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SCOPE AND 	 CONTENTS: 

rrhe slitted wall, a concept originally used to improve 

the properties of infilled wall panels, is applied to shear 

wall structures. An ordinary reinforced concrete wall and 

three slitted walls were tested under cycles of repeated 

lateral displacements. The effect of vertical load and the 

lengthening of the slits to full panel height was also inves

tigated. 

The walls are compared by considering the different 

crack formations, stiffness deteriorations, load-deflection 

characteristics and energy properties. It is shown that 
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\le rt lcal slits do not produce improvements to the lateral 

response of wall panels. The application of vertical loads 

is beneficial and the lengthening .of the vertical slits to 

full panel height is detrimental to the behaviour of the 

wall panels~ 
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CHAPTER I 


INTRODUCTION 

1.1 Shear Wall Structures 

The shear wall, in its various forms, is now accepted 

as an economical form of constructing high-rise buildings. The 

design of multistory structures has reached the . stage where the 

position and shape of the shear walls are governed by both 

architectural and structural requirements {l). /i,.rchi tecturally 

the shear wall is used to divide and enclose space in a building, 

to enclose lifts, stairs and service ducts and to act as a 

barrier for noise and fire. Structurally the shear wall is used 

to transfer the various applied loads through the foundations 

to the ground. 

The multistory structure can be divided into two main 

· categories according to the functional requirements( 2 ). The 

first category contains the 'office building' which requires 

large open floor spaces for flexible office layouts to meet the 

needs of the various occupants. The shear walls for this type 

of structure tend to be grouped around the core area containing 

the lifts, stairs and utilities, and around the perimeter of 

the building. 

The second category contains the high-rise apartment 

buildings. For this structure the shear walls are used as parti

tion walls between apartments as well as around the service 

1 
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core and exterior walls. 

The integrated functions of the various types of shear 

walls and shear wall buildings are due to the efforts of 

designers . to produce more economical structures, that is, to 

produce optimum designs. An optimum structural design is 

achieved when the structure is designed for gravity loadsonly 

while the stresses due to lateral loads remain within the 

normally allowable overstress of 24 to 33 per cent< 3>. The 

utilization of architectural and structural components such as 

elevators and service shafts, fire protective diaphram walls · 

to resist lateral loads is essential in order to produce an 

optimum design of a structure. 

1.2 Loads on Shear Wall Structures 

The main structural requirement of shear walls is the 

transfer of the applied loads to the ground. The applied loads 

can be subdivided into two groups: dead loads and live loads. 

The dead loads are considered to be those whose effects are 

always present on the shear walls and they consist of the dead 

weight of the structural components, the architectural fittings 

and the mechanical services. The live loads consist of the 

effect of storage of goods, movement of people and vehicles, 

wind and seismic ground disturbances. By far the most important 

in the layout and in the structural design of shear walls is the 

effect of the horizontal live loads, that is, wind and earth

quake loads. 
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In seismically active areas the effect of earthquakes 

on structures is of greater concern than the effect of wind, 

due to the la·ck of sufficient data from which reliable predic

tions on occurrence and likely strength of seismic ground 

motions can be made. The generally accepted earthquake resis

tant design philosophy (wind resistant design follows similar 

reasoning) considers moderate earthquakes to be resisted by 

elastic deformations of the structure and the more severe, but 

less frequent, seismic ground disturbances are to be resisted 

by the structure yielding locally into the inelastic range of 

the material. Under no circumstances can collapse of any 

portion of the structure be tolerated. 

l.3 Elastic Behaviour of Shear Walls 

The first part of the earthquake design philosophy 

states that for the frequently occurring seismic ground motions 

the lateral loads are resisted by the elastic deformations of 

the structural components. The elastic analysis of shear walls 

has interested many investigators over the last two decades 

and there now exists a number of different methods of solution. 

Shear walls without openings can be analysed as simple canti

lever beams while the analysis of shear walls with openings, 

which are the more common type in practical buildings, can be 

carried out by three different methods. 

1.3.2 	 Shear Connection Method 

The first me t hod considers the connecting beams of the 
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coupled shear wall to be replaced by an equivalent continuous 

medium. This method was initiated Ly Chitty and developed and 

refined by Beck< 4 
> and Rosman(S). It assumes that the connec

ting beams have points of contraflexure at mid span and that 

the beams do not deflect axially so that a single second order 

differential equation can be formed~ This equation has been 

solved for a number of different combinations of wall size and 

loading conditions and the results have been presented in 

graphical form applicable to practical design cases( 6). 

1.3.3 Column Frame Method 

'rhe second method uses the equivalent frame analogy 

and considers the coupled shear wall system to be replaced by 

line members representing the various structural elements(?). 

The length of the connecting beams is taken as the distance 

between the centroidal axes of the adjacent columns. To 

account for the influence of the ,wall width on the connecting 

beams the portion between the ends of each beam and the 

centroidal axis of the wall is considered rigid. If the 

connecting beams are modified to be flexible over the total 

span between column axes, standard computer framework programs 

can be used for the solution of this problem{S). 

l.3o4 Panel Element Method 

The third method which is known as the panel element 

method has not gained acceptance as a practical engineering 

design tool. The finite element technique, using both triangu

lar and rectangular elements, has been used by several research 



groups to explain the elastic stress distribution in various 

types of shear walls. However, the panel element method seems 

to have no advantage over the shear connection method or the 

wide column frame method for estimating the deflection of \·1alls 

. th . (9 )wi openings · . 

1.4 Inelastic Behaviour of Shear Walls 

The second part of the earthquake resistant design 

philosophy deals with the inelastic behaviour of the structure. 

Little is known about the real behaviour of shear wall buildings 

under seismic ground disturbances and code authorities of ten 

place restrictions on the building of shear wall structures in 

areas of high seismicity~ The restrictions in the earthquake 

load provisions of the 1970 National Building Code of Canada 

are expressed in two ways:(lO) 

1. 	 The seismic force factor K, for shear wall buildings, is 

specified to be 1.33 compared with 0.67 for ductile moment 

resisting space frames. 

2. 	 Shear wall buildings are restricted to a height of 200 ft. 

in Zones 1, 2 and 3 although this restriction can be 

exceeded in Zone 1 if 11 the walls are designed with special 

provision required for their ductile behaviour 11 
• 

Similar provisions are specified in the 1966 Code of the 

Structural Engineers Association of California {SEAOC) , although 

the height restriction .is set at 160 ft .. {ll).. The i.nclusion of 

these restrictions is due to the damage suffered by shear wall 
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structures subjected 	to major earthquakes<12113 >. 

The authorities responsible for the code provisions 

have not yet had sufficient experimental evidence of the 

behaviour of shear walls in the post-elastic range to be able 

to adopt a more liberal approach to the design of shear wall 

b~ildings~ It should be noted that the National Building Code 

of Canada permits departure from the height restrictions if it 

can be shown that the structure can withstand the appropriate 

design earthquake with ductility and energy absorbing capacity 

equivalent to that in a structure with a ductile moment resisting 

frame capable of resisting at least 25 per cent of the lateral 

load. 

1.4.2 	 Analytical Investigations of Inelastic Behaviour 

of Shear Walls 

The post-elastic behaviour of coupled shear walls has 

been analytically investigated by modifying the continuous 

lamina approach. Winokur and Gluck presented an ultimate 

strength design approach in which they assumed that the 

collapse mechanism has plastic hinges at the points of contact 

of the coupling beams and the shear walls, and at the bottom 

of each shear wall (1.
4 ). 'l'he analysis was carried out in two 

stages. In the first stage the ultimate moments of the coupling 

beams were determined while in the· second stage the system was 

considered as a vertical cantilever subjected to the ultimate 

lateral load and the -ultimate coupling beam moments acting at 

the floor levels. The main disadvantage of this method is that 
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no indication is given of the amount of inelastic deformations 

the coupling beams have to undergo to achieve the collapse 

mechanism of the coupled shear wall. Paulay, to overcome this 

deficiency, used an elasto-plastic technique to trace the 

behaviour of a coupled shear wall structure through stages of 

incremental lateral loading till the ultimate strength was 

reached(lS). Paulay used the simplifying assumption that the 

laminas possessed bilinear elasto-plastic load rotation 

characteristics. 

1. 5 E2Cperimental Investi~tions of Shear Walls 

1.5.1 Reinforced Concrete Shear Walls 

On the experimental side the number of studies carried 

out on shear walls and shear wall components in the post-

elastic range is limited. The most extensive work in this area 

was carried out by Benjamin and Williams in the early fifties, 

but, unfortunately the effect of repeated loading was not 

included in the study. However a number of important conclu

sions were drawn from this investigation which are relevant to 

shear wall behaviour(lG,l?). 

1. 	 The location of the first crack, and the cracking load are 

independent of the amount, type and location of the panel 

steel. 

2. 	 Panel reinforcing produces an increase in ultimate load. 

As the amount of reinforcing increases, the numbt:?r of cracks 

before failure increases and the individual width of each 
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crack decreases. 

3. 	 Vertical steel is more effective than horizontal steel. 

Some horizontal steel is desirable to control cracking. 

4. 	 The length to height ratio of the panel influences the 

behaviour of the wall. As the length to height ratio 

increases the load at the first crack or at the first major 

break in the load-deflection diagram approaches the ultimate 

load. The crack pattern changes fro~ flexural cracking to 

diagonal cracking. 

S. 	 The prediction of wall deflection is difficult as the wall 

does not necessarily behave elastically due to plastic flow 

and the presence of shrinkage cracks. Ordinary strength 

of materiais theory gives reasonable results. 

6. 	 Openings decrease both the strength and ~igidity of wall 

panels. 

1.5.2 Slitted Shear Walls 

In recent years the Japanese have carried out a lot of 

valuable earthquake resistant design research and now high-rise 

structures are permitted in Tokyo, which is an extremely active 

seismic area. The first few multistory buildings in 'l'okyo are 

of a composite structure, composed of a steel frame and rein

forced concrete infill walls. 'rhe displacement incompatabili

ties of the flexible steel frame and the initially highly rigid 

reinforced concrete walls is overcome by the introduction of a 

. 	 1· d 11(18,19,20)new concept in shear walls, the s itte shear wa · . 

