCULATING VALUES OF

LATERAL LOADING CAPACITY OF BRICK WALL STRENGTHENED
BY ADDITIONAL REINFORCED CONCRETE COLUMNS

T Ny number ‘ testing/calculating data
.type of brick-wall ‘ opening of - standard [variat.iprov.
‘ o specimen|#VeT38®| deviation|coeff. | by
12 L ()
| ST 5 1 e
solid brick wall " ne - 3 0,991 0.136 0.138 7
. , 2 » éjg
L " ' (8)
l/p scale solid wall - ovening IE — 1.138 0.191 0.167 | (16)
cavity brick wall no 12. 1,191 0.136 0.1 | (L)
Note: (3) and (L) see Table 2;
» (5)-- Institute of Eartlquake Engineering, China Academy of *
' Building Research
(€)-- Dali Polytechnical Institute
(7)== Institute of Structural Thecry, Tongji University
(8)=- Building Research Institute of Ganshu Province -
(9)-- Building Research Institute of Shandong Province.
{10)- Building Research Institute, Beijing Design Institute
TABIE 7 SEIECTION OF. CROSS SECTION AND REINFORCEMENTS FOR
, ADDITIONAL COLUMNS 'AND OF STEEL TIE ‘RODS
NO. 'Qik(t) crosa section of columns 1ongitud1nal steel remark
o ‘ (mm by mm) |reinforcements| tie rods
I 12 250150 - o -Lp12 2016 | mark of
2 . 13 zhox200 | Lor2 2016 concrete
3l Ly 250x200 o012 2016 | 1is 200
Ll s 2hox2lo o up2 | 2¢18
5 |- 16 |- . 300%200 LP12 - 2018 grade
&L 16 .. 250%250 : upre 2018 | of .
CEo1t 300x2L0 upr2 | 2018 | steel
c8e 18 300x240 L@12 . 2020 | 4s I
9. 20 300x250 . L1k 2¢20
S0 20 - 300x240 | . Lolk 2020
11| 22 - 360%2h0 | L1, 2¢20
12 2L 360»2L0 4§16 2922
13 | 26 350x250 L9118 2022
- 19 120%500 - | 6012 | 2020
15 2L 120700 ' - 8¢12 - 2¢20
16 29 . "Lr 120x600 8@12 142)
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REPAIR AND'STRENGTHENING OF REINFORCED CONCRETE COLUMNS

Zhong Yichun1 , Ren ‘Fudongz, Tian .J'iahua3

INTRODUCTION

Reinforced concrete frame is one of the most common structural
types in industrial and 01vil buildings in Chind, there are large quan-
tities of existing R/C frames without having seismic d631gn. During
the 1976 Tangshan Farthquake, many of them suffered serious damages or
even fell down. The main problem of the buildings are the lacklng of
requlalte strength and adequate ductlllty of columns.

Thls paper presents the sexperimental results of the R/C columns
repalred and strengthened ‘by steel angles at the four ‘corners, and puts
forward the calculatlon methods of their Stlffness and strength

EXPERIMENTAL PROGRAM

To evaluate effectiveness of column repalred and strengthened by
steel angles, we carried out three sets of tests for column Fach set
includes original column, repaired and strengthened ones. In addition,
a get of columns only strengthened by flat bar hoops was tested.

The dimensions, axial force ratio and stesl ratlo of eleven speci-
mens are -shown in Table 1 and Fig. 1. Table 2 summarizes the material
prOpertles. T . ‘

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 joints and a constant ax1al load was applled at the fop
of column. . :

 After testlng specimens YZ 83-12and YZ 83-3, the column ends near
the joints were conszderably damaged and ‘then repalred by ‘high-strength

Section Chief, Institute of Earthquake Ehglneering, Ghlna Academy of
Building Researcéh, Beijing. .

