





































































































































































































diagonal steel strip on the SE side started to buckle, as illustrated in Fig. 4.29a. A new diagonal crack
with an inclination of 63° with the horizontal also developed near the east end of the wall. This is
shown in Figs. 4.28c and 4.28d. The diagonal steel strips on both sides of the wall buckled near the
bottom west end during the second cycle of 0.6% drift. This can be seen in Figs. 4.29b and 4.29c.
Crushing of masonry at top east and bottom west ends intensified throughout the cycles at 0.6% drift.
After the cycles of 0.6% drift, it was decided to increase the drift to 1.0%. However, the wall started
to lean noticeably northward when 0.91% drift was reached. It was therefore decided to limit the

target drift at this stage to 0.8% to continue testing.

The highest lateral load resistance recorded was -348 kN at the end of the first cycle of 0.8% dnft.
Excessive buckling of the lower end of the NE vertical strip was observed at this deformation level.
This is evident in Fig. 4.30b. The west end of the wall was severely crushed during the second cycle
of 0.8% drift, as shown in Fig. 4.30a. Therefore, the wall suffered strength degradation. A 25% drop
in lateral load resistance was recorded, while a noticeable clockwise twisting of the wall was
observed. This twisting was attributed to unsymmetrical buckling of the steel strips. An attempt was
made to reinforce the lateral support frames and the third cycle at 0.8% drift was applied. The wall

lost significant portions of its narrow faces by the end of these cycles.

The strength degradation became more rapid as the contribution of masonry to lateral load resistance
further decreased at 1.0% drift (Figs. 4.30c). Consequently, the number of loading cycles was
reduced to two per target drift level. At the end of the first cycle at 1.0% drift, both vertical strips at
the east end buckled simultaneously, in a global mode. Clearly, the vertical steel strips were left
without lateral supports after the loss of masonry near the ends (Fig. 4.30d). The wall lost the face
shell of all east end blocks when the drift level was increased to 1.25%. This is shown in Fig. 4.31a.
The vertical strips further buckled in a global mode as illustrated in Fig. 4.31b. The load resistance
dropped to 153 kN and -149 kN in each direction when a drift level of 1.5% was attained. Because
the major portions of the masonry wall were destroyed as shown in Figs. 4.31c and 4.31d, the wall
started to lose its integrity. The load resistance increased up to 200 kN during the first cycle at 2.0%
drift, but dropped subsequently to 114 kN in the following cycle. The test was terminated as it
became laterally unstable.



4.2.6 Wall 10R ( Retrofitted Partially Reinforced Masonry)

This wall was subjected to the displacement history shown in Fig 3.25. The predicted ultimate lateral
load resistance was 539 kN. Wall 10R experienced weld failure at two locations during testing.
Therefore, the test had to be stopped to reinforce the failed joints, as described below. The hysteretic
force-displacement relationships obtained prior to the weld failure and after repairing the weld, are
presented in Figs. 4.32 and 4.33, respectively. The combined hysteretic relationship is shown in Fig.
4.34. Experimentally observed damage at various drift levels is shown in Figs. 4.35 through 4.42.

Initial cracks at 0.1% drift were in the form of hairline cracks, taking place near the SE corner. The
corresponding lateral load resistance was 150 kN. Additional hairline cracks formed in mortar joints
when the load was reversed. These cracks are illustrated in Figs. 4.35a, 4.35b and 4.35¢c. Diagonal
cracks were observed at the end of 0.1% drift cycles, following a stair-step pattern near the diagonal
strips (Fig. 4.35d). The cracks that had developed earlier extended further during 0.2% drift cycles.
New vertical and horizontal cracks also formed between the blocks, mostly near the diagonal steel
strips. These cracks were mostly visible within the upper half of the wall, as illustrated in Figs. 4.36a,
4.36b and 4.36¢. The lateral load resistance reached 212 kN and -231 kN in westward and eastwards
directions, respectively. No distress of steel strips was observed at this stage of loading, and the steel

angles did not show any visible rotation.

A long diagonal crack formed and propagated through the NW side blocks during the first cycle of
0.4% drift. This is shown in Fig. 4.36d. Some rotation of the base steel angles at the west end was
observed when the load was reversed. Also, some cracks opened at the base. Identical rotation and
cracking was observed at the east end under load reversal. Pinching of hysteresis curves became
noticeable during the third cycle of 0.4% drift. Maximum lateral loads applied during these cycles
were 321 kN and -342 kN in the westward and eastward directions, respectively. Through block
diagonal cracks appeared on the SE side, during the first cycle at 0.6% drift and a peak lateral load
of 397 kN. This is shown in Fig. 4.37a. At the same time, a crack across the base of the wall started
to widen. Buckling of diagonal steel strips started near the bottom west end during the end of the first
cycle (Fig. 4.37c), and in the opposite direction during the first half of the second cycle (similar to
that shown in Fig. 4.37d). The vertical steel strip at the SE bottom corner buckled at the end of the
second cycle (Fig. 4.37d). A few new cracks due to crushing were observed on both faces of the wall
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during the first cycle at 0.8% drift . At this stage of loading, the lateral load resistance was 417 kN
and -460 kN in each direction. During the second cycle, diagonal steel strips on the south side
buckled slightly near the mid-height. The east end of the wall started to lose some shell cover at the

end of the second cycle.

Evidence of squeezed mortar and crushed masonry was noticed behind the buckled parts of steel
strips during the first cycle at 1.0% drift. At the peak of the first cycle, while sustaining a load of 400
kN, some noise was heard, and the west end of the wall started to lean towards north. Then, a big
bang was heard and a safety mechanism automatically stopped the test and released pressure from
the actuators. The specimen was unloaded at once. Inspection of the specimen revealed no weld

fracture and no extraordinary damage. It was decided to resume the test and try loading the specimen

again.

During reloading, however, the wall did not reach its expected strength. The drift and maximum load
resistance were 1.0% and 270 kN, respectively. A horizontal crack formed under the top layer of
blocks indicating sliding of the top part, as illustrated in Fig. 4.38a. Inspection of the specimen
revealed that the welded joint connecting the two diagonal steel strips on the north side had fractured.
This is shown in Figs. 4.38b, 4.38c and 4.38d. Examination of the failed joint showed inadequate
penetration of the weld. The weld extended only a small distance into the groove, contrary to what
was specified in the details indicated in Chapter 3. The specimen was then unloaded and the test was

stopped.

Testing resumed after re-welding the fractured joint (Fig. 4.39a). The wall started to move sideways
when the drift reached 1.2% at a corresponding lateral load of 300 kN. The reinforcing bar on the
east side of the wall buckled near the base. It was then decided to load the wall back to -300 kN to
find the origin of the hysteresis loops. Measures were also taken to prevent lateral movement in
subsequent cycles. The wall was pulled only about 0.7% drift when the NW side weld of the joint
connecting the vertical steel strip to the diagonal strip broke near the base. This is shown in Figs.
4.39b and 4.39¢. Testing had to stop again. At this point, it was decided to reinforce all welds of the
steel strips, including those for Wall 11R, retrofitted reinforced concrete wall that was scheduled for
testing next. All welded steel strip joints were reinforced with 60 mm x 25 mm x 7 mm lap-plates,
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fillet welded all-around. This can be seen in Figs. 4.40a, 4.40b and 4.40c.

Testing resumed again by loading from a drift of 0.4% to 1.1%. The peak load resistance attained was
302 kN. The wall was cycled twice at this drift level. In the second cycle the west side shell of
masonry spalled off due to the buckling of reinforcing bar, similar to that shown in Fig. 4.40c. The
lateral load resistance of the wall increased slightly at 1.5% drift. Spalling exposed the bolts used to
attach the vertical strips. This indicated that the bolts were useful in providing lateral restraints against
the buckling of reinforcing bars. This is shown in Fig. 4.40c. The vertical and diagonal strips
continued to buckle and yield as was observed earlier. Severe buckling of SE vertical strip was visible
at mid length between the bolts, during the third cycle of this deformation level. The severity of
buckling suggested that low-cycle fatigue would eventually lead to the fracture of vertical strips (F ig.
4.40d). It indeed ruptured in the manner expected, as illustrated in Figs. 4.41a and 4.41b, at a drift
level of 1.6% (160 kN), during the second cycle at a target drift of 2.0%. As soon as the steel strip
ruptured, the wall started to twist clockwise. The wall also sled out-of-plane above the second row
of blocks on the west side, as seen in Fig. 4.41d. However, testing was pursued. During the third
cycle at 2% drift, a piece of broken block fell off the wall on the NW side. More broken blocks fell
off from the same side upon returning to zero load. At this stage, the wall had a large see-through
hole on the west side, between the diagonal strip and the vertical strip. This is illustrated in Figs.
4.41c and 4.41d. The vertical steel strip on the NW side ruptured while loading towards 2.5% drift,
at 1.5 % drift. This was followed by the vertical strip on the SW side. The lateral load at failure was
90 kN, when the test was terminated. Fig. 4.42 shows the damage in Wall 10R at the end of the test.

4.2.7 Wall 11R (Retrofitted Reinforced Concrete Wall)

Wall 11R was subjected to the displacement history shown in Fig 3.25. The ultimate lateral load
resistance was predicted to be 497 kN. The hysteretic force-displacement relationship recorded during
testing is presented in Fig. 4.43. Observed behaviour at various drift levels was captured by a series
of photos, as illustrated in Figs. 4.44 through 4.52.

Initial flexural cracking was observed at the east end of the wall, at a drift of 0.1% and a
corresponding lateral load of 250 kN. The cracking started just above the welded joint connecting
the vertical and diagonal steel strips, and extended up to the mid-width of the wall along the
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construction joint. A few horizontal cracks crossed the narrow face of the wall, approximately at the
location of the through-thickness bolts. This is illustrated in Fig. 4.44b. Horizontal cracks developed
in concrete at about mid-height, followed an inclined path after extending to about one quarter of the
wall length. The crack pattern under reversed loading was the same when the wall was subjected to
an eastward load 238 kN. More cracks appeared at 0.2% drift when the load reached 300 kN in
westward direction. A near full-width diagonal crack formed at this stage, as shown in Figs. 4.44c
and 4.44d. The diagonal cracks had an approximately 45° inclination, and often originated at bolt
locations. The diagonal steel strut remained intact, as shown in Fig. 4.44d. There was no sign of

buckling and crushing of concrete.

First yielding of vertical steel strip was detected on the SE side, near the base, when the lateral load
(i.e. yield load) was 366 kN. Some of the cracks crossing narrow faces opened up at a drift of 0.5%.
This is shown in Figs. 4.45a and 4.45c. Other cracks near the bottom corners extended further, as
shown in Figs. 4.45b and 4.45d. First visible buckling of diagonal and vertical steel strips was
observed during the second and third cycles at 0.5% drift. Yielding of the vertical strips continued
and the diagonal strips also started to yield at a lateral load of 450 kN. Some minor spalling and
crushing were observed at the ends of the wall due to the buckling of vertical reinforcing bars. This
is shown in Fig. 4.45b.