The slitted shear wall is a reinforced concrete wall containing 
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a series of vertical slits. The slits are normally filled 

with asbestos sheets and are complete breaks in the concrete 

and in the reinforcing bar arrangement. From the experimental 

program, Muto concluded that the slitted walls eliminated the 

usual deficiencies of monolithic reinforced concrete walls. 

The initial rigidities were reduced and consequently the 

resistance to the lateral load would be more evenly shared by 

the steel framework and the concrete infill walls. High ducti

lities were also shown to exist which would allow the structure 

to undergo large deformations. 

1.6 Purpose of This Investigation 

This thesis reports on an experimental investigation 

which set out to determine whether the slitted wall concept 

could be applied to reinforced concrete shear walls. The object 

of the study was to discover if the inclusion of vertical 

slits would improve the performance of the reinforced concrete 

shear wall. 

Three slitted walls are compared with an ordinary concrete 

wall. The one-story, half scale, shear wall panels were tested 

under repeated cyclic loading. Two of the panels were also 

subjected to vertical loads. The region of post-elastic defor

mation was the main area of study and an assessment of the 

effect of including vertical slits in reinforced concrete shear 

walls was made by comparing the strength, stiffness and energy 

properties. 
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The most common type of shear wall in practical struc

tures is the coupled shear wall. The coupling beams greatly 

influence the behaviour of coupled shear walls in both the 

elastic and inelastic range. However, for this investigation 

it was decided to concentrate on the effect of vertical slits 

on wall panels. Paulay has studied in great detail the problems 

21122 ).associated with coupling beams in shear wall str.uctures < 
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CHAPTER II 

DESCRIPTION OF TEST SPECIMEN AND LOADING FRAME 

2.1 Test Specimen 

2.1.1 Scale and Wall Panel Dimensions 

To be able to relate the experimental work to practical 

structures, the wall panels for this investigation were scaled 

from an idealized shear wall building . The ten story shear 

wall building is typical of many high ~rise apartment buildings 

and consists of parallel shear walls spaced at 20 ft. intervals 

as shown in Figure 1. The one story test panels represent the 

lowest story of the shear wall building. Small flange beams 

are incorporated in the walls to produce a change of section 

and second moment of area. A similar effect is created by the 

floor diaphrams in the real structure. 

A half size geometrical scale was chosen for this 

investigation for two reasons . In the f i rst place a half size 

wall panel would enable standard materials to be used in the 

construction of the panels and secondly no consideration of 

scale effects would be necessary in the interpretation of the 

test results. Previous investigators found that scale effects 

are extremely difficult to separate from variations in the 

material properties{lG). The dimensions of the wall panels 

are shown in Figure 2. 
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·f~l-~ 2 ___ya_Eiable~__Investigated 

A wide scatter of results c~n be expected from 

experimental investigations of reinforced concrete members, 

thus only one variable was altered in each panel. It was · 

hoped that this system would permit constructive comparisons 

to be made between the four test panels. 

The testing program was set up to investigate the 

following: 

1. 	 The behaviour of reinforced concrete shear wall panels 

under repeated lateral cyclic . loading. 

2. 	 The effect on the lateral response of including vertical 

slits in reinforC'ed concrete shear wall panels. 

3. 	 The effect on the lateral response of subjecting the rein

forced concrete shear wall panels to vertical load. 

4. 	 The effect on the lateral response of lengthening the 

vertical slits to the . full height of the panels. 

2.1.3 Wall Panels 

Four shear wall panels were tested in this investiga

tion. 

1. 	 Panel A: the standard slitted panels 

2. 	 Panel B: the ordinary reinforced concrete wall 

3. 	 Panel C: the standard slitted panel 

4. 	 Panel D: the shear wall containing panel - high vertical 

slits. 

The spacing of the vertical slits was chosen after a detailed 

study of the arrangements used by Muto< 19 >. Practical conside
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rations were also involved in the final decision as a simple 

reinforcement arrangement consistent with construction practice 

was required. 

f. l. ~_J~.;-ra~gemen~ of Rei_p_;or£ing Steel 

An analysis of the structural system of the idealized 

shear wall building to a triangular lateral loading which 

represents a Zone 3 earthquake of the Canadian Code(ll), 

showed that only nominal wall reinforcing was required. The 

arrangement of reinforcing was based on a value of 0.25 per 

cent of the gross section of the wall in both the horizontal 

and vertical directions( 23124 ) • . The different steel reinforcing 

arrangements using No. 2 smooth bars are shown in Figures 3,4, 

5 and 6. The flange beams were reinforced with four No. 2 bars 

in each corner and No.2 stirrups spaced at 9 in. centres. 

2. J, !O 5 Steel Reinforcing 

No. 2 round bars (area ~ 0.049 inches 2 ) were used for 

the steel reinforcing throughout the investigation. A series 

of three stress-strain tests were carried out to determine the 

properties of the reinforcing steel. The test specimens had 

an 8 in. gauge length and the strains were measured from two 

foil type strain gauges which were centrally mounted and 180 

degrees apart. Two of the samples were subjected to a slowly 

increasing load and the load readings were recorded at strain 

intervals of 180 micro inches per inch. The stress-strain 

curves for these two tests are shown in Figure 7. 

The third specimen was subjected to a series of repeated 
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loads, a state which more nearly represents the actual condi

tions that occur in a reinforcing bar in a wall panel under 

repeated lateral cyclic loading. In the real case, at critical 

positions in a wall subjected to repeated lateral cyclic 

loading, a reinforcing bar would undergo some compressive 

strains after the tensile straining cycle. Unfortunately the 

small cross sectional area of the reinforcing steel did not 

permit compressive strains to be applied to the specimen .. 

Consequently a full investigation of the Bauschinger effect was 

not possible. It was noted, however, that repeated plastic
! 

straining of the reinforcing steel caused a slight stiffening 

of the specimen. Similar effects have been reported in the 

literature( 2S). The stress-strain curve for the third sample 

is shown in Figure 8. 

2 .. 1.6 Concrete 

A 3000 p.s.i. commercial, ready-mix concrete was used 

for the construction of the four shear wall panels. At the 

completion of each test four concrete cylinders were crushed 

to determine the ultimate compressive stress and the modulus 

of elastic of the concrete. A loading speed of approximately 0.05 in. 

per minute was used for the tests and the modulus of elasticity 

was determined using the secant modulus at a stress of 0.45 f' < 
26 >. c 

A typical stress-strain curve of the concrete is shown in 

Figure 9 while the various properties of the concrete cylinders 

are displayed in Table 1. 
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2. 2_ 	_!?escripti~.!!_ _9-.~- Loadin9__E!:ame 

2.2.1 Introduction 
- ·-.... ---·· - . 

The four tests described herein are only the beginning 

of a long term project investigating the inelastic deformation 

behaviour and the energy properties of load bearing shear walls. 

The long terrn objectives are to establish design recommenda

tions for reinforced concrete shear walls and to evaluate the 

suitability of various materials such as brick, concrete block 

and styrofoam sandwich panels for use as load bearing shear 

walls in seismic areas. 

2.2.2 Basic 13equirements of the .Loadi.E.2: Frame 

In the design of the apparatus for testing load bearinq 

shear wall panels under lateral load three ba~ic requirements 

were considered. 

1. 	 Panels of various materials and dimensions could be tested 

in the loading frpme. 

2. 	 A reversible lateral load could be applied to the wall 

panels. 

3. 	 The wall panels could ~lso be subjected to two cons~ant 

vertical loads. 

2.2.3 Review of Previous Experimental Methods 

A review of the various experimental methods for testing 

shear walls was made before the design of the apparatus was 

finalized. Muto investigated the slitted wall concept by 

testing infilled panels under direct shear loading(l9>while 

Paulay has proposed a testing arrangement which applies a 
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shear force to the top edge and also a distributed moment to 

the pane1< 27 >. 

The difficulty of applying large vertical forces to 

wall panels which undergo lateral displacement was noted. A 

method of surmounting this problem was used by Stafford Smith 

for the testing of brick infilled steel frames <28 >. Tv10 panels 

are constructed end to end and the vertical loads are applied 

. through the sides while the lateral load is applied through the 

middle beam. Th~ testing arrangement is shown in Figure 10. This 

method was considered unsuitable for the testing of load bcarin9 

· shear walls for the following two reasons. 

In the first place this type of test set up prevents 

the wall from deflecting to its true deforroe~ shape. At low 

lateral loads and small 'displacements the panel deformations 

are essentially due to shear deflections and the apparatus used 

by Stafford Smith correctly reproduces these conditions. How

ever for large displacements, especially if extensive cracking 

of the concrete and yielding of the steel reinforcing occurs, 

the bending deflection due to cantilever action becomes very 

important. The Stafford Smith test set up prevents this from 

occurring and as the main purpose of the investigation was to 

study the post-cracking behaviour of load bearing reinforced 

concrete shear walls this type of loadin9 frame was not consi

dered suitable. 

Secondly the testing method was not feasible for half 

scale wall panels. A half scale specimen would have outside 
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dimensions of 10 ft. by 9 ft. and such a model would not be 

manageable with the laboratory facilities available. 

2.2.4 Loading Frame 

The solution finally adopted for the loading frame was 

to test the half scale shear wall panels directly under lateral 

and vertical loads. A diagram of the apparatus is shown in 

Figure 1.1 and a general view of the test set up ·is given in 

Figure 12. 

The main testing frame was built up from a series of 

14" x 14" WF. columns secured firmly to the laboratory floor by 

18 11pretensioning the base bolts. The x 7 1/2" x · S/16" WF. 

vertical loading beam was attached to the columns through 

12 11 

3 

twelve x 3" x 3/8" channels. The connections between the 

beam and the channels, and the channels and the columns were 

made by l" diameter black bolts. 

An B" x 8" x 3/8" WF. base beam was connected to the 

11 3/8 11main test frame by two 12" x x channels and secured to 
. t 

10 11the floor at the left hand end by a x 10" RHS. At the 

15 11 3/8 11right hand end two x 3" x channels were bolted to the 

columns to prevent vertical movement of the base beam. 

