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B E H A V I O U R OF R E I N F O R C E D M A S O N R Y S H E A R W A L L S 

U N D E R C Y C L I C L O A D I N G 

J . C , Scr ivener* and D. Will iams** 

A series of tests on reinforced brick and 

concrete block walls subjected to cyclic static 

loading applied in the plane of the walls is 

described. The parameters varied were the mag-

nitude of bearing loads, wall aspect ratios and 

reinforcing percentages and distribution. The 

hysteresis loops from several cycles of load-

deflection obtained by cycling at constant 

deformation, normally a multiple of the deform-

ation at maximum load, were obtained and the 

walls loaded to failure. In particular, the 

ductility capability, stiffness degradation, 

load deterioration and the ductility require-

ments as determined by dynamic analyses are 

discussed in relation to the aseismic design of 

load bearing masonry walls. 

Introduction 

In spite of being the oldest building 

material, the technological development of 

masonry in earthquake engineering has lagged 

behind other structural materials*. The paucity 

of knowledge on the subject has led to a lack 

of confidence by engineers tp use it for aseis-

mic design of structures. This has not been 

helped by the frequent references to extreme 

damage which has occurred in masonry structures 

during earthquakes. However these masonry 

structure s were of "unengineered" masonry and 

comparison with structures constructed in other 

materials, which were subjected to detailed 

seismic provisions, is grossly unfair. Even 

today, masonry structures are seldom designed 

using modern aseismic design m e t h o d s 0 

Considerable research on many aspects of 

masonry structural performance has Ipeen under-

taken but the behaviour under cyclic lateral 

loading, so necessary f.or consideration in 

aseismic design, has received very little 

attention. However in Mexico, Meli and Esteva 

( 1 ) have conducted tests on reinforced masonry 

walls mainly of hollow concrete block construc-

tion. They obtained load-deflection hysteresis 

loops from cycling a horizontal load applied 

at the top of the walls. Their results showed 

a very marked loss of stiffness between the 

first and second cycles of load but a reasonably 

constant reduced stiffness from the second 

cycle onwards. The magnitude of the cyclic 

deformation and the amount and distribution of 

the reinforcing were the major parameters varied 

but in some tests the vertical bearing load was 

also altered. However all of their test walls 

were of aspect ratio (wall height : length) 

just below unity and of such magnitude of rein-

forcing and bearing load that shear effects 
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dominated ffexural effects. 

The objects of this test series on rein-

forced masonry walls were as follows : 

(a) to determine the ductility capabilities; 

(b) to investigate the stiffness degradation 

and load deterioration characteristics; 

(c) to observe the failure mechanisms and 

ultimate loads; 

(d) to determine the effect on ( a ) , (b) and 

(c) of varying the parameters 

(i) aspect ratio of walls, (ii) magnitude 

of bearing load, (iii) the amount and 

distribution of reinforcing. 

Dynamic analyses were carried out to 

determine the effect of stiffness degradation 

on the ductility requirements of structural 

mode1s. 

Finally some recommendations for design of 

reinforced masonry walls are made.. 

Test Walls and Test ing Procedure 

Materials 

In order to reduce the size and consequent 

difficulties in handling and testing, the walls 

were constructed in nominal masonry units. 

As such the scale of the test walls was approx-

imately oner-half full size but is is contended 

that the results found will indicate the effect 

of the various parameters of the problem for 

prototype walls, 

The masonry uni.ts used were 8' n

 x x 

2 M bracks with 2 hollow cores each square 

and Jit" x 3 " x 3 f * concrete blocks with 2 

hollow cores each 3" x 1^" . In the first test 

series conducted, similar tests were performed 

on brick w a U s and on concrete block walls with 

comparable results. kater walls werQ all con-

structed in brick as the concrete block wall 

behaviour may be inferred directly from the 

brick wall results,, Only test results on brick 

walls are reported herein. 

The bricks used had compressive strengths 

in excess of 10,OQQ l b / i n 2 and initial rates of 

absorption of approximately 30 gm / 3 0 sq.in./min. 