2 Enginesr, Beijing-Building Institute, China.

3'Senionk?.esearch-Eng.ineer, Beijing'Polytechnical University, China.
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concrete. The blndlnv me terial used between steel angles and concrete
column faces is cement mortar added 5% v1nyl -acetic ester. :

'OBSERVED BEHAVIOURS

During the tests, the main behav1ours of the repalred and/or
strengthened columns are as follows

1. Due to the tens11e effect of the steel angles. the cracklnr

- load of the spec1mens can be substantially increased even for the large
~eccentrically loaded columns. In general, the first flexural crack cof
concrete occurred at about 70-80% maximum load.

2. Before the maximum load, the steel angles can work as an, in-
tegral whole with the concrete column. After the maximum load, the
bond slip between the steel angles and concrete faces gradually ocecur-
red, but the additional tensile force of the flat bar hoops, caused the
different veértical displacements at its ends, would also increase the
frictional force of the contacting faces, the load cerrying capacity of
" the column didn't speedily decrease, and the steel angles could carry
. load untill the severe damage of the compress1on zone. The typical
hysteresis curves of the specimens are shown in Fig. 3.

3. The final failures of all specimens were the conerete crushing
at the "plastic hinge" in the viecinity of the critical section. Then .
because the compression zoné 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 reparled 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 beheviours obtained from the test is
that the steel angle can combined action with the concrete column, so
that the calculations of stiffness and strength can use the 51m11ar
method for reinforced concrete column. ‘

The follow1ng formula for calculatlon of stlffness is proposed

EI-dEI YE T o M)
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in which L -
‘ EI — the elastic stiffness of repaired and/or strengthened

columns;
rEcIc‘— the elastic stiffness of original column;
.EaIa'—‘the elastic stiffness of steel angles;
. d—— a reduction .coefficient cf stiffness reflectlng the
' damage degree of ﬂrlglnal oolumn
when- undamaged o .0;
when severely damaged 4 == 0.4,

. The results -obtained. from the calculations and esperlments are
listed in Table 3, It is seen that the proooqed formula is acceptable.4

Fig. 6 shows the straln dlSurlHutlona of the steel angles at the
oritical section of the columns. It can be clearly seen that most
part of the steel angle section, especially the compre531Ve steel anglse,
had reached the yield strength under specified axial compression ratio

(b_d?r 0.5).

' The follow1ng espre551on is recommeded for the calculatlon of the
ylsld strength.

= + - o . .
‘ MY \5 Moy Aafﬁy, o o . ' . @)
in which ! : "
M .—— the yield moment of repaired and/or strengthened
y, columns;. . ,
oy — the yield moment of original column; .
Aé”¥—— the sectional area of steel angles at one. gide of the

column. _
f — the yleldrstrength of steel angle;

h —— the distance between the centre lines of steel angles
at two sides of the column;

ﬁ —a reduct:.on coefficient of the strength reflecting
the damage degree of original column,
when undamaged 5 = 1,05
when severely ddmaged B = 0.6.

Table 4 lists the. calculated results. Evidently, good agreement

between experimental. and calculated valves was obtained.

OTHER -BEHAVIOURS OBTAINED FROM TESTS

n’-1 0-3



Jurlng the tests, a number of the other behaviours obtained from
the test data can be summarized as follows: -

1. Underrevers&l loading, the repaired and/or strengthened co-
lumns had good loading reproducibility (see Fig. 7).

2.  Fig. & shows that the hyeteresis energy dissipations (W) and
the equivalent visous damping coefficients (hg) of all columns streng-
thened by steel angles were larger than that of .the oridinary columns.

3. The external. hoops of flat bar can work well with the concrete
column untill the final failure of the specimens,, and enlarge 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 ductlllty ‘and hystere51s energy were not obv1ously
1mproved .

CONCLUSI ON
1. The concrete column repaired- and/or strengthened by steel ang-
les at the corners can obviously ¢nhance the strength and improve the -
ductility of the' R/C frame, bit almost has no effect on:the stlffness
of structure and the fUnctlon of bulldlng
2. The proposed calculation methods of stiffness and strength for
repalred and/or strengthened columns were: 31mple and pract1ca1

REFERENCE

(1) Wei L1an et al, Aseismic Strengthenlng of Exlstlng Relnforced con-
crete Frames, Joural of Building ‘Structures, 1982, No. 3.