Both vertical and diagonal steel strips experienced severe buckling on the NW side near the base,
during the first cycle at 1.0% drift when the load was 483 kN. Figs. 4.47a and 4.47b illustrate the
buckling of steel strips at this stage of loading. Some diagonal cracks opened 2.0 to 3.0 mm wide at
the centre of the wall and other new cracks formed as depicted in Fig. 4.46a. Buckling of vertical
reinforcing bars on the east side, and buckling of vertical steel strips at mid-height on the SE side, and
at the bottom on the NE side, was observed (Figs. 4.46b, 4.46c and 4.46d). The lateral load at this
stage of loading was 483 kN. The load resistance increased to 496 kN and -497 kN at a drift of 1.4%.
Severe buckling of diagonal and vertical steel strips was observed as illustrated in Figs. 4.47c, 4.47d,
4.48a, 4.48b and 4.48c. Diagonal cracks became wide enough to see through the wall. Nevertheless,
the wall maintained its integrity. Buckling of reinforcing bars was more evident at both ends of the
wall, as shown in Figs. 4.48a and 4.48c. The wall experienced the same behaviour with more severe

buckling of reinforcement. Some new vertical cracks formed at this stage along the vertical steel
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strips. No major change in behaviour was observed during the first cycle at 2.0% drift, except for
minor strength degradation. However, the vertical stezl strips at buckling locations were severely
distressed as shown in Figs. 4.49a and 4.49c. At the same time re-bars continued to buckle as
depicted in Figs. 4.49c and 4.49d. The NE vertical steel strip ruptured at the top, during the third
cycle of 2% drift, at a lateral load of 401 kN. This is shown in Figs. 4.50a and 4.50b. Testing,
nonetheless continued with cycles at 2.5% drift. Rupturing of the vertical steel strips occurred at
other locations. Severe crushing of the concrete was observed at mid-height of the wall, between the
vertical and diagonal steel strips. This is shown in Figs. 4.50c and 4.50d. The steel strip near the SE
top corner fractured during the first cycle of 2.5% drift, followed by the steel strip on the NW side,
during the second cycle. This is shown in Fig. 4.51b. During the last cycle, the vertical steel strip
located on the SW side of the wall fractured near the base, as shown Fig. 4.51d. The test was stopped
at this stage when the strength loss was in excess of 50%. Fig. 4.52 shows the damage sustained by
Wall11R at the end of the test.
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Chapter 5

Discussion and Comparison of Results

5.1 General

The behaviour of each unretrofitted wall specimen tested and that of the repaired wall specimen are
discussed in Sections 5.2 and 5.3, respectively. A discussion on the general behaviour of retrofitted
wall specimens, including the comparisons of predicted and experimentally measured behaviours
follows in Section 5.4. Other sections compare the behaviour of the retrofitted and unretrofitted wall
specimens in terms of ultimate capacity, load-deformation characteristics, stiffness, shape of hysteretic

curve, energy dissipation and ductility.
5.2 Behaviour of Unretrofitted Walls

5.2.1 Wall 9 (Unreinforced Masonry Wall)
The hysteretic relationship of lateral load versus horizontal displacement of Wall 9 is shown in Fig.
4.1. Drifts shown in this figure are measured relative to the displacement of the beam centerline at

the top. The hysteresis loops can be described as fairly stable. Moreover, the wall maintained its
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strength until lateral drift of 1.0%.

This wall behaved in combination of rocking and sliding, as evidenced by the unsymmetric hysteresis
loops of Fig. 4.1. The sliding developed in one direction, at an ultimate force of 64.5 kN, while the
rigid-body rocking (with some small amount of sliding) developed in the other direction, at an
ultimate force of -58.5 kN. The wall exhibited relatively large deformations with minor strength decay
before failure. Rocking and sliding could develop only as a consequence of cracking along the bed
joint. In this test, cracking did extend along the length of the wall, but, the path followed by the crack
was unusual. Cracking did not occur at the base, nor at the first bed joint above the base, but in the
bed joint above the second course of masonry, as indicated in Fig. 5.1. Another crack of a shorter
length also appeared in the third bed joint above the base. After cracking, drift in both directions

increased without any signiﬁcant. increase in lateral loading.

On the hindsight, even though calculations prior to testing predicted that rocking would develop at
a lateral load of 46 kN, assuming cracking along the base of the wall, cracking above the base joint
should not be surprising. Examination of the base joint revealed a fully mortared joint, in compliance
with the requirements presented in Section 3.6. Obviously, the tensile resistance of this joint was large
enough to force the crack to occur in the above weaker joints, rather than at the base. However, the

reason for cracking above the second course of masonry instead of the first is unclear at this time.

The above non-symmetric behaviour until a drift of 0.8% can be best explained by the free-body
diagram shown in Fig. 5.2. In this figure the forces consist of; i) variable lateral load applied by the
horizontal actuator, V,,, vertical load of 100 kN applied by actuators, weight of the top beam
assembly (16 kN), and half of the weight of the horizontal actuator (5 kN). Considering these
unsymmetrically applied vertical forces, a different value of the lateral forces required to produce the
rocking force, V,, can be calculated for each direction of horizontal loading. Thus, the horizontal
actuator weight may have increased the rocking strength above the sliding strength in one direction
of loading. In later stages of testing, as the mortar bed became more damaged and irregular, the
friction coefficient along that bed joint may have increased sufficiently to promote more visible
rocking in both directions of lateral loading. In addition, the unsymmetrical cracking pattern, probably
resulting from the 4 % block (unsymmetrical) width of every masonry course, may also have
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contributed to the rocking/sliding behaviour in the early stages of loading. Unfortunately, the wall was
not instrumented in a way that permits verification of these hypotheses put forward based on

observed behaviour.

The lateral load necessary to produce rocking at the crack level can be calculated using the diagram
of Fig. 5.1 and the rocking equations suggested by Priestley (Bruneau 1994), assuming uniform
compression under rocking of 0.85 1. Based on the average compressive strength of the tested

masonry prisms, the ultimate horizontal force was calculated in both directions using equation 5.1.

. P(0.5/-a)+W, (I-a)
“ h

(5.1)

where P is the applied axial load, W, is half the actuator’s weight, / is the length of the wall and his
the lever arm of the applied lateral load ¥, as shown in Fig. 5.2. Note that a is the depth of the
compression block at ultimate and for simplicity a/2 can be set equal to the block shell thickness.
Note that W, (-a) is taken equal to zero when calculating V, in the east direction.

Therefore, the lateral load resistance in the east direction is

(0.5(1.8)-0.034) _ ., 5.

V =116
“ (1.8+0.24-0.4)

and the lateral load resistance in the west direction is

;. 116(0.5(1.8)-0.034)+5 (1.8-0.034) _c¢ oy
u (1.8+0.24-0.4)

These calculated forces are 3.3 % and 4.8 % larger than the experimentally obtained values for lateral
loading in the westward and the eastward directions, respectively. Note that while there was no
visible rocking in the west direction, in the early stages of loading, the above comparison is valid
because sliding requires flexural cracking and some crack opening to develop, which in essence is

rocking.
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Despite, the low strength of this wall, which indicates a certain strength deficiency, its sliding friction

and rocking behaviour noticeably dissipates energy.

5.2.2 Wall 10 (Partially Reinforced Masonry Wall)

Cracks appeared along vertical and horizontal mortar joints, corner to corner of the wall, in a stair-
step pattern at about 50% of the wall ultimate strength. The number of diagonal cracks increased with
increasing load, and the cracks started to propagate towards the body of the blocks. This lead to the
formation of diagonal struts, as the wall developed truss behaviour. At this stage of loading, the wall
exhibited its maximum strength. However, because the diagonal struts could not withstand large

compressive stresses, the wall rapidly suffered loss of strength and stiffness.

Yielding of vertical reinforcement at the base of the wall was not observed prior to the formation of
diagonal struts. The rapid loss of strength in diagonal compression struts also precluded the
attainment of flexural strength.

The vertical cracks between grouted masonry cells and elsewhere in the wall suggest that the
behaviour changed into that of an infilled frame with the ungrouted cells of the wall playing the role
of the infill, and the grouted cells forming the columns of the frame. This mode of behaviour further
contributed to the generation of large compressive forces at wall corners where the grouted masonry
cells are located, leading to local buckling of vertical reinforcement and crushing and spalling of
masonry and mortar. Horizontal reinforcement did not appear to contribute significantly to the overall

behaviour of the wall.

Wall 10 exhibited symmetrical hysteretic force displacement relationship with relatively wide loops.
This is shown in Fig. 4.7. However, it suffered shear failure, with progressive crushing of masonry
diagonal struts, leading to early strength degradation and relatively low energy dissipation. This
behaviour is further discussed in Section 5.7.

5.2.3 Wall 11 (Reinforced Concrete Wall)
Wall 11 experienced symmetrical and stable hysteretic behaviour, as shown by its force-displacement
relationship in Fig. 4.12. These stable hysteresis loops also clearly show that Wall 11 experienced
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rocking behaviour in later stages of testing, making it possible for this wall to maintain its strength
up to 2.5 % drift.

After the formation of flexural cracking across the base, a vertical crack appeared in the middle of
the narrow face of the wall in compression. This crack also formed at the opposite end of the wall
upon load reversal. These cracks indicated elastic buckling of end reinforcement. The extreme bars
were effectively laterally unsupported (concrete cover was very small and there were no lateral ties).
As the vertical cracking extended up to two thirds of the wall height, buckling of vertical rebars
became visible, causing the spalling of cover concrete. As a result, a significant length of these vertical

rebars became exposed.

Tensile yielding of these exposed rebars required progressively larger wall rotations, and a wider
horizontal crack at the base. The wall progressively developed significantly high rigid-body rotation,
and went into the “rocking” mode of behaviour, with reinforcing bars controlling the wall rotation.
No additional inelasticity was introduced in the main body of the wall panel above the base. The wall
ends severely crushed when the vertical rebars yielded and its strength dropped to 93% of the ultimate
capacity. While the strains in the end bars were not large, the rebars in the middle of the wall
experienced extensive yielding. The middle bars also developed strain hardening as applied drift
increased. The wall resistance did not change significantly beyond this load stage. However, the
strength dropped drastically after the middle reinforcement ruptured. Beyond this load stage, the wall
was left to rely on pure rocking behaviour to resist the lateral loads, much like the unreinforced
masonry wall (Wall 9). Although, the performance of this wall can be considered to be satisfactory,
in terms of ductility and energy dissipation, its lateral load resistance could be inadequate to resist

earthquakes and may still require a retrofit.

5.3 Behaviour of Repaired Wall (Wall 11RP)

Wall 11RP is Wall 11 repaired using vertical steel strips only. Figure 4.19 shows the lateral force
versus top horizontal displacement relationships recorded during the test. Qualitatively, Wall 11RP
dissipated more hysteretic energy than Wall 11, with approximately no strength decay up to drifts of
1.5%. Furthermore, its hysteresis loops exhibited early pinching, mostly due to the pullout of its
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anchor bolts.

Measurements indicated that the wall experienced significant shear sliding. Slippage of the anchor
bars was believed to be the main reason behind this noticeable sliding. On the other hand, axial load
applied to the wall did not increase friction resistance sufficiently to prevent sliding under lateral
loading. Shear cracks appeared at drifts of 1.5%, starting with two opposite diagonal cracks near the
top beam. These cracks first followed a horizontal path, extending from both sides a distance
approximately equal to one third of the wall length, then followed a diagonal path and intersected at
about one third of the wall height. This pattern indicated that the first shear crack originated from
other cracks of flexural origin. The number of diagonal cracks was limited because of the
reinforcement characteristics of this wall. It is well known that well distributed reinforcement
promotes well distributed smaller size cracks. In this repaired wall, however, only the middle re-bars
remained from the original vertical reinforcement, although they were ruptured at the wall base.
Therefore, their contribution would be limited to diagonal crack control. Beyond the initial diagonal
cracking, the bolt holes in concrete triggered any further diagonal cracks.