A lime mortar ( 5 sand ; 1 cement : 0 . 5 

lime by weight) of nominal ultimate cylinder 

strength 2000 lt>/in 2, an initial flow of 

approximately 110% and a retentivity of approx-

imately 70% was used in eaqh wall. 

All cores (except the unreinforced cores 

of &\$k) were gravity filled with a very fluid 

grout (3 sand : 1 cement : 0 . 0 ^ Onoda by 

weight) of nominal ultimate cylinder strength 



2000 lb,''in . Considerable care w a s taken by 

the b r i c k l a y e r to e n s u r e that the cores were 

free o f o b s t r u c t i o n s t o grout f l o w . 

Wall and Test De tails 

Tab)o i gives the wall dimensions, amount 

and distribution of reinforcing and magnitude of 

boarinp; stresses,; Only repressntativo walls are 

d i s c u s s (• d in t h i s pape r . Th e full series will 

be r e p o r ted 1 a t e r(2 ) . 

It should be noted that the reinforcing 

percentages used arc5 very 1 ow by reinforced 

concrete standards. The bearing loads are 

calculated on the gross sectional area and may 

be compared with the N.Z, Building Code allow-

able value of 2 5 0 lb/in^ and with an estimated 

ultimate bearing capacity in excess of 2 0 0 0 

l b / i n 2 . 

In every wail, the vertical reinforcing 

was welded to a steel base which was rigidly 

clamped to the test floor. The walls were 

constructed In stretcher bond on this steel 

base which had shear connectors welded to i t 0 . 

In order to Simulate earthquake loading on 

trie wall element both the in-plane lateral load 

and the vertical bearing load were applied 

through a substantial reinforced concrete load-

distributing beam a t the wall top. The lateral 

load was applied through a ball seat wi th an 

hydraulic jack reacting against an exterior 

reaction frame. To keep the bearing load con-

stant throughout the test, a system of jacks 

was used which was connected to an hydraulic 

pump capable of maintaining a constant oil 

pressure in all jacks,, Th e s e jacks reacted 

against high tensile steel rods pinned at their 

other ends to the test base so that the loading 

sy stem could move with the wall under the action 

of the lateral load. 

The horizontal load was cycled, wherever 

p o s s i b l e 3 at a constant deformation representing 

some m u l t i p 1 e of the initial deformation at 

maximum load. This constant deformation could 

not be the same for each wail as it was desired 

to cycle before load deterioration would occur, 

at least in the earlier cycles. After several 

cycles of load, the walls were taken to failure. 

The lateral deformation as measured by a 

s train gauge extensometer at wall top mid-

length and the lateral load as measured by a 

load cell were plotted continuously by an XY 

plotter. 

A general view of the test set-up is 

shown In Fig. 1 ( a ) . 

T e s t Wall Results 

Although flexural and shear effects were 

present in al1 the walls tested, it Is con-

venient to define two extreme states In order 

to be able to describe the behaviour of other 

walls in relation to these states 0 

In flexural behaviour, the initial cracking 

occur s mainly in the horizontal mortar joints 

near the base of t he wall and Is produced by 

the vertical movements necessary in the brick-

work to achieve compatibility with the yielded 

deformations of the steel. After yielding, the 

load maintains the yield level while the 

deformation increases until failure is precipi-

tated by crushing, usually accompan i ed by 

diagonal cracking, at t h o too of the w a M 0 
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On the other hand, shear behaviour i s 

characterized by initial diagonal cracking 

resulting in reduced stiffness, virtual J y n o 

constant load plateau, some tendency f o r the 

load to reduce sharply from the maximum l o a d 

with increasing de forma t i on, extensive and sudden 

damage to the masonry causing loss o f strongth 

and eventually wall failure caused by disinte-

gration of masonry at th e toe of t ho waI J . 