(2) Zhong Yicun et al, 4n Experlmental Study on the Elasto Plastlc

. Behaviour of Two- Bay Two-Storey Reinforced Concrete Frames, Joural
of Bulldlng Structures, 1981, No. 3-
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Table 1

Axial Longitudinal _Transversal reinforcement

Set Specimen ComPres- reinforcement Middle .

No. No. sion - :

: ratio bar  Angle Bar Flat bar Bar Flat bar
831 9,52 4pts - B6.56100 ——— §6.5@100 -

T Yz 83-1J ‘ Len5x3 — 3x12@100  3x120200
J2 83-1 0.31 _ 4#12 $6.5@200 3x16@50 #6.58200 3x168200
1832 an $6.5@100 — #6.5@100

11 Iz 83-2d 0.8 Le25%3 312@1 00—————34126200
JZ 83-2 4(8. - P6.5@200 6. 5@200
12833 ¢6 5@100 ' ¢6.5@100

M 12833 0.47  4B18 asay 3412850 ~————3<128200
JZ 83-3 6. 5@200 - ' §6.58200

v 288 547 s g6.5a100 29289 g6 56200 34120200
JZ 83-5 ‘ 34128100 L

- Table 2
Concrete (kg/cm™) -Steel (kg/cmz)v
Set 5 a .
Yo R E (107) fy | fgy
I 192 | g6 2680 4310
II 282 _ 2.96 g8 2430: 3820
i 318 #12 2570 3620
Iv 268 s 2900 . 4600
g18 3950 4100
3x12 2600 . 3800
396 3140 - 3890
#£25%3. 3000 4100
. 225x3

¥ Only used in specimens JZ 83-1 and JZ 83-3.

3400 4560

‘ R cube compressive strength of conerete (154 15& 15):
fy — yield tensile strength of steel; .
" fgy — ultimate tensile strength of steel.
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Table >

Set ' Specimén E%periment Caleculation (EI)E
No. No. (ED)g(t+n°) (E1)g(t-n°) G
Y7 83-1 422 406 0.92
I Y7 83-1J 281 305 0.92
“ J7 83-1 454 522 0.87
YZ 83-2 508 L71 1.08
11 YZ 83-2J 301 309 C.97
JZ 83-2 603 548 1.10
Y7 83-3 527 522 1.01
m Y2 83-37 325 330 0.98
Jz 83-3 - 603 640 0.94
Table 4
'Set’  Specimen Experiment Caleulation FE
No. No. ‘o Pr (F) P.(t) Pe
‘ Positive Negative Average C C
YZ 83-1 9.59 -8.23 8.91 10.96 0.8t
1 _¥283-15 _ 12.50 -9.50 11.00 13,06 0.84
32831 - 14.50 15.00 14.75 12,62 1.17
_¥7 83-2 9.37  8.54 8. 96 8.80  1.02
I Y7 83-27  11.79 13.27 12.53 11.76 1.07
JZ 83-2 11.95 11.80 11.88 12.03 0.99
Y7 83-3 13.04 13,02 13.03 14.05 _ 0.86
M _¥7 83-37  14.81 14.61 14.71 15.18 5.97
J7 83-3 50.03 — 20.03 20.98 0.95
oy JZBh-d 13.58 12.09 12.84 12.94 0.99
IZ 84-5 - 11.45 11.16 11.31 12.94 Q.37
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' Fig. 1 Dimensions and reinforcements of the specimens

Fig. 2 Test set up
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Fig. 3 Hysterésié ‘curves- of the specimens
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SHAKING TAELE STUDY - OF A FIVE-STORY UNREINFORCED
BLOCK MASONRY MODEL BUILDING STRENGTHENED WITH
REINFORCED CONCRETE COLIMNS = AND' TIE  BARS

Zh Bolong' - Wu Mingshun? Zhou Deyuan

SUMMARY

-~ A five-story unreinforced concrete block masanry medel building
strergthened with reinforced concrete colums and tie bars was tested
on sheking table in Tongji University. From the test results, it can
be found that the failure mechanism and aseismic capacity of streng-
thened building are quite different fram thit 6f unstrengthened one.
Just as it is shown in authors' p:evid.\s‘papér'@) » the pseudo-static
test can not show the actual collapse phenamenan of the strengthened
- huilding. On the basis of shaking table test results, all above-

mentioned problems are discussed in this paper.