The behaviour of this wall emphasized the interaction of shear and flexural in low-rise walls. The
capacity of this repaired wall was limited to its shear strength. The experimentally obtained lateral
load capacity of the wall was 269 kN, whereas the capacity of the virgin wall (Wall 11) was 171 kN.
This indicates that a 52% increase in lateral load capacity was provided by the repair. The shear
cracking capacity V,, calculated using Section 21.6.5.2 of the ACI- 3 18/318R-305 code is given

below:

V,=025/f, bd=0.25,/31 (1620)(100)107*=226kN

This value is 7.2% lower than the value of 244 kN recorded when the first shear crack was observed

with naked eye during testing.
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5.4 Behaviour of Retrofitted Walls

5.4.1 Common Behaviour

In general, all retrofitted wall specimens exhibited superior behaviour when compared with that of
unretrofitted wall specimens. The effectiveness of the steel strip retrofit solution was demonstrated
in this section for each wall specimen. For Wall 9R, the retrofited URM wall, cyclic loading of
progressively increasing magnitude led to some uniform cracking of the masonry, followed by yielding
of the steel strips, and eventually inelastic buckling of the strips. This inelastic buckling led to the
crushing of masonry. Better performance was observed in the PRM and R/C retrofitted walls, in
which crushing was delayed until after excessive yielding of vertical steel strips and re-bars occurred.
In all cases, the behaviour followed that of the indeterminate truss model presented in Section 3.5,

reasonably well. Enhanced versions of this model are presented in Chapter 6.

The retrofitted walls eventually tended to slide or rock in all cases as the lateral load gradually
increased. However, this sliding or rocking would only appear after cracking of the masonry or
concrete, at or near the base, parallel to the direction of applied load. After a horizontal crack had
formed above the second row of blocks in Wall 9R and Wall 10R, and at the base in Wall 11R, the
unretrofitted walls would have rotated as rigid bodies. However, presence of the steel strip system
prevented development of this rigid body rotation. As the vertical and the diagonal strips yielded,

cracks spread more evenly over the entire wall. Crack widths were controlled by vertical steel strips.

As the applied deformation cycles were increased, the steel strips between the bolts were subjected
to large tension and compression strains. Yielding of the steel strips in tension produced permanent
plastic elongations that could not be fully recovered in compression. Accumulated tensile plastic
strains eventually triggered a plastic hinge midway between the boits. The diagonal steel strips yielded
shortly after the vertical steel strips, which experienced similar strain characteristics. Because the
diagonal strips were wider and had a more favorable anchor bolt configuration, they exhibited only
limited buckling.

5.4.2 Behaviour of Masonry and Concrete
The masonry/concrete between the diagonal strips was confined to some degree. This confinement
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improved the behaviour of the masonry/concrete in the compression zone. However, when vertical
and diagonal steel strips buckled under increased compression, their compressive resistance reduced,
progressively transferring the burden to the masonry/concrete struts. This redistribution accelerated
the crushing of masonry in the case of Wall 9R (URM), and to a lesser extent the other retrofitted
walls. The through-thickness anchor bolts also helped in confining the masonry/concrete. This
confinement did not last long in Wall 9R, because of the low masonry strength. However, it was
particularly beneficial in concrete compressive zone of Wall 11R, which could reach drifts of 2.5%
without a significant strength degradation.

5.4.3 Strength of the Retrofitted Walls

Comparison between the ultimate lateral load resistance of the unretrofitted and retrofitted walls is
presented in Table 5.1. This table also compares the retrofitted walls among each other. Wall 10R
showed the highest absolute increase in lateral load resistance, whereas Wall SR showed the lowest
increase. However, the absolute increases in all the retrofitted walls are within less than 15% different
from each other (355 kN, 456 kN and 499 kN respectively for Wall 9R, Wall 10R and Wall 11R).
Note that the difference in increase in load resistance of Wall 10R and Wall 11R is only 2.4%. This
implies that the increase in lateral load resistance provided by the addition of steel strips is
approximately the same. It is believed that the early crushing of the masonry at the ends of Wall 9R
prevented it from developing the same increase in resistance attained by the other retrofitted walls.
The horizontal component of diagonal steel strips in tension were also calculated for each retrofitted
wall when they were at yield. It was found that they were 15%, 26%, and 25% lower than the
increase in lateral load resistance provided by the addition of steel strips for Wall 9R, Wall 10R and
Wall 11R, respectively (see Table 5.1).

5.4.4 Wall 10R and Wall 11R

The presence of reinforcement bars in walls 10R and 11R increased their redundancy over Wall 9R,
as described in Chapter 6. The anchor bolts used to attach the vertical steel strips to the wall were
also helpful in enhancing cyclic inelastic performance of walls as these bolts provided lateral support
to re-bars against premature buckling. The anchor bolts used in Wall 11R also delayed premature
buckling at higher drift levels by confining the concrete surrounding the end rebars.
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The torsional behaviour observed in Wall 10R after the fracture of the weld, described in Chapter 4,
was useful in demonstrating why steel strips must be on both sides of the wall. The symmetric
arrangement helps avoid eccentric loading that may cause twisting of the retrofitted walls. It also
provides additional redundancy to retrofitted walls and superior support against out-of-plane failures

of walls, although not tested in this investigation.

5.5 Comparison of Hysteretic Behaviour

Hysteretic curves recorded experimentally are useful indicators for effects of various parameters.
They also provide a basis for comparison of retrofitted and unretrofitted wall specimens. They are
excellent tools that help understand the behaviour of structural members under simulated seismic

loading.

In the experiments reported here, all displacement measurements were taken with respect to the wall
foundations, and therefore exclude any possible sliding or uplift of the foundation on the strong
laboratory floor. Measurement locations for each deformation component were shown in Fig. 3.31
and discussed in Section 3.9.3. Two horizontal displacements were recorded for Wall 9, namely top
horizontal displacement and mid-height horizontal displacement. Load-deformation history, cracking
loads, yield loads, ultimate loads, crack patterns, and failure modes are examined in the following
sections. Top horizontal and vertical displacements, mid-height horizontal displacement and sliding
displacement are also presented in the same sections. Load-strain relationships and strain distributions

along steel strips are also included.

5.5.1 Lateral Load versus Horizontal Displacement Relationships
Lateral load versus top horizontal displacement relationships, plotted to the same scale, are presented

in Figs. 5.3, 5.4 and 5.5 for each set of retrofitted and unretrofitted walls.

The two hysteretic relationships shown in Fig. 5.3 indicate that the retrofitted URM wall exhibited
approximately symmetrical stable hysteretic behaviour with significant increase in ductility, stiffness
and dissipation of energy. They also indicate that Wall 9R experienced a lateral load resistance 4.5
times that of Wall 9, up to drifts of 1.0 %. The hysteresis loops of Wall 9R showed noticeable
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pinching. This pinching is attributed to bolt slippage prior to the development of composite action
at low drift levels, and buckling of steel strips at a drift of 0.4%. Crushing of the masonry at both ends
of the wall (i.e. the compression zone), contributed to the pinching of the loops. After 1.0% drift, the
hysteresis loops showed 25% strength drop with further pinching due to excessive crushing of
masonry and global buckling of vertical steel strips. In spite of this, the hysteretic behaviour of Wall
9R, beyond 1.0% drift, was superior to that of Wall 9 in terms of strength, stiffness, ductility and

dissipation of energy.

After the retrofitted URM wall lost its end masonry, the hysteretic behaviour resembled that of a
tension-only braced steel frame where the buckled compression members contributed little to lateral
resistance. The loss of strength of the retrofitted wall during the first cycle at 1.25% drift was also
caused by the loss of masonry blocks at the ends. Although, Wall 9R showed a 25% drop in lateral
load resistance, its strength remained much higher than that of Wall 9 during these large drift cycles.

The hysteretic lateral load versus top horizontal displacement relationships of the retrofitted and
unretrofitted PRM walls are shown in Fig. 5.4. It is clear that the hysteresis loops of the retrofitted
PRM wall demonstrate good strength, stiffness, ductility and overall energy dissipation, compared
to those of the unretrofitted PRM wall. When the hysteretic behaviour of Wall 10R is compared with
that of Wall 9R, it is observed that Wall 10R exhibited somewhat better lateral load resistance (as
discussed earlier), stiffness, ductility and energy dissipation. The presence of rebars and grouted cells
in Wall 10R helped delay the global buckling of the steel strips.

Wall 10R showed less than 7.0% drop in its lateral load resistance up to about 1.0% drift, whereas
the lateral load resistance of the unretrofitted wall had fallen by more than 50% of wall maximum
lateral load resistnce at 0.8% drift. However, once Wall 10R lost the masonry at its ends, the shape
of the hysteresis loops became similar to that of Wall 9R. They resembled the hysteresis loops of a
tension-only braced frame, in which the buckled compression members contribute little to lateral load
resistance. A slight difference was observed because the rebars were still contributing to the overall

hysteretic behaviour in Wall 10R at that point.

Fig. 5.5 compares the hysteretic response of Wall 11, Wall 11RP and Wall 11R. Despite the observed
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sliding in Wall 11RP, it exhibited a relatively symmetrical and stable hysteretic behaviour with a
significant increase in ductility, stiffness and energy dissipation when compared with Wall 11. It also
sustained a relatively higher lateral load resistance (57% more than that of Wall 11) up to 1.5% drift.
Beyond 1.5% drift, the hysteresis loops show a drop in strength of 16.5% with further pinching due
to shear cracking, buckling of steel strips, sliding, and slippage of anchor bolts. The hysteretic
behaviour of Wall 11RP, beyond 1.5% drift, was a bit different than that of Wall 11 in terms of
strength (16.9% higher), stiffness, ductility, and energy dissipation. A further drop of 18.2% in
strength was observed beyond a drift level of 2.0% in Wall 11RP. After this drop, Wall 11RP
hysteretic behaviour was relatively similar to that of Wall 11.

The hysteretic behaviour of Wall 11R was superior to that of any other walls tested in the current
investigation. The hysteresis loops, shown in Fig. 5.5, indicate high lateral load resistance, stiffness,
ductility, and energy dissipation with no strength decay up to 2.0% lateral drift. The lateral load
resistance dropped by 25% at a drift of 3.0%. However, the shape of these hysteresis loops still
exhibited a lot of of pinching, similar in shape to what is often observed in tension-only braced steel

frames.

5.5.2 Lateral Load Versus Top Vertical Displacement Relationships

Vertical displacement was recorded at two locations at the top of each wall, except Wall 9. Recall
that an attempt was made to measure displacements due to crack opening for Wall 9 by locating an
LVDT at each end of Wall 9 where crack opening due to rocking was expected. But the wall rocked
about a different joint and no data was recorded by either LVDT. To replenish this unexpected loss
of data, vertical displacements were measured and recorded manually during testing, whenever
possible, by measuring the horizontal crack opening at different locations along the length of the wall.
Fig. 5.6 shows lateral load versus crack opening for Wall 9 at the end of selected cycles when the
applied load was towards east. The same measurement was not recorded in the other direction since
the wall exhibited mostly sliding in this direction. Consequently, there was no visible horizontal crack
wide enough to measure. Fig. 5.7 through 5.12 show the lateral load-top vertical displacements for
Wall 9R, Wall 10, Wall 10R, Wall 11, Wall 11RP and Wall 11R, respectively. Each figure presents

vertical top displacements at both ends.
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Fig. 5.6 shows that the maximum crack width attained without a major drop in the lateral load
resistance of Wall 9 was 12.5 mm. Fig. 5.7 shows that Wall 9R started to move down significantly
by as much as 10.0 mm, when drifts of 1.5% were recorded when crushing of masonry started. A
similar behaviour was obtained for Wall 10R (Fig. 5.9) starting at 2.0% lateral drift. Walls 10, 11,
11RP, and 11R did not exhibit such downward movement except in the later phases of testing in some
cases. However, the amplitude of upward movement in Walls 11 and 11RP confirms the presence of

important rocking during the test.