The condi t ion at failure of w alls IV] and 3 ? 

exemplifying flexural and shear behaviour 

respectively, are shown in F i g s. 1(b) and 1(c) 

respecti v e 1y 0 

Some of the walis exhibited a behaviour 

which was initially flexural in charac tor, and 

then, because of the overall deformation required 

of the panel while the wall displaced at yield 

load, they cracked along the compro s si on diagon-

al. The behaviour thereafter was shear-like 

with one important difference in that the panels 

showed a constant load plat e a u not unlike 

f 1exural due tile behaviour. This apparen t 

ductility wa s accompani ed by 1 o ad deterioration 

when the wall was cycled at constant amplitude, 

Howe ve r the load was partially regained, almost 

back to the original yield load, provided the 

necessary def ormat ion was reached, The degrad-

ation of load is pre sumab 1y caused by progress-

ive deterioration of the masonry along the shear 

cracks but increased deformation brings into 

effeet undamaged material which allows an 

increase in load carrying capacity. Wall 1 (Fig. 

2 ) is an excellent example of this behaviour 

which will be termed M t ran sit i onal type". 

Stiffness Degradation 

A l 1 of the 1 o a d - d e f 1 e c t i on curve s (Figs. 2 

and 3) show st iff nes s degradation wi th cycling. 

The maj or loss of s t iffne s s occur s between the 

first and second cycleSo 

In the case of wall B3 (Fig. 3 ) behaving 

flexurally, the stiffness degradat ion wa s not 

pronounced and subsequent c y c 1 i n g at the same 

maximum deformation produced fairly constant 

hysteresis loops. For this wall, three cy c 1 e s 

at a max imum deformation of 0 . 3 5 " showed stable 

behaviour so the cyclic amplitude was increased 

to 0 . 6 5 " where again the 1 o o p s were stable 

just if ying further increase in the def ormat ion 

ampli tude« 

On the other hand, in the walls which 

faiIed predominantly in shear, ill us trated by 

walls 3 and Dl (Fig 0 2) and w a 1 1 s B2 and Bk 

(Fig. 3 ) j the initial stiff ne s s degradation was 

large and load deterioration and further stiff-

ness degradat ion occur red on each subseque nt 

cycle u 

Effect of Bearing Load 

The result s of w a 1 1 s B 3 , Bl and B2 (Fig* 

3 ) wh^ch have bearing stresses 1 2 5 , 2 5 0 and 5 0 0 

1 b / I n respectively, show flexural, transitional 

and shear type behaviour respectively0 Although 

there is a deer ease in ductility a s the be ar i ng 

load increases, the ultimate strengths increase, 

Fig. 5 illustrates an idealization of this 

phenomenon. 

It might be expected that increased bear-
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closely re somb J. e s that of plain concrete 

specimens. 

Effect of Roin forcing 

The static racking tests to failure on 

reinforced brick and concrete block walls 

reported by S c h n e i d e r ^ ) and Scrivener^ ' J ' 

g i v o j for any one masonry material, a reasonably 

constant shear strength provided a nominal 

amount of reinforcing is incorporated^ Hence 

an increase of vert i c a 1 reinforcing will 

increase the horizontal load to cause yielding 

of the steel ( i.e c w i 1 1 rai so the f 1exural 

strength of the wall) without altering the 

shear strength appreciably 0 Of course, the 

most effective vertical steel for flexural 

resistance is t ha t positioned on the w a 1 1 

periphery. However, concentration of rein-

forcing at the wall edges may not necessarily 

produce the most suitable earthquake resistant 

structure, as w i 1 1 be discus sed later« Compar-

i son of wa 1 1 s 131 and Bk (Fig. 3 ) illustrates the 

above and shows that increasing the reinforcing, 

while other factors remain the same, has the 

effect of increasing the tendency towards shear 

failure. 

Walls A1 and A2 differ only by the inclusion 

of horizontal reinforcing in A 2 . The effect of 

this reinf orcing was to create a di splacement 

plateau at max imum load in the first cycle. In 

subsequent cycles, the reinforcing was ineffect-

ive and the two walls behaved similarly. Thi s 

agrees with the accepted view that shear rein-

forcing is ultimately ineffective in deep beams. 

Effect, of Wall Geometry 

In the walls of high aspect ratio, 

flexural behav i our occurred wi th wall B 3 (Fig. 

