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SUMMARY :

The design, construction and testing of three slender concrete masonry
shear walls is reported. The three walls, modelling 190 mm thick blockwork
walls of four to five stories height to a scale of 1:0.737 were subjected
to cyclic reversals of in-plane displacements at gradually increasing
ductility factors, simulating the effects of seismic loading. Variables
between walls included axial load level, and whether or not confining plates
were placed in the mortar beds in the compression zones of the potential
plastic hinge region. All walls were constructed by conventional methods,
and included lapped starter bars within the plastic hinge.

Results indicated that the unconfined walls suffered strength degradation
at levels of ductility lower than those required by current ductile design
practice. This was particularly the case for the wall with heavy axial.
loading, and confirmed theoretical pred:ictions of available ductility based
on a limiting ultimate compression strain of 0.25%. Response of the
confined wall exhibited greatly improved behaviour compared with an

otherwise identical unconfined wall.

In all walls behaviour was significantly,

and adversely, affected by the lapping of flexural steel at the wall base.

INTRODUCTION:

Over recent years there has been
considerable research activity into the
seismic performance of masonry shear walls.
However, the work relevant to New Zealand
design needs has been on squat cantilever
walls (aspect ratio h /£w<2)1‘4 or on

masonry piersS’G. Little attention has
been paid to masonry shear walls of high
aspect ratio, on the assumption that
conditions for such walls will be more
conducive to ductile behaviour than for
squat walls. Research on squat walls
has indicated that ductile flexural failure
modes can be obtained, with brittle shear
failures inhibited, by use of a capacity
design approachl=2. Adequate ductility
was obtained, but considerable stiffness,
and to a lesser extent strength, degrad-
ation resulted from the shear walls

sliding on the foundation beam unless axial

load levels were high. Since slender
walls are less likely to be affected by
base-sliding than squat walls, the
satisfactory performance from squat walls
has been widely taken to indicate that
adequate ductility will also be available
from more slender walls.

Examination of the theoretical
behaviour of slender masonry walls
reveals that this assumption is not
necessarily valid. Three factors
conspire to make conditions for slender
walls more critical than corresponding
squat walls, as discussed in the
subsequent sections.

Ductility Limits Imposed by Unconfined
Masonry -

In a recent paper7, aspects of the
theoretical ductility capacity of uncon-
fined masonry shear walls were discussed.
Based on the assumption that the plastic
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hinge length Lp at the wall base had
the value LP = 0.5Lw regardless of wall
height, it was shown that the available

ductility uw was given by the expression

0
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Where Ae = he/JLw was the effective wall
aspect ratio, ¢u was the ultimate curv-
ature, and ¢y was the yield curvature,
assuming elasto-plastic response.

Since ¢u and ¢y will be constant

for a given wall section, reinforcement
layout and axial load level, it follows
from Eq. (1) that the available displace-
ment ductility p will decrease with
increasing aspect ratio. Design charts
were presented in reference 7 to enable
actual ductility capacity of rectangular
shear walls to be estimated. These
indicated that in many real situations,
available ductility would be less than the
commonly accepted value of uy = 4 for
slender ductile shear walls.

Instability of Compression Zone

There is a potential for lateral
instability of the compression zone of
masonry walls, particularly within plastic
hinge regions. Although to our knowledge
no experimental data are available to
establish critical values of parameters
affecting potential for instability for
walls, it is apparent that the ratio of
unsupported height to wall width must
be significant, and that in walls where
the neutral axis depth in the plastic
hinge zone is a small fraction of the
wall length, the compression zone is
unlikely to buckle, because of support
provided by the greater part of the wall,
that is in tension.

In the absence of experimental data
pertaining to walls, ,the draft New Zealand
concrete design code” has adopted rules
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for stability of columns, modified by the
above arguments. The requirements may
be summarised as follows:

(i) Walls less than three storeys in
height need not be subject to special
instability rules within plastic
hinge regions. This recognises
the fact that in one or two storied
walls the vertical spread of plastic-
ity will be only a fraction of the
unsupported storey height, and
instability will be unlikely.

(ii) For walls of three storeys or higher,
the thickness, , of wall located in
the region from ¥he extreme compress-
ion fibre to the section midway to
the neutral axis, must not be less
than ln/lO,where ln is the

unsupported storey height, unless

(a) the computed neutral axis depth ¢
is less than 4 bw or 0.3 lw

or

(b) the compression zone is stabilized
by a flange or cross wall within
a distance of 3 bW from all

parts of the region governed by
the width requirement.