2.2.4.1 Lateral Loading System 

A 250 kip capacity actuator was used to supply the 

lateral load to the shear wall panels. The actuator is hydrau

lically operated by a servo value and is controlled through the 

Material Testings Systems (MTS) Console. The MTS Console 

is able to control the actuator by either displacement or load. 
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The method of connecting the actuator to the left hand 

set of columns is shown in Figure 13. Four stiffening boxes 

were constructed from 1/2 in. plates to fit within tht~ flanges 

of the columns to prevent buckling under the high reaction 

forces set up by the actuator. Two 3/4 in. plates were bolted 

to the flanges of the columns and the actuator was connected 

to these plates by four 2 in. diameter bolts. One end of a 

250 kip · capacity load cell was threaded into the actuator while 

the other end was threaded into a specially constructed connec

tion piece. 

As mentioned previously one of the basic requirements 

of the loading frame was the reversibility of the lateral load. 

This was achieved by a loading yoke which consisted of two 

1 in. thick plates, 8 in. wide and 9 ft. 6 in. long. The plates 

were bolted to the sides of the upper flange beam. of the shear 

wall panels by a series of 1 in. diameter threaded rods cast 

into the concrete. The loading yoke was connected to the 

actuator through twelve 1 1/4 in. diameter bolts at the 

specially· constructed connection piece. 

The method of securing the lateral loadi.ng yoke to the 

wall panels was used to simulate the transmission of lateral 

load through the floor systems of a building subjected to seismic 

ground motions. Earthquake ground motions cause accelerations 

of the buildings masses which are essentially concentrated in 

the floor systems. 

http:loadi.ng
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2. 2. 4. 2 Vertical L~a_?i~~-~~YS1::ems 

'rhe vertical loading systems employed the basic prin

ciples of an apparatus used to evaluate the creep of reinforced 

concrete members. The . vertical loading system is shown in 

Figure 14. The loading system was made from four .2 in. thick 

steel plates and four 1 1/2 in. diameter threaded rods.. Four 

stiff springs were included in the loading system to minimize 

the change of load due to vertical movement of tht:-: wall panel. 

A spring constant of 13.5 kips per inch was specified for 

the manufacture of the springs. 

Several methods were tried for transferring the load 

from the vertical loading system to the shear wall panel. The 

most successful was a polished round bar between a smooth 

steel plate and the polished channel section cast into the top 

flange beam of the wall panels. This system was used for 

panels c and D. 

The movement in the horizontal directions due t.o the 

friction effects was restricted by a bracing system which was 

bolted to the columns of the loading frame. The bracing rods 

were pretensioned by firmly tightening the nuts at the: column 

flanges. 

2.2.5 Inst~~~~Et~tio_~ 

'l'he output data required from the series of four tests 

was in the form of the applied lateral lead and the correspon

ding deflection, and the deflected shape of the shear wall 

panel. No strain measurements on the concrete panels were 
'~. 
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Fi g . 14 VERTICAL LOADING SYSTEM 
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recorded as most of the load cycling took place after cracking, 

where strain readings are difficult to interpret. 

A tubular framework was constructed around the wall 

panel in the loading frame~ The arrangement of the tubular 

frame is shown in Figure 12 while the positions of the dial 

gauges for the four tests are shown in Figures 15 and 16. The 

dial gauges were positioned to record: 

1. 	 The deflection along the line of application of the lateral 

load. 

2~ The deflected shape of the shear wall panel. 

3. 	 Movement perpendicular to the plane of application of the 

lateral load. 

4. 	 Vertical and horizontal movement of the base beam. 

5. 	 The amount of movement of the actuator. 

In the third and fourth tests additional dial gauges 

were included to measure the vertical and horizontal movement 

of the vertical loading systems. 

The load from the horizontal actuator was measured by 

a 250 kip capacity load cell. The voltage from the load cell 

was displayed on a digital voltmeter which was also able to 

display the voltage from the linear voltage displaced trans

ducer (LVDT). The LVDT was positioned to measure the displace

ments of the horizontal actuator. 
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CHAP'rE R I I I 

PREPARATION OF SPECIMEN FOR TESTING AND THE 


TESTING PROCEDURE 


_!d_ !?reparation_~!._Specime~. for Testi~ 

The preparation of a shear wall panel began with the 


assembling of the formwork. The bases of the forms were 


constructed from 5/8 in. plywood and were stiffened by 2" x 2" 


battens. Steel channels provided the necessary rigidity to 


withstand the large pressures imposed by freshly poured concrete~ 


Holes were drilled in the ply\.;ood base and in the steel channels 


for the accurate placing of the 1 in. diameter threaded rods. 


The forms were set up as shown in Figures 17 artd 18 and the 


walls were poured in that position. 


For the first• two wall panels (Panels A and B) the 


reinforcing mats were built using wire to secure the various 


bars. However, for Panels C and D spot welding was used to 


form the reinforcing mats as great difficulty was experienced 


in securing the small horizontal pieces to the vertical rods 


with wire in Panel A. 


The reinforcin~ ·mat was centrally located in the form


work by placing it on a series of wire seats formed from No. 2 


bars. The 4 in. wide strips of asbestos were held in position 


· by No. 2 rods pushed j into specially prepared holes in the 
f 

plywood base. These pegs were removed as soon as the amount of 
. ., 
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Fig. 17 FORMWORK 

Fig. 18 PANELS C A~D D READY FOR POURING 
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newly poured concrete was sufficient to prevent movement of 

the l/2u thick asbestos strips. 

The l in. diameter threaded connection rods were 

placed in the specially prepared holes in the top and bottom 

flanges. Additional rigidity was provided for the threaded 

rods by tying the rods into the reinforcing mat. 

To prevent the concrete from adhering to the plywood 

base and sides a thin coating of oil was applied to panels A 

and B prior to the pouring of the concrete. This method was 

changed for the last two panels where a plastic sheet was laid 

across the base of the formwork. This technique proved highly 

successful as the time for the stripping of the formwork was 

reduced by a factor of four. 

1 3/4 cubic yards of concrete were required to pour 

two panels simultaneously. A standard 3000 p.s.i. commercial 

ready-mix concrete with. a specified slump of 2 in. was 

ordered. A 1/2 in. deviation from the specified slump was 

considered acceptable. Four 6 in. diameter cylinders were 

prepared for each panel using a vibrating technique for 

compaction. 

The panels were cured under damp burlap for three days. 

The forms were then removed and the panels were stored in the 

upright position in a specially constructed storage craddle. 

The panels were manoeuvred into the testing position 

through the side of the loading framework in a series C?f three 

moves. The ~ panels were positioned vertically by shims and 
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bolted securely to the base beam. The gaps between the stops 

on the base beam were carefully filled in with steel blocks. 

The loading yoke was manoeuvred into position and tightly 

bolted to the sides of the upper flange beam. The coupling 

between the loading yoke and the horizontal actuator was 

made through the specially constructed connection piece. For 

panels C and D the top bearing channels, cast into the upper 

flange beam, were sanded to provide a smooth surface for the 

round bar of the vertical loading system to bear on. 

'rhe front surface of panels A and B were covered with 

a coat of white-wash while whit~ paint was used for panelr> C 

and D. The change was made to overcome the difficulty of 

applying an even coat of white-~1ash. A 6 in. grid system was 

marked on the ' white surface and the asbestos slits were painted 

black to enable the crack formations to be easily identified. 

3.2 Testing ProceduE~ 

3. 2 .1 Lateral Loadins__~~3uence 

A study of the various strong motion earthquake records 

currently available reveals the compld'tely random nature of a 

seismic ground motion. ·rhe present state of the art docs not 

permit the prediction of earthquakes or seismic ground motion 

records. Consequently the exact behaviour of a structural 

component during an earthqua}:e cannot be determined by experi

mental methods. However, if tests are carried out under similar 

conditions to . those imposed by earthquakes it is possible to 

. " 
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assess the reliability and the behaviour of the component to 

earthquake type loading. 

In the testing of seismic resisting components two 

approaches have been used. The loading cycles can be chosen 

to represent the motion of a possible earthquake< 29 >, or they 

can be repeated at the same control parameter a number of times 

before moving to the next cycling position{JO). For the four 

tests of this investigation the second approach was adopted. 

It was felt that this method would provide more information 

about the various properties that are affected by load cycling 

in the post-elastic region. Also in the first method the 

exact values of the control parameters are difficult to ascertain 

during the portions of violent ground motion. 

3.2.1.1 Displacement Contr~! 

The horizontal actuator was controlled by displacement 

to enable a detailed investigation of the inelastic deformation 

of the wall panels. Horizontal displacement control r-'ermits 

an accurate study of the behaviour of the reinforced concrete 

member around the failure region. Failure is considered to 

occur when there is a significant load reduction with further 

displacement. A load control system prevents the fa i lure 

region from being accurately determined. 

The sequence of lateral loading consisted of thirteen 

displacement cycles. The different displacement positions 

were chosen so that the range from zero displacement to failure 

could be studied. The first twelve cycles were divided into 
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four displacement positions and three lateral cycles were 

carried out at each displacement position. The initial series 

of three cycles was to determine the elastic properties of the 

wall panels while the remaining three sets were spread through

out the inelastic region. In the final cycle the wall panel 

was displaced as far as the loading frame would permit. 

The aims of the sequential lateral displacement cycles 

were to assess the effect of repeated lateral . cycling on the 

stiffness and energy properties of the wall panels and to 

evaluate the effect on these properties of cycling at the 

same displacement. 

~.:l:.l_ Data.Recording 

The maximum displacement position for e:ach cycl(~ was 

divided into approximately thirty points.. At each incremental 

displacement point, load and displacement readings l."'Tere 

recorded. During the period of time required to record the 

various measurements fluctuations occurred in these readings,. 

Efforts were made to correct this fault but only a small 

improvement was achieved. It was thought that the fluctuations 

were due either to the hydraulic pumping system or to the 

electronic systems of the MTS console. Initial . and final 

values of all critical measurements were taken as no solution 

to this problem was available. 

The fluctuations of the actuator prevented any study of 

the effects of creep on the wall panels or an evaluation of the 

build up of residual loads during a complete test. Each lateral 
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displacement cycle was carried out as a completely separate 

test. Initial readings were taken and the relative values of 

load and displacement were calculated from them. The average 

time of testing for a single cycle was about three hours 

while the time between cycles varied from O to 2 days. 