3 ) containing a low amount of reinforcing and 

supporting a low bearing stress ( 1 2 5 lb/in 2)„ 

A large duct ili ty capabi 1i ty is evident 0 

Comparing walls Bl and 3 (Fig. 2 ) , both 

wi th beari ng stresses of 2 5 0 1b/i n 2 , a behaviour 

change f rom transi tional to shear type occurs 

with reducing aspect ratio 0 

The behaviour of wall Dl (Fig. 2 ) , with 

zero bearing load, indicates that for low 

aspect ratios 11 is virtually impossible to 

obtain a flexural condition c Such walls may be 

considered as deep beams which are known to have 

comple x behaviour patterns. 

It is important to appreciate that the 

ultimate strength of walls with low aspect 

ratio are relatively high and it is likely that, 

in pract i ce, overall stabi 1i ty w i 1 1 be cri tical 

before any due t i 1i ty is required. 

Ultimate Strength 

of earthquake engineers following results of t h( 

PCA concrete frame ductility invest!gc 

For those walls in which shear determined 

the maximum load, the shear strength (ultimate 

shear stress based on the gross horizontal 

section) varied from 1 0 0 l b / i n 2 to 2 3 0 tb/in^. 

The higher values were associated with walls 

containing large steel contents or supporting 

large bearing l o a d s 0 The lowest value was 

obtained for the wall of aspect ratio 0 . 5 . 

Dynamic A n a l y s e s 

The important property of stiffness 

degradation was again brought to the attention 

5 following results of i 

. i 1 i t y inve s f. i ga tioir ' . 

For a given deformation amplitude, less energy 

is absorbed per cycle by a system with degrading 

stiffness behaviour than with an ordinary elasto-

plastic system. However, until recently, pract-

ically all theoretical analyses on which the 

predicted earthquake ductility requirements in 

simple structures have been based assumed 

ordinary elasto-piastic behaviour. Thus the 

relative earthquake resistance of structures 

having a degrading stiffness property was 

questioned and, in particular, it was thought 

that the earthquake ductility requirements 

might be increased proportionately D 

This was the background to a SEAQC sponsored 

investigation carried out by ClougbJ?' and 

aimed at determining the effect of stiffness 

degradation on earthquake ductility require-

ments. Simple single-degree-of-freedom 

structures with periods of vibration T ranging 

from 0 o 3 to 2 . ? seconds were excited by earth-

quake ground motion records and their theoret-

ical dynamic responses determined. For the 

flexible structures (T > 0 . 6 s e c o n d s ) , the 

ductility requirements were similar for equiv-

alent elasto-plastic and degrading stiffness 

systems,. However as the period approached 0 . 3 

seconds, the ductility requirement for the 

degrading stiffness system became approximately 

twice that for the equivalent elasto-plastic 

systenio 

Load bearing masonry shear structures are 

typically stiffer than their reinforced concrete 

or steel frame equivalents, having a fundamental 

period of vibration of the order of 0 0 0 5 N where 

N is the number of storie s „ Masonry structures 

of up to 6 stories will probably have fundament-

al periods below 0 . 3 seconds. Hence it was 

necessary to extend C I o u g h 1 s investigation to 

structures of lower periods. This extension is 

also applicable to the higher modes of vibration 

of multi-story buildings and the effect of 

stiffness degradation on them may be large 

enough to affect the overall structural behav-

iour. 

In all cases of initial flexural behaviour 

the load to cause yielding of the wall could be 

predicted to within a few per cent by the alge-

braic summat ion of the moment s of the bearing 

1oads and of the yield forces in the ver t ical 

reinforcing taken about the reaction corner. 

Thi s confirms the f i ndings of Scrivener' 5 5 ) 

and it shows that re inf ore ed concrete ult imate 

flexural strength principles can be applied to 

reinforced masonry walls, It has been shown 

( 2 , 8 ) ? i n another part of the current re search 

project, that the complete stress-strain curve 

f or plain br i ckwork and concrete blockwork pri sms 

The dynamic analyses, similar to C I o u g h 1 s , 

were undertaken on a digital computer using the 

numerical integration methodo Only the El 

Centro 1 9 ^ 0 N-S ground motion record was used 

for structural excitation since Clough showed 

that other less intense earthquakes produced 

the same trends 0 The simple single-degree-of-

freedom system was used whose elastic properties 

are given by the period of vibration. 