' INTRODUCTTION

During Tangshan Earthguake of July 28, 1976, one huilding with in-
ternal reinforced concrete frame and external bearing hbrick wall streng-
thened with reinforced colums has experienced the strorg ground motion
without collapse. Since then, using reinforced concrete colums and
~ tie bars to strengthen unreinforced brick or concrete block huildings
- is widely adopted in seismic area in China. In the past eight vears a
mumber of psendo-static tests of masonry walls strengthened with rein-
forced concrete colums have performed in many universities amd research
institutes. The general conclusions can be summarized as follows:

(1) The colums contribute to shearing capacity only at the limit
‘state as well as at descending tranch of skeleton curve of masonry wall,
- (2) owing to the fact that the section area of colum campared
with masonry wall is very small, the static tests show that the shearing
capacity of strergthened wall is only.20% larger -than that of unstrerg-

1 Prof. of Civil Ehglneerlng, Tongjl University, Shanghai, China
? Assoc. Prof. Tongji University, Stenghai, China |
’ Master of Structure Engineering, Tongji University,Shanghai, China
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" thened cne.
(3)" Because the masonry well is confined by remforced colums, t‘ne

defarmability of masonry wall is greatly improved,

It should be pointed out that the static test can not explain the
following phenamenaon: during Tangshan Earthquake the strengthened masonry
‘wall could resist strong ground motion or two times more than that of
unstrengthened one. Besides, the static test also cannot show how the
strengthened tuilding is collapsed. It is necessary to carry out a
model-strengthened block building test on shaking table to study the
failure procedure during "earthquake'. The test results of the first
st.rengt’l-med concrete block model building .is presented in this paper.

OUP—LINEOFTHETESPDDDELBUEDINGANDD]PUI‘DATA

The geametry of the stra';gthened model m:.].d.mg is the same as the
unstrerngthened one which was tested on 4 x 4m shaking table at Tongji
University in 1984(2). The scale of the model huilding is.1:4, and it
satisfied w1th the s:.mllitude requirmts of the prototype block masonry

 building(2),

The model hllld:l.rg was strengthened by reinforced colmms maving
6 x-5an section and 2 ¢ 6 steel tie bars to comnect two colums in the:
transversal direction, besides, in the longitudinal direction of every:
floor the colums were cannected by reinfarced concrete lintel bands
with 6 x 5 cm section, as shown in Fig. 1.

The strength of the mortar was 2.14 MPa and the st:rengthof con-
. crete block was 15 MPa: ‘besides, all the concrete of colmms and lmte‘

bands}adastramgthoflSMPa

The m)del hilding was built o re:.nforced ccmc:rete cr:.sscross
beams as a fourdation. In arder to increase the. normal pressure on the
mascryy wslls, the additional mass wvas fixed on eVELY floar of the model
bluldi.rg and then the total we:tght of the mcdel b.uldmg w1th founda-.

. tion is about 11 ‘tons. When the modal lmild.mg was craned on the shak-
mg table, the crisscross beams were fixed w:.th a set of bolts.

Du.r:l.n; dynamic test 15 accelercmeters were arranged on every floor
as well -as on the crisscross beams and roof. ‘Besides, 2 strain gages
were glued to the surface of every tie bar to measure its strain res-
ponse, and 44 strain gages were glued ‘to the surface of main bars of
reinforced concréte colums to measure, the deformatlcm of ‘steel.