3,2.3 Vertical Loads 
-··-~-·-------

Panels A and B were tested under lateral load only 

while for panels C and D two vertical point loads were also applied. 

The value of the vertical load was determined by considering 

the idealized shear wall structure of Figure 1 to be subjected 

to full dead load + one-third live load, making a total vertical 

load of 600 kips. Instead of applying the geometric scale 

factor to the loads the vertical stress of the half scale wall 

panel was made equal to that of the full size wall. The value 

of the load for each vertical loading system was 75 kips. 

In coupled shear wall structures lateral displacements 


cause changes to occur in the values of the vertical load. 


However, since the purpose of this investigation was to concen

trate on the behaviour of the wall panels under lateral loading 


the effect of coupling beams was neglected. 


The vertical loads were applied before the start of 


the lateral displacement cycles. Dur).ng the test the left 


a t'\hand end loading system was monitored by the load cell and , .. 

actuator (see Figure 12). At the beginning of each new incre

. mental lateral displacement point the load was returned to the 

specified value of 75 kips. The right hand end loading system 

was monitored by a dial gauge as no means existed 0£ altering 
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the load without transferring the load cell and actuator from 

the left end system to right end system. The right hand end 

load was restored twiqe during each test. 

3.2.4 Search For cracks 

At each incremental displacement point a search for 

new cracks was undertaken. New cracks were marked on the face 

of the wall panel and the load at which they occurred was 

recorded. An extensive photographic record was kept of the 

formation of cracks i~ the four panels. 
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CHAPTER IV 

PREPARATION OF RESULTS 

~.!__Reduction of Results 

In the section on testing procedures, it was noted 

that fluctuations of load and displacements occurred during 

the time required to record all the values. For all the result 

calculations, the average of the initial and final measurements 

were used. The displacement along the line of application of 

the load was taken as the average of the average values 

recorded at each end. 

A rotation reduction was carried out on all displacement 

values as the rotation of the base beam was too great to 

ignore. The base beam was. assumed to remain perfectly rigid 

between the two points where the vertical displacements of 

the base beam were recorded. It was further assumed that the 

wall rotated through the same angle as the base beam. 

4.2 Friction Forces 
-.~--... ...·-------·- ·

For panels c and D a series of tests were carried out to 

determine the values of the frictional forces induced at the 

contact surfaces of the vertical load rollers and the bearing 

plates of the wall panels. The vertical load was applied only 

at the left hand end load point and it was varied between 0 

and 75 kips. At each vertical load setting the wall panel was 
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laterally displaced and the load and deflection readings 

were recorded. The load readings were reduced so that at 

the initial position the load value was zero. From the reduced 

results, load-deflection curves were drawn for each vertical 

load setting and the load values for a set of horizontal 

displacements were read from these curves. The additional 

horizontal loads 6P, required to displace the wall panel a 

distance ~X, were calculated for the various vertical load 

settings. It was assumed that the additional load 6P was made 

up of two components, the first component being the frictional 

force induced by the vertical load rollers and the second 

component being the lateral force required to overcome the 

stiffening of the panels due to the application of the vertical 

loads. It was further assumed that the frictional force in 

the rollers was constant. For each vertical load setting a 

curve of ~P versus horizontal displacement was drawn. The 

resulting straight line curves were projected back to the 

ordinate axis and the intercept was read off as the frictional 

force. A fair amount of scatter of the plotted results was 

experienced so an average value was used. In Figure 19 and 20 

a set of graphs are presented that were used to determine the 

frictional forces in panel c. The frictional force values of 

0.3 kips per load point is small and any inaccuracies in the 

assumptions and calculation method would not greatly effect the 

trends in the results. 
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4.3 Drawing of _Graph~ 

In the graphical presentation of the results it is 

desirable to include on one diagram the effect of deflections 

and the number of lateral cycles on the various properties of 

the wall panels. This is achieved by using the average 

deflection multiplied by the square root of the number of 

cycles along the abscissa axis. There exists no scientific 

basis for the· selection of this procedure. 

4.4 Eneroy Calculations 

The energy properties of the wall panels were calcu

lated from the load-deflection diagrams. The area under the 

load-deflection curves represents the energy absorbed by the 

wall panels while the area within the hysteresis loops 

represent the energy dissipated by the panels. 
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CHAP11ER V 

FORMATION OF CRACKS 

5.1 Introduction 

The formation of c.racks in reinforced concrete members 

is extremely difficult to predict. It has been shown that 

micro-cracking extsts, due to a number of causes, even before 

the external loads are applied()!). Consequently the behaviour 

of reinforced concrete is never truly elastic. However, it is 

generally considered that the elastic principal stress concept 

can be applied to reinforced concrete members before visible 

32cracking occurs< , 33 >. The elastic principal stress concept 

is used in this investigation to explain the position of the 

formation of the initial cracks. 

5.2 Elastic Principal Stresses 

Before visible cracking occurs, it is assumed that 

all the wall panels behave as elastic , homogeneous, isotropic 

materials. By calculating ¢, the direction of the principal 

stresses, for a number of points within a cantilever beam acted 

upon by a point load at its end, it is possible to construct 

the stress trajectories for the wall panelss The stress tra

jectories are defined as the two families of orthogonal curves 

whose tangents at each point coincides with the directions of 

principal stress at that point< 34 >. Figures 21 and 22 show 
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Fig. 21 PRINCIPAL STRESS TRAJECTORIES FOR PANELS A AND C 

Pig. ' 22 PRINCIPl\L STEESS TRF.JECTORirs Fon Pl'.JJFL B 
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the stress trajectories for panels A, B and c. Using this 

elastic theory cracks are considered to form when the 

intensity of the tensile principal stress reaches the tensile 

strength of the concrete. It is found, however, that the 

cracking load is much lower than that predicted by the princi

pal s~ress theory and the tensile strength of concrete. This 

is due to the presence of shrinkage stresses and to local 

weakening of the cross section by transverse reinforcement. 

5. 3 Crack Formations of Panel A 

For Panel A the position of formation of the initial 

cracks agrees with the principal stress trajectories. The first 

crack formed in the 4th cycle, under a lateral load of 38.5 
·r 

kips and a lateral displacement of .16 in., at the left hand 

end interface between the wall and the low~r flange beam. The 

corresponding tensile stress was calculated as 267 p.s.i. using 

the principal stress theory. In the same cycle, on the reversal 

of lateral load, a similar crack formed at the right hand end. 

·"t:~.e lateral load in this case was 35. 7 kips and the lateral 

displacement was .13 in. while the corresponding tensile stress 

was 248 p.s.i. After the initial visible cracking the principal 

s~ress trajectories may be altered considerably. However, for 

Panel A. the next cracking position can be reconciled with the 

original principal stress trajectories. These cracks originated 

at the ends of the vertical slits and propagated towards the 

:"L~qe beams. ·' In many cases the cracks were inclined at angles 
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very similar to the corresponding stress trajectories. In the 

forward cycle of lateral load these diagonal cracks occurred 

throughout the 5th cycle while in the reverse direction the 

cracks formed, with the flexural interface crack, at a lateral 

.load of 35.7 kips. The flexural crack formed first followed 

by the series of short diagonal cracks. At this stage of the 

sequence of lateral load cycling the vertical slits became 

lines of weakness and as cracking in reinforced concrete 

members occurs at points of least resistance, the positions of 

the formation of cracks was influenced by the vertical slits. 

The formation of the larger cracks in Panel A, appear 

as dramatic changes of slope on the load-deflection curves. 

Some of the more impqrtant cracks are referenced on Figures 24 

and 32. Cracking usually occurred in the first cycle of the 

series of three at the same displacement. The only major 

exception was in the formation of the diagonal cracks in the 

forward cycle of lateral load. In this particular case the 

lateral load of the previous cycle had seriously weakened the 

concrete in the critical regions. The diagonal cracks, origina

ting from the slits, formed at lateral loads ranging from 

9.7 kips to 31.3 kips. 

Essentially all the cracking in Panel A, occurred in 

the first seven cycles of ~ateral load. In the remaining 

cycles a well defined resistance mechanism formed. It consisted 

of diagonal cracks from the end of the slits to the flange beam 

- wall interface, the cracks along the interface and the vertical 
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slits. Figure 23 shows this mechanism. Relative movement 

was observed along the slits and along the major cracks of the 

resistance mechanism durin9 the last few cycles of lateral 

loading. 

The cracks which formed the resistance mechanism 

gradually increased in width during the last few cycles of 

lateral load. The cracks of the mechanism that ·developed in 

the forward cycle of lateral load completely closed on 

reversal of lateral load. Similarly with the crack mechanism 

of the reverse cycle of lateral load. However, the major 

cracks of both mechanisms did not close when the load was 

removed. Load in the opposite direction was required to close 

them. In the final cy~le the crack width of the major cracks 

was approximately 0.2 in.1 Figure 24 shows the final crack 

pattern of Panel A. 

5. 4 Crack .r...orroations of Panel B 

The first cracks in Panel B were flexural cracks and 

these formed at the interface between the lower flange beam and 

the wall. This position of initial cracking was the same as 

the position in Panel A and can be related directly to the 

stress trajectories of Figure 22. The left hand end flexural 

cracks occurred in the 4th cycle under a lateral load of 

34.0 kips, a lateral deflection of .13 in., and corresponding 

tensile stress of 236 p.s.i .• While the right harid end flexural 

cracks formed in the same cycle under a reversed lateral load 
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of 37.0 kip, a lateral deflection of .09 in., and a corres

ponding tensile stress of 257 p.s.i •. 

The second stage of cracking in Panel B can also be 

related to the stress trajectories. In the forward part of 

the 7th cycle at a lateral load of 42.1 kips and lateral 

displacement of .21 in. a crack started at the left hand end, 

18 inches above the lower flange beam and propagated downwards 

at an angle of 63° to the vertical. The path of the crack 

follows the corresponding stress trajectory. In the same 

cycle, at a reversed lateral load of 45.4 kips and lateral 

displacement of .16 in., a similar crack formed at the right 

hand end. This crack started 15 inches above the lower flange 

beam and was inclined at an angle of 61° to the vertical. A 

corresponding line can be found on the stress trajectory 

diagram. 