T = 2 H / M T T 

whe r e 

/ k 

M = vibrating mass 

i ng load w < > u .1 d increase- shear strength by the 

fractional action mode« 



and k = stiffness. 

Damping ratios, X, of 2, 5 and 10% were 

applied. 

C I o u g h 1 s basic degrading stiffness model, 

as expressed in the force-deflection diagram 

of Fig. ̂ a, was considered to be a reasonable, 

conservative first approximation to the experi-

mental behaviour of those masonry walls which 

behaved in a ductile manner c Initial loading, 

yielding and unloading are identical to the 

elasto-plastic model. On further 1oading, 

subsequent stiffness is determined by two 

points, (i) the force-deflection condition at 

which the unloading terminated and (ii) the 

current yield point CYP, defined as the force-

deflection condit ion of the maximum yielded 

di splacement which has occurred at any previous 

time c In the event of no previous yielding in 

the direct ion co ncerned CYP is represented by 

IYP, the initial yield point which is the 

force-displacement condition that would be 

reached if the structure had yielded in this 

direction initially. Unloading takes piace 

with the initial elastic stiff ne ss. 

The yield strength ratio , 

where = yield strength of structure 

W = total weight of vibrating system, 

is an important physical parameter in non-linear 

re sponse analyses,, Using the SEAOC code, the 

design base shear force V d for a structure loc-

ated in the mo st severe zone, zone 3 > is speci-

fied as 

V, = KCW 

d 

where K lies between 0 . 6 7 and 1 . 3 3 depending 

upon the type of framing system and se i smic 

coefficient 

c = 

Taking the yield load as twice the de sign load, 

The highest value for (3 equal to 0 „ 3 is obtained 

for T - 0 . 1 sec. with K = 1 . 3 3 . This maximum 

value of {5 may be compared with the value based 

on the most severe ba sic sei smic coefficient of 

NZS 1 9 0 0 C h a p . 8 0 For public buildings in Zone 

A the coef ficient is 0 o 16 and doubling to give 

a load factor of two, a yield strength ratio 

of 0 . 3 2 is obtained. All analyses used the 

value of P = 0 o 3 j as lower value s gave ductili ty 

requirement s which, as shown from the test 

result s, would be diff icult for ma sonry struct-

ure s to attain. For all C l o u g h 1 s models, values 

of {3 from equation (1) were used. 

Fig. 6 shows the time-history di splacement 

re spon se s for t h e e l a s t o - p l a s t i c and degrading 

stiff ne ss systems with the structural propertie s 

indicated. Another view of the re sponse s is 

shown in the force-deflection diagrams of Fig. 

7 „ The times, af ter initiation of the ear th-

quake, at which various points in the diagram 

were reached, are indicated. 
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It is evident from Figs. 6 and 7 thai the 

de grading stiffness structure responds more 

actively than the ordinary elasto-plastic syst-

em. The frequency is reduced by the loss of 

stiffness but the total di splacement from the 

ini tial position is greatly incre ased. Thi s 

contrasts wi th the behav iour of flexible 

strueture s (as determined by CIough) whe re the 

initial re sponse for the two cases is almost 

ide n t ical but the loss of s t i ffne s s re su11 i ng 

f rom the 1arge yield deformati ons great 1y re-

duces subsequent response in the degrading 

sy stern. 

It Is rewarding to con sider the se results 

wi th ref erence to the average re spon se spectra 

shown in Fig. 8, With a f1exible structure, 

( i o e, on the descending portion of the curve) as 

the stiffness degrades causing an increase in 

peri od, the st rueture become s less responsive to 

earthquake exci tation, Thus the build-up to 

the maximum response def ormati on is essentially 

an elastic phenomenon re suiting ult ima tely in 

oscillations which cause yieldi ng quickly 

fol1 owed by response stabilization. A fur ther 

factor contribut ing to the desirable behaviour 

of flexible structures is that after any yield-

ing has occurred the degrading st iffne ss mech-

ani sm gives rise to a hysteresis loop for all 

cycle s of loading and unloading regardle s s of 

whe ther yielding takes place in the cycle s. Of 

course, in the elasto-plastic system hysteretic 

energy losses re sult only f rom yielding during 

that cycle. 