An artificial eart}quake accelercgram correspondmg to the third
category of soil condition of Chinese "Aseismic Design Code for Indus-.
trial and Civil Buildings"(®) was used as.an input ‘data. According to
the similitude requirements, because the ratlo between the matural fre-
quenc:.es of model and protctype uilding is equal to 3.448, the time of
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dm:aticnl2sec sh:iuldbéccrpressedto?;tlssec

Thescheﬂmleofpeakvalueoflmrtdatadzrmgthetest is shown
in'l‘ahlel : , _ -

Baa.k Value of Accelerogram ' o Table 1.
Direction | 1. 2 | 3 | 4 5 & 7
X | o.18g 0.38g 0,79 1.159 1.5g 29 .2
' o .0 - 0 Q0 o 0.79g _ 0.85g

RESL&SOFS—I&EC&GMETESI‘

When the strengthened madel building was excited at peak accelera-
tion of 0.18g, the response of thé model was elastic, and the deforma-
tion of that was very shall. The peak value of the acceleration res-
ponse at roof was about 0.4g. The stary-displacement of the top floor
was only 0.77mm, and the stress of the steel in reinforced column was
under 250 kg/c.m2 ‘When the stremgthened model building was excited at
peak acceleration of 0.38g, the smll cracks appeared in the lateral
wall of the building s ground floor. At that manént, the maximum acce-
leration at the roof was up to 0.95g. The story-d:.splacenent of the top
floor tad :.ncreased to 1.54mn, and the stress in the steel of reinforced
concrete column alsc Mmd increased to 900}«;/cm2 The earthjuake res-
ponse of strengthened biilding at roof level is shown in Fig. 2.

Wher - the input peak ac:celeratlm was increased to 0. g, the cracks
became larger and longer in the late:al walls of the grourd flcar, and
sme. 1ol torizontal micro—cracks appeared in the logitudinal walls’
of the secrmd flocor. The pesak value of acceleration response at the
rocof was 'up to 1.3g. Besides, the cracks also appeared in the rein-
forced concrete colums, and the stress of steel was :anrea..;ed to
1'700kg/cn at crack section.

The ca'npaflson of test reszlts betwem the strexgt‘hmed a.nd the -
unstrengthened(?) model tuildings shows that because the cross section

. of reinforced concrete column is much saller than that of masonry wall,
the damages of the two buildings are very similar. Tt means tlat when
the strengtl'mei prototype. mlldmg meets an earthquake carresponding to.
Inetns:.ty ‘8, which was estimated by the input peak value of accelero--
gram accordmg to similitude relatlmshlp, the contrihltlon of rr=1n-

forced concrete ‘columns is relatively small. v

" vnen the stra:gthened ‘model hnldlng was excrced at the peak value
_of 115y, the horizantal cracks in the wall of qrmmi floor. cannected
each other, to form a steppsi diagonal crack with a widthof 2 ~ 3 mm
(see Fig. 3). _Besides, the stress of the bars in relnEorced concrete
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colurms on the ground floor reached yielding po:mt. The time history
of roof acceleration is shown in Fig. 4. It can be found that beciduse
of the decreasing in stiffness of the wall at ground floor the maximum
acceleration at the roof only reached 1.4g. The maximum. rouf displace-.
ment was equal to 4, Slmn (H/790, H —— the height of model hailding).

Fram tle ccmpa.rlson of test results between straagti'med and un-
strengthened(?) model tuildings it can be fourd tlmet the damages are .
quite different: When the unstrengthened model tuilding was-excited
at the peak value of 1,2g, partial masonry of the external lateral wall
crushed at first story (Fig. 5)., ard the drift of roof was equal to 1/46
of the height of model tuilding, Because the masonry walls are confined
by the reinforced concrete colunns, the damages of strerx;t}'ened model
tuilding is much lighter than- that of unstrengthened one. It means that
after the formation of stepped cracks in the walls, the contr:.‘x:utlon of
remforced cancrete columns is evident.

It should be mentioned that the unstrergthened model huilding was
only excited in one direction, .and it was collapsed at fifth run of .
repeated excitations with a peak value of 1.2g. Just as shown in Table °
1, when the peak value of excitation was increased to 2g in Xidirection,
another excitation in Y-direction was inputed to the huilding simulta-
neously, and the strergthened muilding was collapsed dur:.ng the repeated
exc1tat10n at that pesk level.