The draft New Zealand masonry design
code” has incorporated similar requirements,
except that the wall width required under
item (ii) above is 0.075 Zn rather than

0.1 2 .
n

ments can create difficulties. Even with
an unsupported storey height of 2.8 m,
which is about theminimum feasible, a
wall width of 210 mm would be required
unless the neutral axis depth was small.
Thus 190 mm blockwork could not be used.

Compliance with these require-

Since most masonry structures will be
designed for 8 MPa (the default option
for Grade A masonry unless prism tests
are carried out, ang the standard value
for Grade B masonry”) the requirements
of c< 4 bw and ¢ < 0.3 Qw will be hard

to meet, and use of uneconomical 240 mm
blockwork would frequently be necessary
to satisfy code requirements for masonry
walls of three or more storeys.

Lapping of Reinforcement in Potential
Plastic Hinge Zones -

Lapping of flexural reinforcement with
vertical starter bars in potential plastic
hinge zones is clearly undesirable as
conditions for bond, under cyclic reversals
of yield stress, are extremely severe.
Such lapping is not germitted in the draft
concrete design code® but is gllowed in
the draft masonry design code”, because
of construction difficulties in threading
blocks onto starter bars extending up
beyond the potential plastic hinge region
(typically one storey height). The draft
masonry code”’ recommends that wherever
possible the undesirable practice of
lapping in hinge zones be avoided by
spacing vertical reinforcement at 400 mm
centres and using open-end blocks layed
with the open end alternately to left and
right on alternate courses. That is,

the reinforcement is always in an open
core. With such a design the blocks

can be moved horizontally into position
rather than threaded onto the starters,
and no particular difficulties need then
be experienced with tall starters. This
method, however is not suitable where
high reinforcement ratios indicate a
requirement for bars at 200 centres.

Although squat walls previously
testedl=3 have included lapped vertical
bars, the moment gradient over the lap
has been substantial, so bond conditions
have not been severe. With tall walls
the entire lap will be subject to almost
constant moment, and bond breakdown is

- much more likely to occur.

The research reported in this paper
was set up to investigate the influence
of the above factors on the response of
slender concrete masonry walls to simulated
seismic attack. The initial programme
called for the testing of two walls, one
without confinement and the other with
mortar bed confining plates. Testing of
masonry prisms had indicated that
inserting 3.1 mm thick confining plates
in the mortar beds inhibited the
formation of vertical splitting, increased
the effective ultimate compression strain
from 0.25% to at least 0.8%, and greatly
reduced the slope of the falling-branch
portion of the stress-strain curve.
Theoretical ductility capacity of confined
walls was shownll to be at least three
times that for corresponding unconfined walls.

The two initial walls were heavily
reinforced for flexure and with a
reasonably high axial load, to_ensure
requirements of the draft code” were
violated. Bars were lapped in the plastic
hinge zone. Subsequent to the completion
of the first two walls it was decided to
test a third wall with lower axial load
and a longer lap length for vertical
reinforcement.

DESIGN OF TEST WALLS:

Wall Dimensions -

The size of the masonry shear walls
was limited by the available clear height
within the structural testing laboratory,
and by the 500 kN capacity of the jack
to be used for horizontal load application.
Within these confines, the walls were
chosen to have a high effective aspect
ratio, and detailed to violate the slender-
ness regulations of the draft concrete
and masonry design codes.

Maximum height of load application
above the strong floor was restricted to
6.3 m. Since this is less than a typical
three-storey wall height, wall width
would not normally be subject to the
special slenderness provisions within
the plastic hinge zone. To create a
critical situation, the walls were
constructed from 140 mm wide concrete
masonry units, and considered to be 0.737
scale models of walls with 190 mm
blockwork. Thus a typical full-size
storey height of 2.8 m could be modelled
by 2.06 m. With a 300 mm allowance for
a foundation beam this still resulted in



a useful wall height, at 6.0 m, slightly
less than three storeys. However, in
terms of slenderness and stability of

the compression zone, the critical aspects
of the wall dimensions will be the
slenderness ratio over the lowest storey,
and the moment gradient over the same

region. Consequently the total wall height

was divided into unequal storey heights
of 2.1 m, 2.0 m and 1.9 m. Since
horizontal load was applied by a single
jack at the top of the wall, the moment
gradient over the bottom storey was more
gradual (i.e. close to constant moment)
than would occur in a normal three storey
wall, where horizontal inertia forces are
generated at each floor level. In a
regular multistorey structure with equal
floor and roof masses,the centre of
seismic force (assuming the linear code
distribution of seismic loads) is at
approximately 2/3 the wall height.
Thus, inverting this figure, the test-wall
height of 6.0 m is equivalent to a multi-
storey wall 9.0 m, or 4.3 storeys high.
The slendernessrequirements of the draft
design codes must therefore be considered.
The wall length of 2.4 m resulted in an
effective aspect ratio of 2.5. In terms
of the equivalent 9.0 m multistorey wall
with distributed lateral load, this
translates to a prototype aspect ratio of
3.75.