5.5.3 Lateral Load Versus Sliding Shear Displacement Relationships

Sliding shear displacements were observed and recorded for each wall except Wall 9. Recall that an
attempt was made to measure sliding shear displacement for Wall 9 by locating an LVDT at the west
end of the wall on the base, but the wall base did not experience any noticeable sliding at that location
as described in Chapter 4. Only the unretrofitted reinforced concrete wall “Wall 11" and the repaired
wall “Wall 11RP” experienced significant slippage at the base. Figs. 5.13a and 5.13b show the lateral
load versus sliding shear displacements for Wall 11 and Wall 11RP, respectively. It can be seen that
the sliding displacements are 10 % and 25% of total displacement for Wall 11 and Wall 11RP,

respectively.

5.5.4 Lateral Load Versus Strains in steel strips and Re-bars

Strains in reinforcing bars and steel strips were recorded during each test of reinforced masonry and
concrete specimens. The strain gauge locations, numbering, data acquisition and details are given in
Chapter 3. Zeroing of the strain gauge readings in the system was usually done before applying any
load. However, reading of the recorded data started before the application of lateral load but only
after the application of full gravity load.

Figures 5.14 to 5.16 and 5.18 to 5.22 show typical lateral load-strain diagrams for vertical and
diagonal steel strips of the repaired and retrofitted walls. These diagrams were organized so that a
comparison can be made between strain behaviours of each individual wall. Additional lateral load-
strain diagrams for a number of reinforcing bars are shown in Appendix B. A number of strain gauges
installed on reinforcing bars did not function properly. Also, the Seimetric DAS lost some data during
testing of wall 10R and Wall 11R, which explains the incompleteness of some curves.
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Fig. 5.14a shows lateral load versus strains in the two vertical steel strips located at the east end of
Wall 11RP. This figure reveals that steel strips yielded only at the bottom. As can be seen in Fig.
5.14a the maximum strain was 2.3%. Fig 5.15b shows the same strain data at a different scale. Yield
strain of these steel strips is 0.2%. Theoretically, the strain hysteresis loops of Gauges 3 and 6 should
be the same. However, Gauge 3 exhibited larger tensile and compressive strains than Gauge 6. This
unsymmtrical behaviour can be attributed, to some extent, to the twisting of Wall 11RP observed near
the end of the test. Fig. 5.16 shows the strain hysteresis loops of the vertical strips on the south side
of Wall 9R. The strains recorded by gages 1,2,16 and 19 are concistent with the observed behaviour.
The vertical strips significantly yielded and buckled at the bottom. However, gauges at mid-height
of the wall (Gauge 2) as well as the top (Gauges 1 and 16) did not show any evidence of buckling or
yielding. Strains recorded by Gauge 3 may seem excessive, but are simply the consequence of Gauge
3 being glued on top of a plastié hinge (see Fig. 5.17). Global buckling of the vertical steel strips
located at the west end explains the strain hysteresis loops recorded by Gauge 17. After Wall SR lost
its masonry shell at the west end, the vertical steel strips experienced global buckling, as described
earlier in Section 4.2.5. This type of buckling made the steel strip on the SW side bent southward.
The vertical strip bending created tensile strains on the outer strip surface where Gauge 17 was
located, even when the lateral load was positive (i.e. when the actuator was pushing the wall

westward - see Fig. 4.31d).

The strain hysteresis loops of the diagonal strips on the south side of Wall 9R are shown in Fig. 5.18.
The maximum strain recorded was 0.95%, and occurred at the SE corner near the base (i.e. Gauge
4). Gauge 13 recorded lower tensile strains due to buckling (the maximum tensile strain recorded by
this gauge was 0.35%). Other locations (Gauges 7,15 10 and 9) showed moderate yielding. Only
limited strain data was recorded for Wall 10R as shown in Fig. 5.19. Data of Gauges 3 and 18
(located at the bottom end of the vertical steel strips of Wall 10R on SE and SW sides, respectively)
were not available. The available data showed that these vertical steel strips yielded. A maximum
tensile strain of 0.2% was recorded by Gauge 1. Note that the yield strain of these steel strips is
0.18%. Fig. 5.20 shows the strain hysteresis loops of diagonal strips for Wall 10R. The strain
hysteresis loops of Gauge 4 recorded strains before the weld failure and after the reinforcement of
the weld. The diagonal strip yielded before the weld fracture and Gauge 4 recorded maximum tensile
strain of 0.35%. After reinforcing the welds, Gauge 4 recorded maximum strain of 0.52%. The limited
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available data plotted in Fig. 5.20 showed that Gauges 14 and 15 did not yield. The steel strip in the
other diagonal direction showed a maximum strain of 0.63% recorded by Gauge 12. Gauge 13
recorded strain data before the weld failure, but not after. It likely suffered from the heat generated
during reinforcing the welds due to its proximity to that location. However, Gauge 12 worked better

than Gauge 13 and recorded strain data after re-welding.

The strain hysteresis loops for the vertical strips of Wall 11R are shown in Fig. 5.21. The maximum
tensile strain of 0.65% was recorded by Gauge 2. Fig. 5.21 also shows that both vertical steel strips
yielded at the bottom and mid-height.

Gauge 13 located on the diagonal steel strip of Wall 11R recorded a maximum strain of 1.26%. In
Fig. 5.22, Gauges 4, 6, 13 and 11 showed stable strain hysteresis loops, which indicated that these
steel strips behaved as good energy dissipators.

5.5.5 Stiffness Variation

Variation in wall stiffness with lateral drift is plotted in Fig. 5.23 for each wall. The stiffness at every
drift level was calculated using the two peak values of each cycle. Only the first cycle of each drift
was considered. The stiffness of each cycle was computed using the peak-to-peak method as shown
in Fig. 5.23. The above curves indicated the sensitivity of the stiffness of each specimen with respect
to the top horizontal displacement. As can be seen from the three figures presented, stiffnesses of
retrofitted walls significantly improved compared to those of their respective unretrofitted

counterparts.

5.6 Behaviour of Steel Strips

This section describes analytical studies that were performed to predict the local buckling load for
vertical and diagonal steel strips. The analytically predicted behaviour of steel strips that was
described in Chapter 3 and the effective length requirement presented in Chapter 4 are compared with
the experimental behaviour observed in the repaired reinforced concrete wall specimen, as well in the
three retrofitted wall specimens. The impact of buckling behaviour on the overall performance of
retrofitted walls is also discussed.
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The vertical steel strips used in retrofitted walls showed similar behaviour and behaved mostly as
predicted. However, wall type played a major roll in delaying buckling of vertical strips. Wall 9R
vertical strips experienced some mild local buckling during earlier drift cycles, as shown in Fig. 4.28b.
However, because the lateral support provided by the wall was lost after the crushing of masonry
blocks at the ends, the vertical strips buckled in a more global way, as shown in Fig 5.17. As a result,
Wall 9R exhibited strength decay as early as 0.8% drift. A better lateral support to vertical steel strips
was provided in Wall 10R by the reinforced cells at the ends. Local buckling, shown in Fig. 4.37d,
dominated over global buckling, shown in Fig. 5.17. Consequently the wall kept its integrity and was
able to sustain higher levels of drift without a significant strength decay. Figures 4.30d and 4.39d
show the condition of the ends of Wall 9R and Wall 10R, respectively at 1.0% drift. The behaviour
of vertical strips in Wall 11R was similar to that of Wall 10R because of the strong lateral support
provided by concrete (see Fig. 4.46b). Note that although local buckling prevented the vertical steel
strip from sustaining its plastic capacity up to the desired strain (deformation) capacity, its impact on
the overall behaviour is preferred over the global buckling.

The above illustrates the importance of providing adequate lateral support to prevent global buckling
of vertical steel strips. For that reason, even though Wall 9R showed a satisfactory behaviour up to
1.5% drift, grouting of the end cells may delay their crushing and help attain higher drifts without any

strength deterioration. However, this remains to be verified experimentally.

5.7 Energy Dissipation

The amount of hysteretic energy per cycle dissipated by a specimen at a specific drift level is equal
to the area enclosed by a hysteresis loop of the lateral load versus top displacement curves (Figs. 4.1,
4.7,4.12, 4.19, 4.25, 4.34 and 4.43). The hysteretic energy dissipated during the first cycle of each
drift level is presented in Fig. 5.24 as a function of lateral drift, for all the walls. This makes it possible
to compare the relative energy dissipation capability of the retrofitted, repaired, and unretrofitted
walls.

Fig. 5.24 shows that Wall 11R dissipated the largest amount of energy per cycle, and Wall 10 the
smallest amount. Wall 10R dissipated almost the same amount of energy per cycle as Wall 11R.
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Although Wall 9 went to higher drifts (2%), Wall 10 could also have been pushed to higher drifts,
but the test was stopped when the strength dropped to 50% of the maximum capacity.

Note that inelastic behaviour of the retrofitted walls was dominated by truss action and hysteretic
energy was dissipated primarily by yielding of steel strips. In spite of pinching of hysteresis curves the
steel strip system in all of the retrofitted walls produced a considerable amount of energy dissipation.
Many factors contributed to the above pinching, among them; the nature of the masonry and concrete
(brittle), the relative movement of the anchor bolts in drilled holes and the buckling of steel strips
during testing.

Because not all walls have the same amount of reinforcement, steel strip sizes, and strength, it is
informative to calculate normalized hysteretic energy of the retrofitted walls. This can be done by
dividing the previously calculated hysteretic energy by the product of the yield strength and the yield
displacement. Fig. 5.25 presents the resulting normalized energy per cycle as a function of drift for
the three retrofitted walls. In that perspective, Wall 11R still showed superior energy dissipation
capability, but that of Wall 10R became close to that of Wall 9R.

5.8 Crack Patterns of Wall Specimens

Crack patterns for all masonry walls and the retrofitted concrete wall tested here are shown in Figs.
5.26 to 5.31. These crack patterns show the progression of cracking at different drift levels. In the
retrofitted walls, it shows the effectiveness of steel strips in distributing the cracks over the entire wall

as opposed to cracks concentrating only at certain locations.

Figs. 5.26a and 5.26b show crack opening in Wall 9 up to drifts of 0.4% in eastward and westward
directions, respectively. Tables 5.2 and 5.3 list drifts versus crack widths for Wall 9 at selected
locations shown in Figs. 5.26a and 5.26b. Recall that this wall was rocking in the east direction and
sliding in the west direction, and consequently, the crack pattern did not change with increases in
drift. Fig 5.27 shows Wall 9 crack opening when the wall started to rock in both directions for drifts
beyond 0.8%. The corresponding crack widths are listed in Tables 5.4 and 5.5. Fig. 5.28 shows crack
patterns of Wall 9R for comparison. Only a few bed joint cracks were visible at 0.1% drift, which
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indicated that the steel strips were effective in distributing cracks over the entire wall. This good
distribution persisted throughout the test. The first through-block crack was observed at a drift level
of 0.2%. Clearly, retrofitting URM wall with steel strips changed its cracking pattern and behaviour

extensively.