Further cracking in Panel B was limited to an additional 

diagonal crack at the left hand end, cracking along the lower 

flange beam - wall interface and a few cracks in the lower 

flange beam. The diagonal crack at the left hand end formed 

gradually in the 7th cycle. The crack started 10 inches above 

the lower flange beam and was inclined at an angle of 48° to 

the vertical. During the 7th cycle at a lateral load of 

48.9 kips in the backwards portion of the lateral loading cycle, 

Panel B was completely cracked alqng the lower interface. 

Cracking in the lower flange beam occurred simultaneously with 

the formation of the flexural and diagonal cracks in the wall. 
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In the six remaining cycles of lateral load only two 

further small cracks formed. Both of these occurred in the 

lower flange beam. The resistance to the lateral load was 

offered by diagonal cra~ks at each end and by the crack along 

the lower interface. On the removal of load the crack mechanism 

would not close completely. Complete closure only occurred 

when lateral load in the reverse direction was applied. In 

the last few cycles at relative large lateral displacements 

{maximum in the 13th cycle was 0.67 in.) flexural crack widths as 

great as 0.2 in. were observed. Yielding of the vertical rein

forcing bars in the regions of the flexural cracks was evident 

upon visual inspection after the completion of the thirteen 

lateral load cycles. 

On the formation of the flexural cracks and the main 

diagonal cracks in wal~ panel B large slope changes occur 

on the load-deflection curves. The more important cracks are 

referenced in Figure 33. The formation of cracks occurred 

mainly in the first cycle of the series of three cycles at the 

same displacement. The final crack pattern of panel B is 

shown in Figure 25. 

S. 5 Crack Formations of Panel c 

The formation of cracks in Panel c differed substan

tially from the cracking behaviour of the similar panel in 

test 1. The only differen9e between the two tests was the 

addition of the two vertical point loads in the third test 
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The different order of crack formation in panel C appears to 

be due entirely to the presence of the vertical loads. 

The vertical loads were applied before the commencement 

of the lateral load cycling. Slight displacements in the ver

tical slits, directly below the load bear plates, were noticed 

on the application of the 75 kip point loads. No cracking 

was observed at this stage. 

The initial visible cracks occurred in the forward 

portion of the first cycle at a lateral load of 33.2 kips 

and a lateral displacement of .OS in •• The position of the 

initial cracks can be directly related to the presence of the 

vertical loads. The diagonal cracks formed between the upper 

ends of the vertical slits and the points of application of 

the vertical loads. Also a 45° diagonal crack formed between 

the lower end of the third slit from the left hand end and 

the flange beam-wall interface. T_he corresponding cracks due 

to lateral load in the reverse direction did not occur until 

the 4th cycle. The lateral load at this point was 38.8 kips 

while the lateral deflection .07 in •• At the next incremental 

displacement point under a lateral load of 45.7 kips and 

lateral displacement of .08 in. further diagonal cracking 

occurted. 

The direction of the initial diagonal cracks resembles 

in a gener~l way the paths of the stress trajectories of 
... 

Figure 21. In the derivation of the stress trajectories no 

account was taken of the effect of the properties of the 
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asbestos sheet in the slits. Nor was any account takeR of the 

effect on the stress trajectories, of the two vertical point 

loads. Consequently the stress trajectories of Figure 21 can 

only be used as a rough guide in assessing the direction of 

cracks. It is doubtful, even if these two factors could he 

included, whether an accurate prediction of cracking could be 

made using this technique. There is no means of including 

the initial movement of the vertical slits, due to the 

application of the vertical loads, which greatly influenced 

the pattern of crack formation. 

Unlike the previous two tests, cracking was not con

fined to the first cycle of the series of three cycles at the 

same displacement. However the major cracking occurred in the 

first cycle and only the less significant cracks formed in the 

remaining two cycles. 

The formation of cracks in Panel C was fairly evenly 

distributed throughout the final ten cycles. As previously 

noted only one set of visible cracks ~ccurred in the first 

three cycles. In many cases very small, fine cracks formed 

which could not be detected as a change of slope on the lateral 

load-deflection diagram. Generally the changes in slope on 

the load-deflection curves, brought about by cracking, was 

less severe than in the previous two tests. There are only a 

coupl~ of instances where long crack formations brought about 

significant changes. These are referenced on Figure 26 and 34. 

Cracking along the lower flange beam-wall interface was 

,_-..... 
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not nearly as well developed in panel c as in panel A of 

test 1. At the left-hand end the flexural crack did not occur 

until the 7th cycle under a lateral load of 49.7 kips. The 

lateral displacement at this point along the line of applica

tion of the lateral load was 0.13 inches. At the right hand 

end a flexural crack did not occur at the lower flange beam

wall interface. A flexural crack was formed, however, in the 

5th cycle at a lateral load of 23.5 kips and corresponding 

lateral displacement of 0.05 inches, 17 inches above the lower 

flange beam. This crack gradually lengthened in the remaining 

lateral load cycles. 

A crack did form at the right hand end lower flange 

beam-wall interface. This crack formed in the final cycle at a 

lateral load of 87.0 kips and displacement of .47 inches. This 

was a diagonal crack and it originated from the lower end of the 

right hand end slit. 

The final crack pattern of Panel C is shown in Figure 

26. The most significant features are the extensive cracking 

and the large number of these cracks which can be classified 

as diagonal cracks. 

5.6 Crack Formation 0£ Panel D 

The long vertical slits. of Panel D considerably affected 

the formation of cracks and the final crack pattern. Cracking 

occurred in1tially during the application of the two vertical 

point loads of 75 kips which was carried out before the first 

·.. 
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lateral loading cycle. Movement of the vertical slits directly 

below the load bearing plates was observed during thi~ process. 

The cracking caused by the application of the vertical loads was 

sli,ght and consisted mainly of a crack in the upper flange 

beam between the vertical slits and the vertical load bearing 

plates. 

The first cracks to appear under the lateral load 

cycling were located in the lower flange beam. No records 

of the crack formation in the upper flange beam was possible 

as the steel plates of the loading yoke completely covered the 

sides of the beam. However it was possible to note the 

formation of cracks in this flange beam on application of the 

vertical loads as these cracks were visible on the underside 

of the flange beam. The first cracks in the lower flange 
I 

beam occurred at a lateral load of 42.3 kips during the first 

cycle. It is apparent that the inclusion of the panel-high 

vertical slits allowed the wall to defle~t later~lly without 

the panel section cracking. Initially the wall and the flange 

beams deflected as a single unit and short diagonal cracks 

formed in the relatively stiff lower flange beam. These dia..;.. 

gonal cracks commenced at the interface and propagated into 

the flange beam. 

Flexural cracking at the left hand end flange beam-wall 

interface did not occur until the 7th cycle at a lateral load 

of 45.90 kips and corresponding lateral displacement of 0.16 in. 

The formation of this crack is characterized by · a sudden change 



5 0 


in the slope of the load-deflection curve. It is interesting 

to note that the corresponding flexural crack did not form at 

the right hand end. Cracking at this position was due to the 

continuation of a small diagonal crack which originated from 

the vertical slits. This crack occurred in the 10th cycle at 

a lateral load of 61.3 kips and corresponding lateral deflection 

of 0.32 inches. Undoubtedly the concrete in this region 

had been cracked internally under tensile stresses but the 

visible cracking occurred in the manner described. 

The formation of cracks in pahel D was spread through

out the thirteen cycles of lateral load. Generally cracking 

caused only a modest change in the slope of the load deflection 

curve. The two major changes are referenced in Figure 27 and 

35. In the final cycle, due to extensive cracking, the slope 

of the load-deflection diagram flattens out. 

The final crack pattern of panel D is shown iri 

Figure 27. The cracks are mainly located in the flange beams 

and at the shear wall-f l ange beam interface. 

5.7 Summary 

The main differences in the formation of the cracks in 

the four wall panels are directly related to the inclusion of 

the vertical slits and to the presence of the two vertical 

point loads. The vertical slits act as lines of weakness in 

the wall panels and thereby induce a particular pattern of 

cracks. The panel-high slits permit sufficient deformations 
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in the wall to occur to prevent extensive cracking in the 

panel section. 

The presence of the two vertical point loads altered 

the type of cracks formed. In the first two tests mostly 

flexural cracking occurred while in the final two diagonal 

cracking was more common. The width of the flexural cracks 

of the first two tests was greater while cracking in the 

final two tests was more extensive and the formation of cracks 

was more evenly distributed throughout the entire sequence 

of lateral displacements. 

In order to assess the effect of the vertical loading 

system on the lateral response of the wall, the various 

movements of the vertical loading systems were monitored during 

the lateral loading cycles of Panels C and D. The changes in 

vertical load due to the movement of the wall were recorded. 

The range of the load change was ± l kip and it was concluded 

that the vertical loading appartus did not offer any effective 

restraint agairist lateral response. 

The presence of the two vertical point loads in test 

3 and 4 caused suppression of flexural cracking. Flexural 

cracking could not occur until the tensile stress in the wall 

panel was eq~al to the compressive stress induced by the 

vertical loads and the tensile strength of the concrete. 

Cracking prior to the formation of the flexural crack was 

caused by the combined action of the vertical slits and the 

point loads under lateral displacement. The vertical slits 
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permitted enough deformation under lateral load for the dia

gonal cracks to form at the upper part of the panel between 

the point of application of the loads and the ends of the 

slits. In the lower half the diagonal cracks formed between 

the flange beam-wall interface and the ends of the slits. 
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CHAPTER VI 

~ 

THE DEFLECTED SHAPES AND THE LOAD--DEFLECTION 

RELATIONSHIPS OF THE WALL PANELS 

6.1 Deflected Shapes 

A comparison of the recorded deflected shapes of 

each wall panel in the first cycle of the sequence of 

lateral loading is made with the deflected shapes obtained 

from theoretical considerations. The theoretical calculations 

consider a wall panel to be a perfectly elastic, homogeneous, 

isotropic contilever beam subjected to a point load applied 

at the end of the beam. The deflection of various points 

is computed using the modulus of elasticity determined from 

the concrete cylinder tests and a gross second moment of 

area of the wall section. Both shear and flexural effects 

are considered in the calculations of the deflected shapes. 