In the case of stiff structures (T < 0 . 3 

s e c o n d s ) , as the period increases with stiffness 

degradat ion the structural re spon se 

would be expected to increase along the 

ascending portion of the spectrum and may 

ult imat ely climb over the peak of t he curve 0 

Such reasoning explains the behaviour observed 

in Figs. 6 and 7 . 

Table 2 details typical results of the 

dynamic analy se s. For the structure -with 0 . 3 

second period and propertie s of yield strength 

rati o 0 o 3 > damping fac t or 1 0 % , ductili ty factor 

(ratio of di splacement at point of interest to 

di splacement at yield) pi Q = 2 0 9 f or the ord-

inary elasto-plastic system and ductility 

factor p.d = 6 . 1 for the degrading stif f ne s s 

system were required. For the equivalent 

structure with 0 . 1 second period, factors 

M<o = 1.7 and ^ = 3 . 8 were required. In fact, 

the due t i 1 i ty factor ratio û /pi Q just greater 

than 2 is typical of structure s with periods 

0 . 3 seconds and lower. Thi s may be compared 

with ductility factor ratios in the range 0 . 8 

< ^ / p.0 < 1 . 2 f or 1 onge r period st ructure s , 

An idealized average relationship for the rel-

ative ductility requirements (degrading/ 

ordinary elasto-plastic) of simple vibrating 

structure s, expre ssed as a function of per iod, 

is given in Fig. 9» 

However in the short period range the 

actual ductility requirements, for both material 

type s, generally decrease as the period • 

de crease s. Thi s may be explained by th e fact 

tha t the initial response f or the low per iod 

elastic structure is less than for the 1onger 

period structure wi thin the range up to 0 . 3 

seconds. Structure s with periods of vibrations 

near 0 . 3 seconds and exhibi ting the st if fne s s 

degrading property wi11 be the most susceptible 

to earthquake excitation, requiring ductilities 

of the order of 6 to withstand earthquakes of 
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should be able to wi thstand moderate earthquakes 

wi thout major structural damage and should not 

collapse under the effect of the "severe" 

ea rthquake. 

Of course it is assumed that a nominal 

amount of reinforcing is provided to give the 

walis structural integrity. 

11 mu st be emphasi zed tha t the wall aspect 

ratio must be sufficiently large to ensure 

enough flexural duet i1ity before shear effects 

be come predominant. In the test , true flexural 

behaviour wi th large du c t i1i ty was not able to 

be ach i eved wi t h walls of aspect ratio one or 

less. However it is conceivable that walls in 

thi s range which show apparent due t i1i t y ( shear 

di splacement a t constant load) may be capable 

of wi thstanding earthquakes, when de signed by 

the ultimate strength approacho 

If ductile behaviour cannot be expected 

aseismic design by the working stress method is 

e s sent ial. For the stiff ma sonry wall tnis 

me t hod, as currently used, is i r r a t i o n a h As 

no ductility can be assumed (unlike the situa-

tion in f ramed strueture s) the design loads 

must necessarily be the actual sei smic loads 

likely to be experienced. The se will be con-

siderably larger than the normally used de sign 

loads. Lack of appreciation of this fact has 

lead to the mi staken be 1ie f that there is an 

inherent weakness in the masonry whereas in 

fact the earthquake forces which must be resist-

ed by thi s type of s tructure have been under-

e st imatedo The same argumen t applie s to rein-

forced concrete shear walls of thi s type o It 

should be reali zed tha t the load capaci ty of 

such walls in reinforced masonry (or concrete) 

may be very h i g h 0 Hence if realistic stresses 

are used the above proposal may not be limitingo 

The above comment s have been based on the 

re sult s from static cyelic tests. Similarly, 

dynamic behavi our of re inforced concrete 

structure s has been assumed (conservatively) 

by static test re sult s and thi s as sumpt ion is 

normally justified by the fact that both the 

yield and ultimate strength of reinforcing 

steel and the ultimate strength of concrete 

increase with increasing rates of strain. 