Crack patterns for Wall 10 are shown in Fig. 5.29. Cracks at 0.1% drift were limited to vertical and
horizontal mortar joint. Cracks outside the mortar joints (i.e. through masonry blocks) started to
develop at 0.2% drift. More diagonal cracks through masonry blocks, and crushing of east end of the
masonry wall were visible at 0.4% drift. This is shown in Fig 5.29c. The existing cracks extended
further during the cycles of 0.6% drift, and more crushing of masonry was recorded at both sides. The
progression of cracking in Wall 10R is shown in Fig. 5.30 for comparison. Wall 10R showed a well
distributed cracking pattern, at a drift level of 0.2%, with all the cracks in bed joints. Through-block
cracks appeared at drifts beyond 0.2%, as shown Fig. 5.30c.

Fig. 5.31 shows crack patterns for Wall 11R at selected stages of loading. Here, horizontal cracks
originated mostly from bolt holes along vertical strips. Most diagonal cracks were extensions of these

horizontal cracks.

Note that, when the steel strips were present (Walls 9R, 10R and 11R), the crushing zones moved
above the diagonal strips. Whereas, in non-retrofitted walls the cracking started near the base, since
masonry/concrete acted as compression struts. Furthermore, most of the cracks in retrofitted walls
developed in the zone between the vertical and diagonal steel strips, except for Wall 11R which also
suffered considerable cracking over the entire length near the base. This is shown in Figs. 5.28, 5.30
and 5.31.

It may be concluded from the above discussion that:
e The first through masonry crack in Wall 9R developed at a drift of 0.2%, whereas in Wall 10R

it developed at a drift of 0.4%. This may be attributed to the presence of horizontal truss
reinforcement in four horizontal bed joints of Wall 10R.
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At a drift of 0.1%, cracks were well distributed in Wall 10, whereas very few cracks were
observed in Wall 10R.

The masonry crushing observed near the base of Wall 10 at 0.4% drift was delayed in Wall 10R
until after 1.0% drift.

In all the retrofitted walls, more severe diagonal cracks were observed on the west side than east

side.

Both Walls 10 and 10R had vertical cracks at the ends, indicating separation of grouted cells from
the rest of the wall panel.
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Chapter 6

Analysis and Design of Retrofitted Walls

6.1 General

The results of the experimental work carried out in this investigation demonstrate that the proposed
steel strip system is an effective seismic retrofit strategy. Analyses of these walls will be conducted
in this chapter in an effort to explain the mechanism of load resistance in the retrofitted walls. Simple
analysis tools, suitable for design office environment will be used and the results will be compared

with those obtained from the experimental research.

Three simplified techniques, based on the lower bound theorem of the theory of plasticity, are
presented and verified against experimental data. A displacement-based design procedure is proposed
subsequently for retrofitting non-ductile low-rise walls. A numerical design example, using this

procedure, is also presented.
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6.2 Simple Truss Model

A simplified truss model is introduced for the analysis of retrofitted walls to obtain their load-
deflection relationship. An indeterminate truss with five members is used to represent each wall, as
shown in Fig 6.1. The vertical steel strips and any vertical reinforcing bar that may be present, provide
the tension member, labelled "1" in Fig. 6.1. The member in the plane of the floor or roof, or the
upper rigid top beam in the case of wall specimens is labelled "2". The vertical strut in compression,
at the other end of the wall, is referred to as member "3". The width of this compression strut is
assumed to be one tenth of the wall length. The diagonal strips in tension and compression are
labelled as member "4" and "5", respectively. Members "1" and "2", as well as "4" and "5" swap

places when the horizontal load reverses.

A step-by-step calculation procedure is required to conduct inelastic analysis of the truss model
described. This involves a series of elastic analyses. An elastic analysis is performed first, to determine
member forces in terms of total applied force V. Since there are three equations of equilibrium
available for four unknowns of the truss, the structure is statically indeterminate to the first degree.
Hence, one more equation is needed to determine the reactions and member forces. The flexibility

method is used to find the horizontal reaction R at the left hand support of the truss shown in Fig. 6.1.

sinf@ 1
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F,=R tan@ (6.2b)

R

F.=

4 cosB (6.2¢)
V-R

F.=

- (6.2d)

Where; F,, F,, F, and F; are forces in members 1, 3 , 4 and 5; A4 ;, A,, A;, A, and A; are the areas of
truss members; and the angle 8is as described in Fig. 6.1. The subscripts used in these notations refer

to member number.

Equating each member force to its yield capacity and solving for V gives four values of V. The
smallest value is the elastic capacity, ¥}, of the truss. Usually, the compression capacity of members
3 and 4 are large enough to promote yielding of tension members 1 and 5 first. A number of factors
dictate which tension member yields first. These factors include, type of material used in the wall
(concrete or masonry), yield strength of steel strip, reinforcement layout in the wall, lateral restraint
provided to longitudinal reinforcing bars, by bolts used to attach the vertical strips and the amount
of steel added to the wall in each direction. Note that, the stiffness and the capacity of each member
has to be reduced gradually in the step-by-step approach to account for degradation due to cracking
and possible buckling of reinforcing bars.

The deflection at first yield, A, is:

vl 5 .
A, 42 A, +sin“04, (6.3)

A +sint04, A, +A,A,c08%0+sin?04A,

(A2 +A, cosze)-sinzecoszﬁ
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When the lateral load is increased beyond the above elastic limit the truss develops contained plastic
flow. The first tension member undergoes plastic deformations while the second tension member
remains elastic. If the yield strength of steel strips is different than the yield strength of reinforcing
bars, an elastic analysis must again be performed for the new statically indeterminate truss,
discounting those members that have already yielded. The reactions, member forces, capacity V), and
corresponding deflection A,, of the new statically indeterminate truss would be calculated as
described above. The total load capacity at this stage is equal to the sum of ¥, and V), and the total
deflection is equal to the sum of A, and A,. At this level of loading, either one or both of the
vertical tension elements, i.e., the steel strip and/or reinforcing bars, as well as the diagonal tension
member have yielded. Depending on the yield pattern, the model reduces to either one of the statically
determinate trusses shown in Fig. 6.1b. Finally, when the horizontal load increases to reach the elastic

limit, V,

"5 Of either of these simple trusses, then the plastic collapse mechanism is reached. The load

capacity, V,;, and its corresponding elastic deflection, A,;, can be found using simple statics. The
ultimate strength of the retrofitted wall at the plastic collapse mechanism is given by the sum of V,
V,, and V,;. The deflection corresponding to the ultimate capacity is given by the sum of A, A, and
A;. The resulting load-deflection envelope for a retrofitted wall can be constructed using these

values.

Major advantages of the truss analysis are its relative simplicity and the ability to describe inelastic
behaviour and failure mechanism. Yet, this model can be improved by introducing more members,

as described in the next section.

Note that the gravity loads were not considered in the above truss model. If the steel strips are placed
as retrofitting elements after the gravity loads have been applied, as would be the case in a seismic
retrofit, the compressive strength of concrete or masonry in the truss model can be reduced by an
amount corresponding to the gravity-induced stresses. If the gravity loads are applied after the strips
are installed, as was the case in this experimental program, both the existing concrete wall and the
new steel strips will resist the entire gravity load together. A correction can be made in the above

procedure. However, for the low amount of axial force considered here, this effect is negligible.
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6.3 Improved Truss Model

The truss model described in the previous section can be improved by introducing additional members
to the truss model. This will generate a truss model that is more representative of the behaviour
observed during tests, as discussed in Chapter 5. These additional members consist of a tension
member that would represent the middle reinforcing bars and a compression member that would
represent the compression strut coupled to the new tension member. The addition of this pair of
members give the improved truss, shown in Fig. 6.2. This improved truss model can be used to
conduct the same analysis described earlier. The only difference is that the redundancy of the model
will increase. This requires a greater computational effort. However, it is still relatively easy and
suitable for hand calculations. It also has the advantage of better describing the behaviour of walls
and offers more information about the inelastic deformability of retrofitted wall.

Fig. 6.3 describes the behaviour of a retrofitted reinforced concrete wall having a middle pair of bars.
The stages at which each member of the model develops tension yielding, can be obtained by
successive elastic analyses, as done previously. The results produce force displacement data pairs that
can be plotted on the force-displacement relationship. Therefore, analysis of a model with more
tension members will result in more data points to define the force-displacement relationship. It must
be pointed out that in the case of retrofitted unreinforced wall, there are no reinforcement bars, and

the improved truss model reduces to the original simple truss model described in Section 6.2.

Fig. 6.3 summarizes the yielding sequence of each tension member of a retrofitted wall in both the
simplified truss model and the improved truss model. Note that the yielding sequence varies
depending on the yielding strength, size and location of the existing reinforcement and the lateral

support provided by the through-thickness bolts.

The above procedure is based on the assumption that reinforcing bars and the steel strips are detailed
to prevent premature buckling at the ends of the wall, as these effects may alter the sequence of
yielding. For example, buckling of the steel strip may prevent the wall from sustaining its plastic

capacity up to the desired strain “deformation” capacity.
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6.4 Lower Bound Method

The strength of the retrofitted low-rise walls may be estimated using the lower bound theorem from

the theory of plasticity. This theorem is based on the following assumptions:

i) The material behaviour must be elastic-ideal-plastic, or rigid-ideal-plastic.

ii) Equilibrium is formulated in the undeformed geometry of the structure.

The lower bound theorem states that, “Every load computed on the basis of a stable and statically
admissible system is not higher than the true ultimate load of the system ”. Consider the equilibrium
of the stable free body diagram shown in Fig. 6.4, and assume that yielding takes place in all tension
members, i.e the diagonal steel strips and all vertical steel elements. The summation of moments due
to the internal and external forces around a point (Point O in this case) gives one equation with one
unknown. Solving this equation give a lower bound value for the ultimate horizontal lateral load

capacity of a retrofitted wall, V,:

4

v =Avfyp dv+( A, 1,4, sin@+0.5Pd,+ZA,, f, 4 )

g — (6.4)

Where 4. is the area of the vertical steel strips in tension; 4, is the area of the diagonal steel strips in
tension, A, is the area of i vertical pair of reinforcing bars; £, and f, are the yield strength of steel
strips and re-bars, respectively. d, is the distance between the vertical steel strips. All other values are

geometrical dimensions indicated in Fig. 6.4.

Note that the increase in lateral load resistance, AV is:

AV=V,V, (6.5)

where V,_ is the original (unretrofitted) capacity of the wall and if AV conservatively taken to be equal

to the horizontal component of the force in diagonal steel strips:
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V, V=441, cos@ (6.6)

then:
A - Vu—Vuo
T 6.7)
substituting Eq. 6.7 into Eq. 6.5 gives:
V,GH- (Vu—Vuo) tan@ d,-0.5Pd,-ZA, f, 4,
A= (6.8)

v fyp dv

The above two equations may be used for preliminary retrofit design of non-ductile low-rise walls as
described in Section 6.8.

6.5 Validation of the Proposed Techniques

Force-displacement relationships from the simplified truss models described in this chapter have been
compared with experimentally obtained envelopes of the lateral force-horizontal displacement
relationships of three retrofitted walls. These results are presented in Figs. 6.5, 6.6 and 6.7 for Wall
9R, Wall 10R and Wall 11R, respectively. The models provide good correlations with test data and
can be considered as effective analytical tools. The improved truss model provides additional data in
the high inelastic deformation range.