2 
. Px (Jo ) + 3P~De flec t ion y = 	 6EI ,.,-x AE 

Flexural 

JPx x(3R.-x)A 
= AE l1 18I + 1J1 
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where 

A = Area of concrete wall. 

E = Elastic modulus of concrete. 

I = Second moment of area of wall panel. 

The theoretically calculated deflected shapes of the 

end walls and the experimentally recorded displacement 

points are shown on Figures 28, 29, 30 and 31. The recorded 

points follow in a general way, the calculated deflected 

shapes. The agreement is reasonably good at low deflection 

but at the larger displacements the discrepancy between the 

recorded and theoretical values increases. Two possible 

causes for this discrepancy can be identified but the extent 

of their contributions cannot be ascertained from the limited 

number of tests of this investigation. 

In the first place a rotation of the base beam may 

affect the value of the recorded ·points. A base rotation 

correction, which assumed that the base beam remained 
# 

perfectly rigid between the two deflection monitoring points, 

was carried out on the recorded displacements. In future 

tests the rotation of the base of the wall should be carefully 

controlled and if possible entirely eliminated. 

Secondly the assumption made in the theoretical calcu

lations that concrete is an elastic, homogeneous, isotropic 

material may not be correct. Concrete is known to begin its 

inelastic behaviour almost imm~diately on application of 
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loads. The inelastic behaviour of concrete and the deep 

beam effect may necessitate a completely new approach to 

deflection calculation of wall panels. 

If .reasonably realistic results are to be obtained 

from analysis of the response of shear wall buildings in 

the inelastic range a method is urgently required for the · 

calculation of the stiffness of cracked elements. Paulay · 

has suggested a method of determining the deflection of 

cracked shear wall coupling beams< 21 > and a similar 

approach would be valuable for cracked shear wall panels. 

6.2 The Load-Deflection ~e1-ationships 

6.2.l Introduction 

A great deal of relevant information can be obtained 

from the load-deflection diagrams of the four wall panels 

tested in this investigation. Information concerning the 

stiffness of the panels and the amount of energy dissipated 

during a lateral loading cycle is shown in these diagrams. 

A study of the set of load-deflection curves from each test 

reveals how the various properties of thP shear wall panel 

were affected by the cycling of lateral loads. 

6.2.2 Load-Deflection Di~E~ 

For each test, the first cycles of the various dis

placement positions are combined to form a continuous load 

deflection curve. The initial cycle commences at the origin 

and the rest start where the preceeding cycle ends. These 
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curves (see Figures 32, 33, 34 and 35) do not represent the 

exact behaviour of the wall panels under the lateral cycling 

system u~ed in this experimental investigation. The load

deflection curves of the second and third cycles of the 

series of three at the same displacement are similar in 

form to the first cycle. There is a slight decrease in the 

maximum lateral load and a decrease in the slope of the 

load-deflection curve. A load-deflection diagram containing 

all thirteen curves would be extremely difficut to interpret. 

Sufficient accuracy is obtained by including only 5 curves~ 

The general trends of the load-deflection diagrams can be 

readily noted: 

1. 	 No decrease of load is experienced with increase in 

deflection. 

2. 	 The stiffness of the wall panels decrease with increase 

in deflection. 

3. 	 The amount of energy dissipated in a cycle increases 

with increase in deflection. 

A detailed description of stiffness and energy 

considerations is given in separate sections. 

6.2.3 Load Carrying Capacit:i_.2f The Wall Panels 

The load deflection diagrams show the effect of 

the vertical loads on the lateral load carrying capabilities 

of the wall panels. A large increase in the lateral load 

values occurred in tests three and four. Panel c has 

http:Capacit:i_.2f
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approximately twice the lateral load carrying capacity of 

Panel A. 

The vertical . loads apply a compressive stress to 

the concrete wall section. This condition suppresses the 

formation of flexural cracks until the lateral force is 

sufficient to induce tensile stresses equal to the initial 

compressive stresses and the tensile strength of the concrete. 

In the section on crack formation it was pointed out that 

for panel c the flexural crack in the forward cycle occurred 

at a lateral load of 47.9 kips, while the corresponding 

crack in panel A occurred at a lateral load of 38.5 kips. 

In the reverse direction the flexural crack at the flange 

beam-wall interface occurred at a lateral load of 35.7 kips 

for panel A but a corresponding crack did not occur in 

panel c. A diagonal crack did form in panel c 17 in. 

above the lower interface at a lateral load of 23.5 kips. 

Diagonal cracking occurred in panel C prior to the 

formation of the flexural cracks. The diagonal cracks 

which are located between the end of the slits and the 

flange beam wall interface affected the response of the 

wall panel to lateral load. The width of the diagonal 

cracks w~s small and transfer of shear along the crack was 

possible by aggregate interlock forces and the dowel 

forces of the reinforcing steel. In panel A the crack 

widths of the resistance mechanism were large and only the 

dowel forces of the reinforcing steel acted in the transfer 
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of shear along the cracks. A study of the mechanics of 

shear resistance in concrete beams< 33 
> showed that the 

aggregate interlock forces are approximately three times as 

great as the dowel forces of the reinforcing steel. Hence 

the large increase in strength of panel c. 

Backbone curves 

A load-deflection diagram for each test was drawn 

using average values of the load and deflection for the 

3 successive cycles of the displacement points. The 

resulting curves are known as "backbone" curves(JS). These 

curves give an overall picture of the energy absorbed by 

the various wall panels. It is important to note that many 

features of the inelastic action of reinforced concrete 

walls are not displayed on these diagrams. No indication 

is given from these diagrams of the ability of the concrete 

walls to dissipate energy through inelastic action. Many 

erroneous conclusions have been drawn from similar diagrams 

of prestressed concrete members on the ability of this 

material to withstand seismic ground motions( 36 ). In addi

tion no information is given on how the stiffness of the 

wall is affected by cycling lateral load. 

The backbone curves for the wall panel indicate 

an elasto-plastic material. The load-deflection diagrams 

constructed from the recorded data show that this is definitely 

not the case. However the backbone curves do show that the 

load does not fall off as the lateral displacement is increased. 
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The ductility factors calculated from these diagrams show 

that the wall panels possess sufficient inelastic deflettion 

capabilities for normal practical purposes. 

6.2.5 Reduction Factors 

The backbone curve could provide information on the 

energy dissipation capabilities of the shear wall panels if 

the amount of energy absorbed is equated to the load and 

deflection in the following manner. 

Energy 	dissipated = f x P x D 


f = energy reduction factor 


P = lateral load 


D = lateral displacement 


Only energy absorbed after cracking is considered 

by this equation as the energy absorbed by elastic action is 

small and can safely . be ignored. 

A plot of energy reduction factor vs deflection is 

shown in Figure 37. It is further assumed that the reduction 

factors is a function of the lateral deflection. 

f = f (D) 

The plotted points for panel C in Figure 37, for 

example, appear to follow the general pattern of a parabola 

about the x-axis. It is, therefore, assumed that the energy 

reduction factor equation can be writ~en as 

f 	 = K x D l/2 

K 	= constant 
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For panel· c the value of the constant was found at points 

D =.5 and f = .63 The equation of the energy reduction 

factor curve becomes 

112
f = 0.89 x 0 

A reasonably good correlation results. Similar 
f . 

expressions for the other panels can be found. It should 

be noted that the reduction factor curves of panels A and C 

follow the same general shape. These panels were identical 

in structural details and differed only in the system of 

loading. 

The sequence of iateral loading cycles of this 

investigation differed from the loading cycles normally 

used in studies to determine b~ckbone curves< 37 >. Generally 

backbone curves are constructed from tests which increase 

the deflection and load after each cycle. However a study 

of an earthquake ground motion record will reveal that the 

displacements bear no resemblance to the gradually increasing 

load and deflection cycles. This type of approach does not 

consider the possibility of several cycles occurring at the 

same displacement. In the 4 tests of this investigation 

this possibility was incorporated into the cycling sequence. 

At each displacement pos~tion the reduction factor was calcu

lated using the energy dissipation value of only the first 

cycle. The energy dissipation values of the other two cycles 

are considered as an energy reserve for possible cycling at 

the same or lesser displacements. 
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CHAPTER VII 

THE STIFFNESS AND ENERGY PROPERTIES OF THE WALL PANELS 

7.1 Stiffness 

7.1.l Introduction 

In an analytical investigation of the response of a 

structure to a severe earthquake the stiffness of the various 

structural components must be known. The effect of inelastic 

excursions on the stiffness of these components should be 

incorporated in such an analysis to establish the true 

response behaviour of the structure. 

7.1.2 Stiffness Degradatign 

A significant deterioration in the stiffness of the wall 

panels occurred under repeated cyclic lateral loading in the 

inelastic range. The total amount of stiffness deterioration 

was approximately 80 per cent of the initial stiffness for 

panels A and Band approximately 75 per cent for _panels C and 

D. Similar results for reinforced concrete members subjected 

to repeated lateral cyclic loading have been reported in the 

literature< 21138139 ). 

The effect of repeated lateral load cycling on the 

stiffness of the wall p~nels is displayed in the load-deflection 

diagrams of Figures 32, 33, 34, and 35. The deterioration in 

stiffness starts on the curves at the point corresponding to 

initial cracking and continues throughout the remaining cycles • 

. ) 
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Cracking is the primary process of stiffness degradation 

while three other processes; inelastic behaviour of the 

reinforcing steel, deterioration of bond, and shear displace

ments along the cracks, are related to the cracking behaviour. 

7.1.2.l Effect of_ Cracking 

Cracks affect the stiffness in several ways. On the 

formation of cracks there is a sudden change of slope in the 

load deflection relationship and the amount of change depends 

on the extent of the new cracking. In panels A and B large 

flexural cracks formed in the fourth cycle of the sequential 

lateral loading pattern and the corresponding changes of 

slopes are displayed on the load deflection curves of 

Figures 32 and 33. Similar slope changes occur in the load

deflection diagrams of panels C and D, (Figures 34 and 35), 

due to the formation of the large diagonal cracks. 

