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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. Conseqguently the crack pattern of panel A offered
.less resistance to lateral load.

7.1.3.2 Effect of Vertical Loads

An incréase 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

(41), The increase in

strongly influenced by the axial loads
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 restraining 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 presencé of
vertical load. The rates of stiffness deterioration of the
two standard slitted panels are shown in Figures 39 and 41.
The final stiffness value of panel A is less than the finai

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

widths.
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7.1.3.3 The Effect of Lengthening the Vertical Slits
to Full Panel Height

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 béth 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 .0f the panel
high vé}tical 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 invélveq
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 value

is greater for panel C.

7.2 Energy

7.2.1 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 component. 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 when 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



PANEL TYPE DUCTILITYvFACTORS
PANEL A 6.2
PANEL B . 5.1
PANEL C ' 16.0
PANEL D 18.3

TABLE 2 DUCTILITY FACTORS




92

reinforced concrete members is a difficult process. 1In

many cases 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
large 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 the slitted wall (panel A).
2. An increase in the amount of energy dissipated occurs

when the panels are subjected to vertical loads.
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3. A reduction in the amount of energy dissipated results
from the lengthening of the vertical slits to the full

height of the wall panel.

7.2.4 Enexgy 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 Cracking

The primary energy 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, éfter the initial cracks have occurred,
that significant amounts of energy are dissipated. In panels
C and D, which display better energy dissipating properties,
the formatidn of the cracks was spread throughout the
remaining lateral loading cycles. The cracking in panel C
was extensive while a largg portion of the cracks in panel D
formed in the lower flange beam. In comparison, the forma-
tion of cracks in pénels 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(31) 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 locad was reversed and the cracks closed.

7.2.4.3 Slippage and Relative 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 Energy Dissipation

7.2.5.1 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



97

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 gertical 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 dissipated 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.

8.1.3 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 Characteristics

The inclusion of vertical slits caused a reduction
in the load carrying capacity of reinforced concrete wall
panels while an increase was experienced when 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 (.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 efféct 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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