6.6 Effects of Vertical and Diagonal Strut widths on the Accuracy of Truss Models

The width of the compression struts used in previous truss models were found by taking the strut
width equal to the steel strip width for diagonal elements, and to one tenth of the length of the wall
for the vertical elements. This is within the range of values recommended by other researchers in
studies of other types of structures. For example, Drysdale et al. (1994) recommended, based on
studies by others, diagonal strut widths equal to one-tenth to one-third of the diagonal length of the
wall for truss models used in analysis of infilled frames. The New Zealand Code specifies a width
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equal to one quarter of the infill length. Paulay (1992) proposed a width equal to one-quarter of the
diagonal length for design of infilled frames. However, given that the force distribution in
indeterminate trusses depends on the relative stiffness of members, one may question the significance
of different widths. The effect of strut width was investigated by considering a range of widths for
vertical struts, and employing a truss model for all the retrofitted walls of this study. In all cases, the

area of steel was not a parameter.
Figs. 6.8a, 6.8b and 6.9 show force-displacement relationships obtained for different vertical strut
widths for Wall 9R, Wall 10R and Wall 11R. The variation is insignificant, and any one strut width

can be used without affecting the results significantly. Using one tenth of the length of the wall for

the vertical compressive strut seems reasonable.

6.7 A Displacement-Based Design Approach for Retrofitting
Non-Ductile Low-Rise Walls

Seismic displacement requirements in the inelastic range must be satisfied to ensure superior
performance of a retrofitted wall during a strong earthquake. Design of a retrofitting system, in this

case the steel strip system, based on strength demands alone is not sufficient.

The proposed design approach presented here checks the wall displacement capacity for a given steel

strip system capacity. The procedure involves the following steps:

Step 1 Determine the lateral seismic forces using a design code, such as the NBCC.

Step 2 Use Egs. 6.7 and 6.8 to find the size of the vertical and diagonal steel strips needed to resist
this force.

Step 3 Use the step-by-step procedure outlined earlier to compute the load-deflection relationship.

Step 4 Check the ultimate displacement (8,) calculated using the step-by-step procedure against the
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maximum displacement (3,,,) expected during design earthquake (i.e. the displacement demand). If
5,28, then the wall has sufficient ductility. If not, the design must be modified. Note that the
displacement demand is not expected to exceed the ultimate displacement, and if exceeded there is
a need for farther research to determine how to modify the design.

Step 5 Find the required spacing of the through-thickness boits based on the post-buckling

requirement discussed in Chapter 3.

Step 6 Design the connections of the steel strip system to foundation and roof.

The above approach is conservative because the maximum deflection calculated in step 3 does not
correspond to the ultimate drift capacity. This is the short-coming of the model. The procedure does
penalize unreinforced masonry walls. Fig. 6.5 provides the comparison of analytical results with those
obtained experimentally for Wall SR.

6.8 Retrofit Design Recommendations

The following design recommendations can be made based on the findings of current research. They

are limited to low-rise concrete masonry blocks and reinforced concrete walls.

. Avoid crushing of vertical and diagonal compression struts at low drift levels. This may be
achieved by using a steel strip system that has sufficiently low strength to allow yielding of
vertical tension elements (steel strips and/or reinforcing bars) before either the yielding or
crushing of diagonal elements. The behaviour described can be obtained in different ways,

depending on the amount and yield strength of reinforcing bars that may be present.

. To avoid out-of-plane movement and to increase wall redundancy, it is highly recommended

that the steel strips are placed on both sides of the wall.

. The CSA-S16.1-M94 limits specified for ductile bracing members (see Chapter 3) must be
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used to determine the spacing of the through-thickness bolts in attaching the steel strips to

the wall, to ensure overall ductile behaviour.

. Through-thickness bolts are more effective if they can be placed between the end cover and
the reinforcing bars in reinforced concrete/masonry walls to provide lateral support against

bar buckling at the ends.

. The anchor bolts used to attach the steel strip system to the masonry walls must not be

fastened (torque) to a level that could damage the masonry.

6.9 Sample Design of Steel Strip System

A sample design of the steel strip system developed in this research program is presented in this
section. The design problem involves the single-storey building shown in Fig. 6.10. The wall is to be
retrofitted using the steel-strip-system, as shown in Fig. 6.11. The building is 38.4 mx 48 m in plan,
and has 4.8 m clear height. It is enclosed by four reinforced concrete end walls in each direction. The
length of each wall is 4.8 m. A 300 mm thick reinforced (0.25%) concrete slab was used at the roof,
for parking. The walls are 100 mm thick, each. The concrete compressive strength is 25 MPa and
reinforcement Grade is 400 MPa. The building is assumed to be in seismic Zone 5 of the NBCC for

both seismic accelerations and seismic velocities.

The equivalent static seismic base shear, V. in the East-West direction must be determined first. This

requires the computation of weight, #. The weight of the roof is computed as:

W,= (0.3)(24.0)(48.0)(38.4) = 13271 kN

The weight of the upper half of each wall is;

W= (0.1)(24.0)(0.5)(4.8)(4.8)(8) = 221 kN

The weight due to 25% of the snow load is;
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W,=(0.25)(48.0)(38.4)(2.0) = 922 kN

The total weight is;
W=W-+W,+W,= 14414 kN

For seismic velocity-related Zone 5, the peak ground velocity, v, is taken as 0.3. The period of the
building is estimated as T=0.09h”/‘/l—)§ , where A, is the height to the roof level and D, is taken as
the length of the building in the East-West direction, giving:

7=0.09(4.95) 4 475 s

y38.4

If Z, = Z,, the seismic response factor, S, is equal to 3.0. The importance factor, /, and the foundation
factor, F, are both taken equal to 1. The selection of the force modification factor, R, requires an
explanation because this type of walls is not included in Force Moadlification Factors table of the
NBCC. Observations and results of this experimental study show that walls retrofitted by means of
steel-strips are ductile structural members with hysteresis curves representative of an element between
a ductile braced frame ( R= 3.0) and a wall with nominal ductility (R=2). Therefore, an average value

of R = 2.5 was chosen. This gives a minimum lateral seismic force of;

V= (0.3)(3)(1.0)(1.0)(14414)(0.6)/2.5=3113 kN
The seismic base shear tributary to each wall;
V,= V4= 778 kN
Knowing that the original (unretrofitted) capacity, ¥, is 300 kN (using Doostdar’s program) and
using Egs. 6.7 and 6.8, derived in Section 6.4, 4, and 4, can be calculated as:

_(778-300)10°

= =3058 mm?
(225) cos46

((778)(4.65)~(778-300)(4.4) tan46-535)10° ~914mm?
(225)(4.4)10°

A=

\4
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Note that the contribution of the vertical load was considered in finding the original capacity of the
wall and should not be included in Eq. 6.8.

From these preliminary sizes of diagonal and vertical steel strips, the force-displacement relationship
of the retrofitted wall can be found by using a truss model. The displacement capacity is then
compared with the displacement demand. If the available displacement capacity is found to be less
than the demand, steel strip areas in both vertical and horizontal directions have to be revised until

the required displacement capacity is achieved.

Fig. 6.11 shows the resulting force-displacement curves using two versions of improved truss models.
In the first model, the reinforcing bars were lumped at three locations, as shown in Fig. 6.10. In the
second model, each reinforcing bar was left at its actual position. Clearly, the second version better
describes the behaviour and gives more information about the inelastic deformation capability of this

retrofitted wall.
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Chapter 7

Summary and Conclusions

7.1 Summary

Many existing masonry and concrete low-rise shear walls, built before the 1960's, were not designed
to resist earthquakes. As a result, their seismic behaviour may not be adequate, and may need to be
retrofitted. A new retrofitting procedure has been developed in the current research project. The
retrofitting strategy includes a steel strip system, designed to raise both strength and ductility to a
level compatible with today’s standards. Four large-scale concrete block masonry and two reinforced
concrete shear walls were designed, constructed and tested under combined gravity load and in-plane
deformation reversals. Masonry walls had a thickness of 190 mm, whereas the concrete walls had a
100 mm wall thickness. All walls had an aspect ratio of 1.0 and a height of 1800 mm. They were
designed to simulate the detailing used prior to the introduction of seismic design provisions into

building codes.

The first pair of masonry walls investigated were unreinforced masonry (URM). The second pair were
partially reinforced masonry (PRM). Three #15 (16.5 mm diameter) reinforcing bars, one in each
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exterior cell and one in the central cell, were used in the vertical direction of the PRM walls. A truss
type bed joint reinforcement, No. 8 gauge, was placed in mortar joints, every two courses. The
concrete wall was lightly reinforced, as well. Three pairs of 9.5 mm reinforcing bars, one at each end
and one at the centre, were used in the vertical direction of reinforced concrete wall. They were
reinforced with the same amount of steel in the horizontal direction. One wall from each pair was

retrofitted using the proposed steel-strip system.

The steel strip system consisted of diagonal (220x3.81 mm cross-section) and vertical (80x3.81 mm
cross-section) strips, attached to the walls using through-thickness bolts. Stiff steel angles and anchor

bolts were used to connect the steel strips to the foundation and top beam.

Analyses of walls were conducted using truss models of various sophistication. A lower bound
plasticity approach was also used to determine wall capacity. A step-by-step procedure was
developed to establish inelastic force-displacement relationship of low-rise walls. The results
computed using these analytical techniques were compared with those recorded experimentally. The
comparisons showed good agreement. Hence, a design procedure was developed based on the

analytical approach.

7.2 Conclusions

Experiments conducted in this study show that the steel strip system, proposed to retrofit low-rise
masonry and concrete walls, is most effective in significantly increasing the in-plane strength, ductility
and energy-dissipation capacity. For the particular wall specimens considered, the addition of steel
strips increased the lateral load resistance of each wall by approximately 300 kN, making the
retrofitted walls 4.5, 2.8 and 1.9 times stronger than the unreinforced masonry, partially reinforced
masonry, and reinforced concrete wall specimens, respectively. The details and connections used to
ensure continuity between the steel strip system and foundation, as well as the strip system and top

beam, also enhanced the sliding friction resistance.

Various techniques were used to predict the strength and ductility of the retrofitted walls. The
ultimate shear strength of the retrofitted wall can be simply obtained by equilibrium on the basis of
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lower-bound method. A simplified truss model approach, described in this thesis, gives analytical
results that are in good agreement with experimental results. The global lateral force-displacement
behaviour of all retrofitted low-rise walls can also be captured with a reasonable degree of accuracy
using the modified truss models described in this thesis. The steps involved in this analysis procedure
also correctly describe the yielding sequence of steel components of the retrofitted walls. Finally, a
displacement based design procedure is proposed as a simple design tool that engineers may use to

retrofit existing non-ductile low-rise walls.

It should be noted that, although no out-of-plane tests were conducted within the scope of this work,
the author believes that it is preferable to use the proposed strip system on both sides of the wall, to
develop a greater out-of-plane strength, and minimize out-of-plane displacements. Furthermore,
comparing the behaviour of the end reinforcing bars in retrofitted PRM wall and those in retrofitted
R/C wall, it is shown that anchor bolts can be placed such as to provide lateral supports to the end
reinforcing bars of the existing walls, helping to eliminate their premature buckling. It should also be
noted that retrofitting existing walls by only vertical steel strips is not as effective as using the entire
strip system, since their ultimate strength can be limited by the less ductile shear failure.