In the lateral loading cycles after initial cracking, 

the only resistance to load in the region of the cracks is 

provided by the reinforcing steel. The amount of .stiffness 

reduction depends on the bond forces between the concrete 

and reinforcing steel and on the propetties of the reinforcing 

steel. 

On removal of the lateral load the cracks do not close 

and a significant reduction in stiffness occurs. The com

pressive forces across the cracks are initially transferred by 

the reinforcing steel. An increase in the stiffness occurs 

when the cracks close and the compression forces are transferred 
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by the 	bearing of the two concrete surfaces. 

The effects of the cracking process on the determination 

of stiffness explains the occurrence of the three distinct 

stiffness zones in the second half of the sequence of lateral 

loadinq cycles. 

(I) 	 Initial Zone: The stiffness in this region is low. 

Lateral load is required to close the cracks formed 

during loading in the opposite direction. Until the 

cracks have closed the compression forces are trans

ferred across the cracks by the reinforcing steel. 

(II) 	 Middle Zone: The cracks have now closed and this 

results in an increase of slope on the load-deflection 

curve. The compression forces are transferred across 

the cracks by the bearing of the two concrete surfaces. 

(III) 	 Final Zone: In this zone further cracking of the 

concrete and yielding of the reinforcing steel causes 

a decrease in the slope of the load-deflection curves. 

The extent of the development of the first two zones 

depends on the width of the cracks formed under lateral load 

from the reverse direction. In panels A and . B, the tests 

involving only lateral load, relatively large crack widths 

occurred and all three zones are clearly identifiable in 

Figures 32 and 33. In comparison, . the crack widths of panels 

C and D were smaller and the three zones are harder to 

distinguish in Figures 34 and 35. 
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7.1.2.2 	 The Effects of the Inelastic Behaviour of the 
ReinfOrcing steel 

In the previous section the role of the reinforcing 

steel in the transfer of forcas across the cracks was 

explained. The effect of this process on the overall stiffness 

depends on the properties of the reinforcing steel. If the 

steel exhibits a pronounced Bauschinger effect a large stiff

ness reduction will occur. Unfortunately a sample of the 

panel reinforcing had insufficient cross sectional area to 

enable this effect to be investigated. Consequently no firm 

conclusions can be made on the effect of this phenomenon on the 

stiffness degradation. Repeated lo~d tests carried out on 

reinforced concrete beams have illustrated the dependence 

of th~ load-deflection relationship on the Bauschinger 


effect<25 , 39 >. 


7.1.2.3 	 The Effect of Bond 

A deterioration of the stress transfer between concrete 

and the reinforcing steel produces a widening of cracks and 

thereby causes a reduction in the stiffness. The bond dete

rioration of the reinforcing steel in the wall panels of this 

investigation would be greater than that experienced by full 

size wall panels under similar conditions. Deformed bars 

·would 	be used in ful.l size walls, in place of the smooth bars 

of the half scale models. 

The stress transfer between concrete and reinforcing 

steel js achieved by:< 40 
> 
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•. 

1. Chemical adhesion 

2. Friction 

3. Mechanical interaction between concrete and steel. 

Smooth round bars depend primarily on chemical adhesive 

and friction for bond while some mechanical interaction 

occurs due to the roughness of the steel bars. Once the 

chemical adhesion has been broken, friction anc~ the small 

mechanical interaction are the only means of resisting the bond 

forces. In comparison deformed bars depend mainly on the 

mechanical interlocking for their superior bond properties. 

Therefore the stiffness degradation due to bond determinatinn 

would be greatly improved by the use of deformed bars. 

7.1.2.4 The Effect . of Shear Deformation_Along the Cracks 

The presence of shear forces on the region of cracks 

tends to cause a relative displacement of the crack's two 

surfaces. This tendency is resisted by the interlocking 

forces of the aggregate particles in the surfaces 0£ the 

crack and by the dowel forces of the reinforcing steel. The 

reinforcing steel is pressed against the concrete and high 

local stresses are induced which causes a deterioration in 

the bond resistance. For large open cracks only the dowel 

forces in the reinforcing steel resist the shear forces 

along the cracks. It has already been pointed 6ut that the 

dowel forces offer approximately one third the resistance 

of the aggregate particle interlocking forces. Consequently 

for the wide cracks there is a tendency t o distort the 
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reinforcing steel crossing the crack. This was evident in 

panel B where the shear forces produced a 'Kink' in the 

reinforcing bars and the high local stress caused some 

crushing of the concrete. 

7.1.3 Comparison of Stif;ness Deterioration 

A comparison of the stiffne$S degradation of the four 

wall panels is presented in Figure 38. The stiffness at a 

given cycle was calculated considering only the initial 

slope of the load-deflection curves. For cases where a 

steepening of the curves occurred due to the closing of 

cracks, an average value of the two slopes was considered 

to represent the stiffness of that cycle. No modifications 

were made if cracking caused the load-deflection curve to 

flatten out. 

The stiffness values of the four panels, as presented 

in Figure 38 shows that in many cases there was a large 

reduction in stiffness during the second cycle of the series 

of three cycles at the same displacement. In the initial 

cycle further cracking occurred and the effect on t~e initial 

stiffness is not observed until the following cycle. This 

phenomena is more evident in the stiffness values of panels 

c and D where cracking occurred throughout the thirteen cycles 

of lateral loading. While there is a reduction in stiffne•s 

deterioration between the second and third cycles of the 

series at the same displacement, insufficient cycles were 

undertaken to determine whether a stabilization of the stiff
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ness <leterioration occurs. 

7.1.3.1 Effect of Vertical Slits 

Figure 38 indicates that the initial stiffness of 

panel A, the slitted wall, and panel B, the ordinary rein

forced concrete wall was essentially the same. In the 

elastic range of these two walls the lateral displacements 

were small and errors in the recorded values would greatly 

influence the calculated stiffness. 

After the formation of the initial cracks the stiff

ness behaviour of the two walls differed. Figure 39 and 40 

show that the stiffness deterioration of the slitted wall 

panel was more rapid than that of the ordinary reinforced 

concrete wall and that the final value of stiffness was 

lower. The difference between the two walls is due to the 

different cracking behaviour. 

'l'he initial cracks in panels A and B were due to 

flexural stress and formed at each end between \:he lower 

flange beam and the wall section. The subsequent cracking 

patterns in the two wall panels differed considerably. 

Diagonal cracks formed in the slitted wall panel between the 

ends of the slits and the flange beams. The vertical slits 

acted as lines of weakness and induced a particular pattern on 

the wall panel. In contrast, further cracking in the reinforced 

concrete wall was restricted to a few diagonal cracks at each 

end and additional cracking along the flange beam-wall interface. 

The stiffness deterioration was more rapid and the 
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final stiffness value smaller in the slitted wall as little 


resistance to cracking was offered by the vertical slits. 


Relative movement along the slits was not restricted by 


transverse reinforcing or by the uneven surface of a normal 


crack. Consequently the crack pattern of panel A offered 


less resistance to lateral load. 


7.1.3.2 Effect of Vertical Loads 

An increase .in stiffness of the two wall panels 

under vertical load is displayed in Figure 38. A study of the 

effects of axial loads on a reinforced concrete beam subjected 

· to repeated loading has shown that the hysteresis loops are 

strongly influenced by the axial loads< 4l). The increase in 

the initial stiffness of the shear walls subjected to vertical 

and lateral loads can be explained by likening this situation 

to a concrete compression cylinder laterally restrained by 

fluid pressure. The lateral rest~aining pressure causes an 

increase in strength and stiffness of the concrete cylinder< 24 >. 

A similar increase will occur in the wall panels. 

The initial rate of stiffness deterioration after 


first cracking seems to be unaffected by the presence of 


vertical load. The rates of stiffness deterioration of the 


two standard slitted panels are shown in Figures 39 and 41.· 


The final stiffness vaiue of panel A is less than the final 


value of panel C due to the formation of the larger crack 


widths. 
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? ~:1:.~.!.2_ _'l'h~ Effeet of Lengthening the Vertical Slits 

to Full Panel Heigh~ 

A comparison of the stiffness results of panels C 

and D (Figure 41 and 42) shows the effect of lengthening the 

slits to the full panel height. A decrease is shown to 

occur b~th in the rate of deterioration and in the initial 

and final stiffness values. The difference in the initial 

stiffness is probably due to the inclusion ,of the panel 

high ve''rtical slits which, because the asbestos is less 

rigid than the concrete, enabled the wall to undergo greater 

deformations without cracking. The panel high vertical 

slits altered the final crack pattern and consequently 

influenced the resistance mechanism for lateral loading. A 

relatively flexible mechanism was developed in panel D by 

the extensive cracking along the lower flange beam-wall 

interface and by the relative movement along the vertical 

slits. The mechanism of panel c was stiffer and it involved 

the vertical slits, the diagonal cracks between the ends of 

the slits and the flange beams and the flexural cracks in the 

flange beam-wall interfaces. Hence the final stiffness val~e 

is greater for panel c. 

Z.!l-._Ene_F...9X_ 

7.2.l Introduction 

The response of a structure to seismic ground motions 

can be assessed by considering the energy properties of the 
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structural components. The considerations must involve both 

the ability of the component to absorb and to dissipate 

energy. The absorption of energy depends on the load required 

to produce yielding and on the amount of inelastic deforma

tions a component can undergo before failure. If the inelastic 

deformation after yielding is small the inelastic strength 

reserve is low and failure of the component may result. 

7.2.2 Ductility Factors 

The ductility factor, the ratio of total displacement 

to the yield displacement, is a useful parameter for the 

comparison of energy absorption. The ductility factors of 

the four wall panels are displayed in Table 2. According 

to current earthquake engineering design practice a ductility 

factor of 5.1 for an ordinary reinforced concrete wall indi

cates a satisfactory cor.iponent. Two further points should 

be noted about these ductility values. 

In the first place the walls were not laterally 

loaded to the point of failure due to a deformation limitation 

imposed by the loading frame. The failure point of the 

wall is considered to be reached wh~n the lateral load 

significantly decreases with further lateral displacements. 