Reinforced floor slabs 200 mm deep x
1200 mm wide were cast at first and second
floor levels, anda 540 x 450 mm reinforced
bond beam was placed at the top to distri-
bute horizontal load, and anchor flexural
reinforcement. Fig. 1 shows details
of wall dimensions and reinforcement.

Wall Reinforcement -

All three walls were reinforced in
similar fashion. Vertical reinforcement
consisted of 12-DH16 (D = deformed;

H denotes high strength grade : £ = 380 MPa

nominal; 16 indicates bar diamet&r in mm)
bars over the potential plastic hinge
region, decreasingin two steps to 6-DH16
bars over the top storey. The steel

was lapped to starter bars from the
foundation beam, and immediately above
each floor level, with the lap length
being 1000 mm (62.5 db) for Walls 1 and 2,

and 1300 mm (81.3 db) for wall 3. The

increased lap length for Wall 3 was based
on observed bond breakdown of lapped
flexural reinforcement at the ends of the
wall in Wall 1, and reflected an increased
lap length requirement within plastic

hinge zones agreed to by the drafting
committee of the masonry design code between
times of constructing Walls 1 and 3.

The 16 mm diameter bars used for
vertical reinforcement are the largest
size allowed for nominal 140 mm masonry

blockworkg, and as each wall was reinforced,

with one bar per cell, the walls can be
considered to contain the maximum feasible
level of flexural reinforcement. However,
as the steel ratio, based on gross wall
section dimensions was p = 0.00718, the
walls were comparatively lightly reinforced
by reinforced concrete standards.

Shear reinforcement consisted of D12

(nominal £ = 275 MPa) bars at 200 mm
centres th¥oughout the wall height,
except at floor slab level.

Confining Plates

Wall 2 differed from the basic design
of Wall 1 only in that the plastic hinge
zone at the wall base contained 600 mm
long stainless steel confining plates
at each end of the wall within the second
to eighth mortar courses. No confining
plates were placed in the bottom mortar
course (i.e. between foundation beam and
bottom layer of blocks) as it was felt
that the foundation beam would provide
adequate confinement. The confining
plates were cut from 3.1 mm thick type
304 stainless steel, and followed the
net dimensions of the blockwork, .including
cross webs, with a 5 mm clearance to
outside dimensions of the wall to allow
for pointing. Fig. 2 shows a confining
plate placed in a mortar bed during
construction.

Walls 1 and 3 did not include
confining plates.

Axial Load Level

Walls 1 and 2 were tested with an
axial load of 556 kN applied to the top
of the wall. Together with the wall
weight of 84 kN, this resulted in an
axial load of Nu = 640 kKN at the wall

base, corresponding to an axial stress

of 1.90 MPa. This was considered to

be a reasonable upper level of axial

load occurring in practice. Wall 3

had a reduced axial load of 166 kN applied,
resulting in a total load of No= 250 kN

at the wall base, corresponding to an
axial stress of 0.744 MPa. This is about
the minimum axial stress level that can be
expected from a four storey wall of 190 mm
blockwork supporting a tributory floor
width of 6 m at each floor and roof level.

WALL CONSTRUCTION:

The walls were laid up by a professional

mason, on reinforced concrete foundation
beams bolted to a strong floor. Open-end
bond beam blocks were used throughout the
wall, except for end blocks, which were
alternately 15.11 lintels (half blocks)

or 15.13 deep lintels, as shown in

Fig. 1. Use of open-end bond beam

blocks is recommended by the draft masonry
design code?, and it results in a continuous
latticework of grout throughout the wall,
improving general integrity of construction.

Each storey-height was grouted in
one operation by the high-lift grouting
method using ready-mix grout of specified
28-day strength 17.5 MPa. Owing to lack
of a small enough immersion vibrator, the
walls were vibrated by rodding in each
cell. Grout was placed in two lifts
with full rodding of each 1lift, but without
reconsolidation after a settling period.
Despite the less than ideal vibration
provided, no significant settlement
was noted, and condition of the grout core,
when examined after completion of testing
the walls, was good.