Thi s as sumpt ion is que sti oned for the 

foil owing two reasons: (1) the strain-rate 

dependent properties have been obtained, by 

ne ce ssi ty, from non-cycli c tests and (2) no 

account has been taken of other structural 

properties which may be affected by dynamic 

conditions e.g 0 shear strengths. It is hoped 

to conduct dynamic tests on walls similar to 

those tested statically. 
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TABLE 1 - TEST WALL DETAILS 

Material Designation He ight Length Nominal 

Aspect 

Ra t i o 

Vertical Reinforcing Reinforcing 

<%) 

Bearing Pressure 

( l b / i n 2 ) 

Brick 1 3 , - 9 " 3 * - 8 " ! kf*
n bars uniformly distributed 0 . 2U 0 

n 2 i t « 1 tt 1 2 5 
?f 3 tt i i 

1 
tt t i 2 50 

i t k t i i t 41 i t 500 

«i 
5 t i tt 

1 tt i t 500 

Concrete 
l 

Block 
l k

1 - 0 " 3 ' - 1 1 H' /. " bars uniformly distributed 0 . 2 6 0 

« 2 tt 
1 it tt 

1 2 5 
ft 3 tt i t 

1 
tt t» 2 50 

II h tt » 
1 

tt i t 500 

Brick Al 3 , - 9 " 3 , - 8 » 1 2/1" bars on periphery 0 . 6 7 2 5 0 

i i A2 tt i t 1 2 / , ; H bars on periphery 0 . 6 7 2 5 0 
& & 

2/i " bars horizontally 0 . 3 3 

i t Bl 3 � - 1 1 " 2 ? - 2 " 2 2 " bars on periphery 0 . 2 0 ^ 2 50 

i t B2 tt t t 2 tt i t 500 

i i 
B 3 

i t t t 2 11 i t 1 2 5 

tt tt tt 2 ^/f-" bars on periphery 1 . 6 3 2 50 

« DI 3' - 2" 6 • - l» 0 . 5 6/"' "bars uniformly distributed 0 . 2 2 5 0 

i t D2 tt tt 
0 . 5 tt ti 250 

Note: All reinforcing bars deformed. 



T A B L E 2 - T Y P I C A L R E S U L T S OF D Y N A M I C A N A L Y S E S 

P e r i o d T 

( sec ) 

Model Type Damping Rat io A 
M a x i m u m 

Duet i 1i t y Factor 

0 . 3 E l a s t o - p l a s t i c 10 2 . 9 

i t B a s i c degrading s t i f f n e s s i t 6 . 1 

0 . 2 
1! 1! t t i t 

0 . 1 E l a s t o - p l a s t i c tt 
1 . 7 

it B a s i c d e g r a d i n g stiff ness tt 3 . 8 

i t ii ti i t 
5 6 . 3 

it ii i i it 2 6 . 9 

tt Total d e g r a d i n g stiff ness 10 9 . 6 

ti it it i t 5 3 2 

i t t i i t t i 2 5 3 

N o t e : £ = 0 . 3 for a l 1 case s• 
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F i g . 1. 
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Cycle numbers are indicated 

Fig.2 : LOAD DEFLECTION CYCLES 
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o 

(CYPn) (lYPn) 

(lYPp) (CYPp) 

(a) BASIC 

o 

(CYPn) (lYPn) 

n Y p

P J ^
 ( C Y P

p ) 

(b) TOTAL 

Deflection 

Fig.4 : IDEALISED DEGRADING STIFFNESS MODELS 

INCREASING 
BEARING 

LOAD 

Deflection 

Fig.5 IDEALISED LOAD-DEFLECT/ON CURVES 
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ELASTO-PLASTIC DEGRA DING -STIFFNESS 

STRUCTURE PROPERTIES T - 0.3 sees., A =10% ,(3 -0.3 

£7 Centro 1940 N-S Earthquake 

Fig. 7 : FORCE-DISPLACEMENT DIAGRAMS 
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Fig> 8 : AVERAGE EARTHQUAKE RESPONSE SPECTRA 

Period(secs) 

Pig* 9 : IDEALIZED RELATIVE DUCTILITY REQUIREMENTS 

DEC RAD/NCV ORDINARY ' 