Tests of non-retrofitted walls provided valuable observations, in addition to providing data for
comparison with retrofitted walls. In particular, the stable in-plane rocking mode of failure,
experimentally observed in unreinforced brick masonry walls by other researchers, could be developed
in concrete block walls. Tests also suggest that partially reinforced masonry walls tend to behave in
a manner similar to infill frames. Finally, buckling of the end reinforcing bars at rather low drifts

provided further evidence in support of code requirements for boundary elements.
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Table 5.1 Strength increase in retrofitted walls

Wall Label V. kN Ve KN AV, kN AV/V, % | V,* kN
(unretrofitted) | (retrofitted) (increase) (increase)
9R 64.5 355 290.5 450 243
10R 120 456 336 280 243
11R 171 499 328 192 243

—_—_—_—__—_=_'_—-_—————————__’i
* Horizontal component of the yield strength of diagonal steel strips in tension.

Table 5.2 Wall 9 (eastward) Crack widths measured with a ruler (estimated error 0.5 mm)*
—_—

Drift, % Crack width, mm
Location ® @ d ® ® ®
0.2 (1st. cycle) 3.0 40 - - 3.5 -
0.2 (3rd cycle) 3.0 35 - - 5.0 -
03 10 7.0 45 1.5 95 6.5
04 12.0 9.0 5.0 3.0 9.5 10.0
__0.4(3rd cycle) 9.0 6.5 3.5 00 13.0 14.5

* See Figure 5.26 for crack locations.

Table 5.3 Wall 9 (westward) Crack widths measured with a ruler (estimated error +0.5 mm)*
—_— e ———————

Drift, % Crack width, mm

Location O] @ ® ® ® ®
0.3(1st cycle) 4.5 - - 55 - -
0.3(3rd cycle) 4.0 9.5 5.0 6.5 - -
0.4(1st cycle) - 11.0 8.0 7.0 - -
0.4(3rd cycle 11.5 - - 12.0 - -

—_—re ey

* See Figure 5.26 for crack locations.
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Table 5.4 Wall 9 (eastward) crack widths measured with a ruler

gestimated error £0.5 mm)*.

Drift, % Crack width, mm
Location ® @ € ® ®
0.8 (1st. cycie) 17.0 10.0 50 0.5 13.5
0.9 (1st. cycle) - 11.5 - - -
1.2(1st. Cycle) - 12 50 - -
1.5 (1st. cycle) - 15.0 6.0 - -
2.0(1st. cycle) - __22.0 80 - -

* See Figure 5.27 for crack locations.

Table 5.5 Wall 9 (westward) Crack widths measured
with a ruler (estimated error 0.5 mm)*.

. Drift, % Crack width, mm
Location o @ ©
0.8(1st cycle) 27.0 6.0 24.0
0.9(3rd cycle) 320 9.0 370
1.2(1st cycle) 41.0 15.5 8.0
1.5(3rd cycle) 48 21.0 41.0
2.0(3rd cycle) 55.0 26.0 43.0

* See Figure 5.27 for crack locations.
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Reinforced concrete

Dowel, epoxy grouted in drilled holes

%

Masonry or concrete wall

Shear wall foundation
to be strengthened as

Reinforced concrete or reinforced required
masonry wall

Figure 1.2 Filling Windows or Doors, with Reinfored Concrete or Masonry (NEHRP 1992)

Reinforced concrete or
unreinforced masonry wall

Tension tie to building each side of buttress
| | " Concrete, masonry or steel buttress wall

Figure 1.3 New External R/C Wall NEHRP 1992)
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+ Steel plate

Figure 1.4 Flexural strengthening detail of R/C typical beam, with anchored plate

— Steel plate —
v 2 [ e &
i

Figure 1.5 Shear strengthening detail of R/C typical beam, with anchored plate
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Figure 2.1 Sliding shear failure in low-rise masonry walls

l

Figure 2.2 Toe crushing (rocking) failure in low-rise masonry walls
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Figure 2.3 Diagonal tension filure m low-rise masonry walls

Force (Tons)

(Deflection/Height) 10 -3

Figure 2.4 Hysteretic response of a structural wall controlled by shear strength (Paulay 1990)
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Figure 2.5 Diagonal tension failure mode in low-rise R/C walls
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Figure 2.6 Diagonal compression failure mode in low-rise R/C walis
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Figure 2.7 Sliding shear failure mode in low-rise R/C walls
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Figure 2.8 Hystersis loop for an initial straight steel strip (Wakabayashi 1986)
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Figure 3.1 Top: Layout of masonry wall specimen
Bottom: Layout of concrete wall specimen
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15.0

Stress MPa

3.6

0.003 0.006
Strain, mm/mm

Stress-strain for grouted and ungrouted masonry concrete

25.0

Stress MPa

&
W

0.003 0.006
Strain, mm/mm

Stress-strain for concrete

Figure 3.2 Stress-strain for concrete and masonry used in strength prediction
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Figure 3.3 Stress-strain relationship for steel used in strength prediction
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4 No. 8 gauge

Figure 3.4 Details of reinforcement of Wall 10 (PRM)

r' T i 15M I I
[ \_ 25M v v
1< 15 mm Clear cover 95 mm\? 800
/— 25M
1SM |
e————>1

500

Figure 3.5 Details of reinforcement of Wall 11 (RC)
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= — —
Wall Type | p. Pr
URM N/A | N/A
PRM 0.17% | 0.13%
RC 0.24% | 0.24%

(1) Flexural failure, 100 mm above the base
(2) Flexural failure, at wall mid height

Figure 3.6 Predicted capacities for wall specimens
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Figure 3.7 Shear transfer in retrofitted wall

/*Ax

Yielding of s T No buckling URM wall
steel strips 1 *ffg Anchor bolt
i
o i ) Buckled steel strips at
. By higher loading level
Stiff angle A8 | H,
——g—- ?\E i . -3 Steel Strips buckling
— : and masonry
B, o S ey - crushing, see detail
Detail

7/

Figure 3.8 Expected mode of failure (URM wall)
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: & No buckling
Yielding of = —HH
steel strips g
Steel Strips buckling
- and masonry
crushing, see detail
| B
/77777 /.

Figure 3.9 Expected mode of failure (PRM wall)

: ¢t No buckling
Yielding of ;
steel strips _ / Steel Strips buckling
—_ H and concrete

— crushing, see detail

Stiff angle t’  —— .-q

Figure 3.10 Expected mode of failure (RC wall)

102




Figure 3.12 Wooden form for RC walls before casting
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Figure 3.13 Reinforced concrete wall after construction
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Figure 3.14 Partially reinforced masonry (PRM) wall under construction
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Figure 3.16 Masonry walls after construction of the top-beams
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Figure 3.18 Details of steel strip conection to steel angle

108



L ] '

1 [} ]

| | 1

] ] ]
S A R o

] ] [}

] ] ]

[} ! |

1 ! ]
llllll ) TSR R P X

L} [} ]

| i |

\ ] [}

] ] ]
llllll LRl R el B diadl 7 adianiiadindbadie

] ]

] ] ]

] ] [}

| ] ] )
e e e F-=--- te=f-<q-===-

| [} [}

[} [} |

] 1 [}
llllll § I, - om e ol - e e

] ]

] ] | 4

] 1 ]

L} [} |
llllll [ A WU SO
] ] ]

! [} [}

] ] |
] ] ]
llllll [ Safindiadinds findeniedielinail Sy
] ] ]
| \ |
i | |
ISR SRR, DR SO
] | |
t [} |

| t

| 1 [

1 1 )
o o o ()
<t m o 4

BJIA ‘ssaniS

0.009

0.006

0.003

0.000

Strain, mm/mm

Figurc3.19 Concrete stress-strain relationship
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Figure 3.20 Reinforcing steel stress-strain relationship

B bt o daihs Bty

P R

I AP ittty

450

'

1

\

|

!

|
o
o
o

150

eJIN ‘ssong

0.2

0.1

0.0-

Strain, mm/mm
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Vertical loading beam

Steel spacer

Horizontal loading plates

Strong floor S

Figure 3.23 Vertical and horizontal loading assembly
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Figure 3.24 Test setup and lateral support frame
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Figure 3.25 Load history for unretrofitted and retrofitted walls
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Figure 3.26 Strain gauge locations on masonry wall reinforcement
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Figure 3.27 Strain gauge locations on concrete wall reinforcement
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Figure 3.28 Strain gauge locations on steel
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—{——3}—0© Linear Variable Differetial Transformer (LVDT), ( 25 mm)

Figure 3.29 Displacement transducer locations
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Hysteretic lateral load-displacement of Wall 9

Figure 4.1
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Figure 4.4 Wall 9 (URM) At 0.4% Drift: (a) N-E side. (b) N-W side.
(c) S-E side. (d) S-W side.
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Figure 4.5 Wall 9 At higher drifts. (a) Large vertical crack due to sliding,
and diagonal cracks at 0.8% drift. (b) Global view; Wall started to spall.
(c) Unsymmetrical behaviour of URM,; sliding westward and rocking
in eastward. (d) Close-up view of crushing of blocks due to rocking.
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Figure 4.6 Severe damage to Wall 9: (a) Destroyed horizontal bed joint above
the second row of blocks. (b) North east corner at 2.0% Drift. (c) Rocking
at 2.0% drift. (d) Rocking behaviour near the end of the test, at 2.0% drift.
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Figure 4.8 Wall 10 PRM: (a) At beginning of the test. (b) First diagonal
tension crack east end. (c) First diagonal tension crack west end.
(d) Shear cracking at 0.2% drift (west view).
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Figure 4.9 Wall 10 PRM: (a) Stair-step cracking and first diagonal through
block cracking (east end). (b) Propagation of diagonal cracks through block
(east end). (c) Diagonal cracks at west end. (d) Initial crushing of the west end.
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Figure 4.10 Wall 10 PRM: (a) At 0.4% drift (east end). (b) At 0.4%
drift (west end), crushed mortar and masonry at the first and second
level of blocks. (c) At 0.4% drift (S-E view). (d) At 0.6% drift
(west end), crushing between third and fourth rows of blocks.
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Figure 4.11 Wall 10 PRM: (a) Severe crushing at 0.8% drift. (west end).
(b) Crushed mortar and re-bar buckling, on west side. (c) Crushing along
third and fourth courses and vertical splitting of infilled cells
on east side. (d) Global view near the end of the test.
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Figure 4.13 Wall 11 RC: (a) Horizontal flexural crack along wall
length and buckling of end re-bar at east end, at 0.1% drift. (b) Spalled
cover concrete and re-bar buckling, east corner at 0.8% drift. (c) At 1.0%
drift (east view). (d) Buckled bars at west end at 1.0% drift.
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Figure 4.14 Wall 11 (a)
(c) Severe elastic buckling of end re-bars. (d) Rupture of vertical re-bars
at the wall center.
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Figure 4.15 Schematic of cracking in Wall 11 (rocking path)
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Figure 4.16 Layout of Wall 11RP
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Figure 4.17 Strain gauge locations on steel strips of repaired wall (Wall 11RP)
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Figure 4.18 Displacement history of Wall 11RP
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Figure 4.20 Wall 11RP at 0.5% drift: (a) Rocking of angles at wall base
and vertical cracking along the narrow face. (b) Angle rocking at the
top. (c) Global view, east side. (d) West side.
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A