The load-deflection diagrams of Figure 32, 33, 34, and 35 

indicate that the failure point was not reached in any of 

the four tests. A slight modification of the loading frame 

will enable future panels to be tested to failure. 

Secondly the determination of ductility factors for 
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PANEL TYPE DUCTILITY FACTORS 

PANEL A 6.2 

PANEL B 5.1 

PANEL 

.. 

c 16.0 

PANEL D 18.3 

TABLE 2 DUCTILITY FACTORS 
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reinforced concrete members is a difficult processe In 

many c~ses the yield point or the position where the component 

starts to behave inelastically is not well defined. This is 

the case in panel A where a change in slope occurred between 

the first and fourth cycles of lateral loading. This change 

of slope occurred before the formation of the first visible 

cracks. For panel A the displacement at first cracking was 

used to determine the ductility factor. 

7.2.3 Energy Dissipation 

The ability of the structural components to dissipate 

energy indicates how the structure will respond to the 

earthquake ground motions. If the energy dissipation is 

larg~ the vibrational response of the structure will be small. 

Conversely if the energy dissipation is small a build up of 

the absorbed energy will create a violent vibrational response 

which may lead to failure of the structural components if 

the total inelastic displacement capacity is exceeded. 

A comparison of the amounts of energy dissipated by 

each panel is presented in Figure 43. The energy dissipation 

values were calculated by determinnng the area within each 

hysteresis loop. Three observations can be made from this 

diagram. 

1. 	 The ordinary reinforced concrete wall (panel B) dissipates 

more energy than t he slitted wall (panel A). 

2. 	 An increase in the amount of energy dissipated occurs 

when the panels are subjected to vertica.1 loads. 



----

U) 
~ 3Ai 

H 100 l 
~. 
u 
~ 

z 
H- 80 
Q 
~ 
8 
~ 
~ 
H 
ti) 
U) 
H 

60 
0 

>t 
C!> 
~ 

z ~ 4·0 
~ 

Q 
t;.1 
8 
~ 
t-:t 
::::> 20 
~ 
0 
u 
u 
~ 

/ 

,,, 
" /,,, , 

/ 

,, 	 .. -· 1 
,, 	 _-0 4, 	 .. -

/ 

,, 	 -- -- - .,. --
.x 2 ...;..... ,, 

,, 	
.# ---...... " ~ ,,.,,,.,.,,. ,, / 	 -,,,, -...,, 	 .,,,,. .,, -- ..., 

,. 
,, 

4-	

.,., -- .... ... 
/ 	 ". ..... 

,,., "" -
.,,,.,,,"'.""....,.)~ ---,, 	 .,,. 

/ 

"' .p- - ,. ...... -- .-
- •"" 


-
 1 PANEL A 

. 	 2 PANE!., ·B 

3 PANEL c 
4 PANEL D 

.4 • 8 1.2 1.6 2.0 2.4 2 •·8 3.2 

AVERAGE DEFLECTION * /i,iur;iBER- OF--CYCLES (INCHES.) 

Fig. 43 ENERGY DISSIPATED BY THE WA.LL PANELS ..· 
~ 
w 



94 


3. 	 A reduction in the amount of energy dissipated results 


from the lengthening 9f the vertical slits to the full 


height of the wall panel. 


7.2.4 Energy Dissipating Processes 

An explanation for the above observations can be 


found in the energy dissipating processes. In this investi

gation three processes were identified but due to the limited 


number of wall panels tested only a general discussion can 


be given. 


7.2.4.1 Crackin9

The primary energ~ dissipating processes appears to 


be the formation of cracks. Figure 43 shows that before 


cracking very little energy was dissipated and it is only in 


. the fourth cycle, · after the initial cracks have occurred, 

that significant amounts of energy are dissipated. In panels 

c and D, which display better energy dissipating properties, 

the formation of the cracks was spread throughout the 

remaining lateral loading cycles. 'l'he cracking in panel C 

was extensive while a larg~ portion of the cracks in panel D 

formed in the lower flange beam. In comparison, the forma

tion of cracks in . panels A and B essentially ceased after 

the seventh cycle • . Consequently both the length of cracks 

and the thickness of the cracked section appear to be important 

factors in this mode of energy dissipation. 

The process of' crack formation has been investigated 


at some length( 3l> but no attempt has been made to define 
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the variables of energy dissipation during cracking. Energy 

methods, however, have been used to explain the formation 

of cracks< 42 >. The theory of fracture strength suggested 

by Griffith for a brittle material has been modified to 

take into account the dissipation of strain energy in 

plastic flow. A detailed study of the entire process of 

energy dissipation during cracking may add considerably to 

the knowledge of the inelastic behaviour of reinforced 

concrete members . 

Even though cracking in panels A and B had essentially 

ceased after the seventh cycle, Figure 43 shows that the 

amount of energy dissipated increased with further inelastic 

displacement. Two energy dissipating processes were identi

fied which can account for this increase. 

7.2.4.2 crack Widening 

The first process was the widening of cracks. This 

was most noticeable in the region of the flexural cracks in 

panels A and B and the process involved a breakdown of the 

bond forces and an extension of the reinforcing steel 

crossing the crack. Additional energy was dissipated when 

the lateral load was reversed and the cracks closed. 

7.2.4.3 Slippage and Relativ~ Movement Along the Cracks 

The second process was slippage and relative movement 

along the cracks. Energy was dissipated in this process by 

overcoming the frictional forces existing between the aggre

gate particles in the surfaces of the cracks and by producing 
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inelastic deformations of the reinforcing steel. 

The relative amounts of energy dissipated by the 

three cycles at the same lateral displacements supports the 

premise that crack formation is the major energy dissipating 

process. In the first cycle, during which most of the 

. cracking occurred, more energy was dissipated. The dissipa

tion of energy in the remaining two cycles was limited to 

the widening of cracks and to relative movement along the 

cracks. 

7.2.5 Comparison of Ener~y Dissip~io~-

7.2.5.l The Effect of Vertical Slits -

The ordinary reinforced concrete wall dissipated 

more energy than the slitted wall panel. The difference 

was due to the formation of different crack patterns. 

The final crack pattern of panel A, as previously discussed, 

was considerably influenced by the inclusion of the vertical 

slits. The resistance mechanism involved relative movements 

along the vertical slits. Little energy was dissipated 

in the breakdown of the adhesive forces between the concrete 

and the asbestos sheets and the relative movement along the 

slits was not restricted by transverse reinforcing or by the 

uneven surfaces that occur in a normal crack. Consequently 

the inclusion of vertical slits in the wall panels reduces 

the ability to dissipate energy. 

7.2.5.2 The Effect of Vertical Loads 

More energy was dissipated by the standard slitted 


panel which was subjected to both horizontal and vertical 
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loads. As has been explained previously the cracking 

process of energy dissipation accounted for this large 

increase. 

7.2.5.3 	 The Effect of Lengthening the Slits to the 
Full Panel Height 

The lengthening of the Jertical slits to the full 

height of the wall panel resulted in a decrease in the 

amount of energy dissipated. The inclusion of the panel 

high vertical slits produced a different pattern of cracks. 

The cracking in panel D was not nearly as extensive as 

panel c and hence the energy dissipated by the process of 

cracking was reduced. As little relative movement occurred 

along the cracks and the width of the cracks remained 

small in panel D the total energy ·<lissipated was less than 

that of panel c. 
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CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

A comparison of the different behaviours of the four 

wall panels of this investigation indicates that the inclu

sion of vertical slits does not improve the performance of 

reinforced concrete .wall panels under repeated cycling 

lateral loading. The application of vertical loads was 

shown to have a beneficial effect while the lengthening of 

the vertical slits to the full panel height was shown to be 

detremental to the overall performance of the wall panel. 

The system of applying the vertical loads influenced the 

pattern of cracks but it is not known to what extent the 

various properties were affected by this loading process. 

8.1.1 Energy Properties 

All four wall panels displayed sufficient inelastic 

deformations and energy absorption capabilities for most 

practical cases. The inclusion of vertical slits in rein

forced concrete panels reduced the amount of energy dissi

pated while an increase in energy dissipation was experienced 

from the application of vertical loads. A decrease in 

energy dissipation also occurred when the vertical slits 

were lengthened to the full panel height. 
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8.1.2 Stiffness Deterioration 

A large deterioration of stiffness occurred in all 

walls. The vertical slits increased the rate of deterioration 

and lowered the final stiffness values. The application of 

vertical loads did not affect the initial rate of deteriora

tion but it did raise the initial and final stiffness values. 

The rate of stiffness deterioration was reduced and the 

initial and final value of stiffness decreased by the lengthe

ning of the vertical slits to the full panel height. 

8.l.3 Cracking 

The pattern of crack formation was influenced by both 

the vertical slits and by the application of the vertical 

loads. The vertical slits acted as lines of weakness and 

thereby induced diagonal cracks between the ends of the 

slits and the flange beams. The presence of vertical loads 

suppress the formation of the flexural cracks and induced 

mainly diagonal cracking. 

8.1.4 Load Carrying Characteristi~~ 

The inclusion of vertical slits caused a reduction 

in the load carrying capacity of reinforced concrete wall 

panels while an increase was experienced \vhen the panels 

were subjected to vertical loads. The load carrying capacity 

decreased on lengthening the vertical slits to the full 

height of the panel. 
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8.2 Suggestions for Further Research 

8.2.1 The experimental investigation showed that a rein

forced concrete wall panel with a length to height ratio of 

two and a reinforcing ratio of 0.25 per cent behaved satis

factorily under repeated cyclic lateral loads. Further 

tests should be undertaken on reinforced concrete walls to 

determine the effects of reinforcing ratio, reinforcing 

arrangement and length to height ratio on the stiffness 

deterioration and on the energy properties. 

8.2.2 Vertical loads were shown to . influence the lateral 

response of the wall panels. More research is required to 

fully investigate the effect of both tensile and compressive 

axial forces on the lateral response of wall panels. 

8.2.3 A detailed investigation into the various energy 

dissipating mechanics involved in the process of cracking 

in reinforced concrete members may add considerably to 

the knowledge of the inelastic behaviour of reinforced 

concrete. 
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