Darmg the first two-way excitations the darrages of streng‘trmed
model tuilding in the walls of ground floor were sericus: same concrete
blocks near the opening in the lateral walls of ground floor fell down,
and partial concrete blocks in the long:.tudmal walls moved cut-plane
about 4 ~ 5cm and even fell down too. (Fig. 6). At that moment the
steel strain in reinforced coluzrm at’. the groand .floor reached 4390 K€
The sericusly deformed columns even were separated fram the masonry
(Fig. 7). It should be pointed out that the damages on. the second and
- upper floors were much lighter than those on the ground floor.

_ Frcm tte t1me histary of acceleration (Flg 8), it can be founi
that the maximum response of acceleraticn is 0.8g, which ig snalla: }
than the input peak value. It means tl'at the input energy was dissi-
pated by the cracking walls. ‘ .

It should be noted that the confined effect by the remforced con--
crete colums results in the fact that the. ope'u.ngs in mascnry wall be-
came smaller and smaller. It means that during earthquake. the doors
and windows of strengthened huilding maybe cmld not be opened 1f
their frames were not strergtl'ened

When the strengthened model b.uldmg was excited at paak ‘value of

29 in X-direction and 0.857 in Y-diréction, the first stary was col- -
lapsed b.lt the upper four storles d1d not collapse arﬂ stood on the
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ruins (Fig. 9). The damages in the upper four stories were minar. This

phenamenon also can be illustrated by the strain responses of steel in -

- reinforced concrete columns at the ground floor (Fig. 10) and the third
floor (Fig. 11). ,

Accordi_ng to the similitude relationship the estimated peak acce-
leration of the strengthened prototype huilding can be calculated fram
the test results of the madel. Tahle 2 shows the estimated peak value
Ap of strengthened prototype huilding. In order to campare the aseismic
capac:Lty with unstrengt'hered ‘huilding, its test res.\lts are also listed -
in Table 2.

Est:unated ‘Peak Value Ap Table 2.
 Unstrergthened Building Strengthened Building'
Au (@) | A g  m@ | @
0.2 g 0.065 S 0.18g  |. 0.051g °
0.56g 0.183 0.38g | 0.10%g
0.72g 0.237 . 0.7 g 0.200g
1.229 0.402 | 1.15g 0.327g
- : 1.5g 0.471g
g . 0.580g
DISCUSSION

EEfect of Re:mforced Concrete’ Columns for Strergthened B.n.lding

 The Test results of strengthened amd unstrergthened(z) model 1ild-
irgs show that when the strengthened model tuilding was excited with a
peak value of acceleration less than 0.7g correspording to Intensity 8
for prototype building, the efféct of reinforced concrete columns is
not very. evident; hut when the peak value increased to 1.15 ~ 1.229 the
damages of the two uildings were quite different. The damages of un-
strengthened huilding is more sericus than that of strengthened one.
The displacement of stremgthened building due to the confined action
of reinforced concrete colunns ard tie bar systam is much less than
that of unstren;thened

 Aseismic Capacity of Stremgthened Blildirg

‘Because the strergthened mcdel uilding collapsed under the two—
way excitation, it can be estimated that if the unstrengthened model
‘uilding was also excited under two-way excitation, the peak value of
acceleration in main direction may be much less than 1.22y. Tt means
that the aseiamic oapac1ty of strergthened Milding may be about one
time larger than that of the unstrengthened one. The conwincing esti-
mation may be given by the next test of unstrengthened uilding =
excited by two-way input in Tongji University.
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Different Collapse Patterns

_ Fram Fig. 12 it can be found that the unstrengthened model building

campletely collapsed, lut the Fig, 9 shows that the upper four stories
of strengthened huilding stood on the ruins.. It means that the 80%.
inabitants may be servived in the strengthened b.n.ldlrg canpared with
in the unstreng't}'ened one durmg strong earthquake. :

ovanent of ASeJ.snlc Capacity for Strengthened B.uld‘
It is evident thet the weak point of streng't}med model hilding
is the openings. Because the openings did not strergthen, the caoncrete
blocks easily moved to the openirgs. If all the openings were streng-
thened by reinforced concrete frames, it can be believed that the
damages of strergthened huilding may be lighter:; and the biuilding can
resist stronger earthmuake.

(1) Zm Bolong, Jiang Zhixian, Wa Mingshun, "A Study on Aseismic Capa-
city of Brick Masonry Buildimgs Strengthened with Reinforced Con-
crete Colums amd Tie Rars", Proc. of US-PRC Rilateral Worksho;:
mmrtl-quale Frgineering, Aug. 1982, Harbin, China.

(2) Zm Bolong, L4 Xilin, "Shakirg Table Study of 'a Five-Story Un-
reinfarced Concrete Block Masonry Model Ruildirng", Proc. of Inter-
national Workshop on Earthquake Engineering, March, 1984, Shamghai,

- (3) State Capital Construction Carmmission of PRC", Aseismic Design

Code far Industrlal and Civil Eulldmgs (TJ 11 78)" (in. Chinese) ;
‘Beijing. :
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‘ Errata
The following correction should be made to t’h"eroriginal papers:
Page 1-4-2, line 3, the 8th word: Should read Sinha -iﬁsteadoi -inha.
Pérge -4-2, line 15, the 2nd word: .Should read stress mlvin§tead of stress.

- Page II-4-7, Eq. (9) the lift hand: Should read 9& mstead of

Page I1-4- 8 Table 2, the forth row of the last cloumn: Shouid read
C, = 0-143 instead of C, = 0.43

Page IV-2-11, line 7 and 8, the last words: Should read Flg 5 and Fig. 6
‘ :nstead of Fig. 3 and Flg 4 respectively.

Page 1V-6-7, Eq 30, the numerator of ri ht hand: Should read ,
(0.77+0.23 @ JEb instead of (0.77 + 0.23)Eb

Page IV-7-6, line 3 from bottom, the 3rd word: Should read 0.2g 1nstead ‘
of 0.4g '
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Multi-Story Brick Buildings

Jinren Jiang and Feng Hong
ACKNOWLEDGMENTS

This report is one of the research works conducted at the Institute
of Engineering Mechanics under the US-PRC Cooperative Research in Earth-
quake Engineering supported by State Seismological Bureau and National
Science Foundation. -Under this project, the direction of Professor HU,
Yuxiar and the cooperation of Professor ANG, A. H-S5. during the course

of the study are appreciated. -



ADDENDUM
to

COMPARISON OF U.S. AND CHIRESE METHODOLOGIES
OR THE SEISMIC EVALUATION AND STRENGTHENIRG
OF EXISTING UNREINFORCED MASONRY STRUCTURES

Heil M. Havkins, F. Chou, and {. Yin

This paper compares the U.S. and Chinese procedures only inm those
aspects wvhere such comparisons have some validity; namely, the mathe-
matical models used to characterize the building's response, celcule-
tions for the in-plane shear strength of walls, and the need to consider
openings. Complete celculstions with either procedure predict lower
strengths and different relative values to those shown in Table 1. For
example, from Table 2 it is clear that for the U.S. procedure for wells
A and 6 at floors 1 through 4, the restoring shear characteristics of
the piers rether than their direct shear strength controls the in-plane
shear streagth. Similerly, the building's pier proportions do mot 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 vhich the shear strength of the
wall is taken as the test strengtih and the shear strength of the masonry
as vy times the wall's cross-sectional arem. The ABK and PRC curves,
bovever, sres the design recommendations of Egs. (1) and (3) expressed in
terms of stress. If those recommendations are expressed as forces and
account taken of the corrsction factors im Eqs. {1) and {3) for workmen-
ship, safety, and pon-uniform distribution of shear stress, then the
reletive poaltions of the four expressions become as shown inm Fig. 9.
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