Figure 4.21 Wall 11RP: (a) First diagonal cracking at 1.5% drift. (east view).
(b) First diagonal cracking at 1.5% drift (west view). (c) Diagonal tenision
cracks in both directions. (d) Buckling of steel strip at the NE side.
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]

Figure 4.22 Wall 11RP at 2.0% drift: (a) Global view. (b) Close-up view
of the NE corner (c) West view. (d) Buckling of steel strip.
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WAlLL 1 P

Figure 4.23 Wall 11RP at 2.5% drift: (a) More than 12 mm wide diagonal
crack (east view). (b) Close-up view of large diagonal crack. (c) Concrete
damage due to anchor pullout. (d) Severe buckling of steel strip.
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Figure 4.24 Wall 1 [RP: (a) Twisting of the wall at 3% drift. (b) Severe
anchor pullout from the top beam. (c) Twisted wall near the end of the
test (west view). (d) Damaged wall after testing.
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Figure 4.25 Hysteretic lateral load-displacement of Wall 9R
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Figure 4.26 Wall 9R retrofitted URM: (a) First flexural cracks at 0.1% drift at
the east end. (b) First flexural cracks at 0.1% drift at the west end. (c) Crack
pattern at the end of 0.1% drift. (d) First diagonal crack at 0.2% drift.
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1

B 0.60° DRIFT |

Figure 4.28 Wall 9R: (a) Cracking at 0.4% drift (east end). (b) Buckling of
vertical steel strips. (c) Cracking during first cycle at 0.6% drift (east end).
(d) Cracking during last cycle at 0.6% drift (east end).
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080", DRIFT

Figure 4.29 Wall 9R: (a) Cracking at 0.6% drift (west end). (b) Buckling of
vertical and diagonal strips. (c) Close-up view of buckled steel strips at NW
comner. (d) West end at 0.8% drift.
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P g

Figure 4.30 Wall 9R: (a) Close-up view of the west end at 0.8% drift. (b) Buckling
of vertical steel strips at 0.8% drift (NE side). (c) Global view at 1.0% drift
(east end). (d) Global buckling of the east vertical steel strips.
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Figure 4.31 Wall 9R: (a) At 1.25% drift (east end). (b) Lateral displacement
due to global buckling of vertical steel strips. (c) Lost masonry at the east end
at 2.0% drift. (d) Severe global buckling of steel strips at 2.0% drift (west end).
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Figure 4.35 Wall 10R at 0.1% drift: (a) Horizontal cracking (east end). (b) Horizontal cracking
(west end). (c) Horizontal cracking at the base (west end). (d) Crack pattern at the end of cycles.
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Figure 4.36 Wall 10R: (a) Stair-step cracking at 0.2% drift (west end). (b) Stair-step
cracking at 0.4% drift (west end). (c) Crack pattern at the end of 0.4% drift.
(d) First through blocks cracks at 0.6% drift.
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Figure 4.37 Wall 10R: (a) At 0.6% drift (east end). (b) Mild buckling of
diagonal steel strips on NE corner. (c) Buckling of diagonal strip on
SW corner. (d) Buckling of diagonal strip on SE corner at 0.8% drift.
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(a)

(b)‘Q. ,6\

Sliding level after the weld failed

; L Yisible sliding

¥

(d)

Figure 4.38 Wall 10R: (a) Sliding of top masonry blocks with the top beam after
weld failure. (b) Fractured weld and wide vertical crack between blocks due
to sliding. (c) Fractured joint. (d) Location of the first fractured joint.
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(b)

Local
1 crushing

_:N' Spalling of
face shell

A

bw Y .
Local Failed
—— crushing - - weld
of mortar

Figure 4.39 Wall 10R: (a) Failed joint after rewelding. (b) Location of the second
fractured joint. (c) Close-up view of the second fracture joint between diagonal
and vertical strips. (d) Buckling of vertical rebar at east end.
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Figure 4.40 Wall 10R: (a) Details of the failed joint after reinforcing it.
(b) East view of the wall after resuming the test at 1.5% drift. (c) Buckling
of diagonal steel strips on NE corner at 1.5% drift. (d) Close-up view of

vertical steel strips severe buckling.
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Figure 4.41 Wall 10R at 2.0% drift: (a) Buckling of rebar, vertical and diagonal
steel strips (east end). (b) Close-up view of fractured steel strip. (c) West view
after damaged masonry fell-off the wall. (d) Global view at west end.
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Figure 4.42 Wall 10R after testing.
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Figure 4.43 Hysteretic lateral load-displacement of Wall 11R
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Figure 4.44 Wall 11R: (a) Cracking at 0.1% drift (west end). (b) Cracking at 0.1%
drift (east end). (c) Inclined cracking starting at mid height at 0.2% drift (SE view).
(d) Inclined cracking starting at mid height at 0.2% drift (NE view).
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Figure 4.45 Wall 11R at 0.5% drift: (a) Extending of the diagonal cracks. (b) Spalling
of the narrow face at the base. (c) More cracks in the narrow face and extending of the
diagonal cracking (west end). (d) Horizontal and inclined cracks near the base.
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Figure 4.46 Wall 11R at drift of 1.0%: (a) East side view. (b) Buckling of NE
vertical steel strips near the top. (c) Close-up view of the buckled vertical
steel strip at 1.0% drift. (d) Buckling of the SE vertical steel strips.
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Figure 4.47 Wall 11R: (a) Buckling of NW vertical and diagonal steel strips at
drift of 1.0%. (b) Close-up view to the buckled NW steel stnps. (c) Global view
of NW side at 1.5% drift. (d) Severe buckling of NE steel strips.
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Figure 4.48 Wall 11R: (a) Buckling of steel strips and rebars at 1.5% drift on NE side.
(b) Buckling of steel strips and rebars at 1.5% drift on NW side. (c¢) Close-up view
to the buckled NW strips at 1.5% drift. (d) Global view at 2.0% drift (east side).
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Figure 4.49 Wall 11R at drift of 2.0%: (a) Visible concrete crushing (west side).
(b) Exposed vertical rebars. (c) Buckling of steel strips and rebars at east end.
(d) complete crushing of the east narrow face.
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Figure 4.50 Wall 11R: (a) At 2.0% drift, rupture of the NE vertical steel strips. (b) Close-up
view of vertical steel strip rupture and concrete crushing on NE side. (c) Global view at
2.5% drift. (d) Severe concrete damage between east vertical and diagonal steel strips.
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Figure 4.51 Wall 11R at 2.5% drift: (a) Global view (west side). (b) Severe rebar
buckling at west end. (c) Twisting of the wall due to rupture of the vertical steel
strips. (d) Ruptured vertical steel strips at the east end.
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Figure 4.52 Wall 11R: (a) Ruptured NW vertical steel strip. (b) Close-up view
of ruptured NW vertica! steel strip. (c) Crushing of concrete on the wall west
side. (d) SE view of the wall after end of testing.
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Figure S.1 Behavior of Wall 9 under cyclic loading
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P (Loads applied by the actuators,
top beam weight and weight
of the top steel elements)

w (Half of the horizontal actuator’s weight)

a= 107 mm

Compression Block at A

[ . (average compressive strength) = 12.73 MPa

Figure 5.2 Freebody of Wall 9 under cyclic loading
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Figure 5.3 Hysteretic response of Wall 9 and Wall 9R
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Figure 5.4 Hysteretic response of Wall 10 and Wall 10R
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Figure 5.5 Hysteretic response of Wall 11, Wall 11RP and Wall 11R
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Figure 5.6 lateral load-crack width relationship ( Wall 9)
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Figure 5.7 Wall 9R: (a) Lateral load-west top-deflection (b) Lateral load-east top-deflection

174




100

Z 100
-
<
2
=
8

S 100

0

-100

| |
-10 -5 0 5 10
Deflection, mm

Figure 5.8 Wall 10: (a) Lateral load-west top-deflection (b) Lateral load-east top-deflection
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Figure 5.9 Wall 10R: (a) Lateral load-west top-deflection (b) Lateral load-east top-deflection
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Figure 5.10 Wall 11: (a) Lateral load-west top-deflection (b) Lateral load-east top-deflection
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Figure 5.11 Wall 11RP: (a) Lateral load-west top-deflection (b) Lateral load-east top-deflection
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Figure 5.12 Wall 11R: (a) Lateral load-west top-deflection (b) Lateral load-east top-deflection
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Figure 5.13 Lateral load-base shear sliding for (a) Wall 11 (b) Wall 11RP
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Figure 5.14 Lateral load-strain relationship for vertical steel strips of Wall I 1RP
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Figure 5.15 Load-strain relationship for vertical steel strips of Wall 11RP
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Figure 5.16 Load-strain relationship for vertical steel strips of Wall 9R
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Figure 5.17 Strain gauge 3 glued on top of a plastic hinge due to
buckling of vertical steel strip (Wall 9R)
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Figure 5.18 Lateral load-strain relationship for diagonal steel strips for Wall SR
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Figure 5.19 Load-strain relationship for vertical steel strips of Wall 10R
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Figure 5.20 Load-strain relationship for diagonal steel strips for Wall 10R
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Figure 5.21 Load-strain relationship for vertical steel strips of Wall 11R (2713 point data)
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Figure 5.22 Load-strain relationship for diagonal steel strips of Wall 11R (2713 point data)
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Figure 5.26 Cracking width for Wall 9 at lower drifts
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Figure 5.27 Cracking width for Wall 9 at higher drifts
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Figure 5.28 Cracking pattern for Wall 9R
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® 1 Vertical tension member
® 2 Rigid horizontal member
® 3 Vertical strut member

I @ &) ® 4 Diagonal tension member

® ® 5 Diagonal strut member
777 .
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Figure 6.1 Simplified truss model
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Figure 6.2 Tmproved truss model
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Simplified Truss Model Improved Truss Model
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Figure 6.3 Yielding sequence of tension members in both truss model and
improved truss model
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Figure 6.10 Tlustrative design example; single-storey building
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Appendix A

Wall specimens design calculations

A.1  Unreinforced masonry (URM) wall specimens

A.1.1 Unretrofitted

The rocking capacity of the unretrofitted URM wall specimen was determined using simple static as

shown in Fig. A.1: ,
vV =100-(—1M=44kN * —
r 2040 s
LT f_‘l_'
Figure A.1 Rocking
of URM wall

The cracking shear capacity of the unretrofitted URM wall specimen was determined using CSA
S304 clause 11.5.3.

_ M
v, _=0.16 (2—%) ‘[f_m bd y,+0.25P (A1)

The cracking shear capacity, V,, can be calculated using equation A.1 as:
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_2(33)(1800) _ 5
£ (1800)(200)

f.'=15MPa SeeFig 3.2.

V_=0.16(2-1.13) /15 (1800)(200)(0.33)+ 0.25(100000)=89kN

A.1.1 Retrofitted
Flexural capacity found using a small program, called Wall, that calculates moment-curvature
relatiopnship. This program was original made for reinforced concrete sections and was modified to

include inclined reinforcement as well as partial grouted masonry. Therefore flexural capacity for
retrofitted URM wall specimen was found:

At 100 mm above specimen base:
M, =765 kN.m
V, =765/(1.8-0.1+.24)= 394 kN

At 900 mm above specimen base:
M, =529 kKN.m
V, =529/(1.8-0.1+.24)= 464 kKN

Shear capacity of the retrofitted wall specimen was found by adding the capacity of the unretrofitted

URM wall specimen to the horizontal component of the yield strength of the steel strips in tension.
Ve=V.+2(A,f,)cos 45

= 89 + 2 (794.7)(450) cos 45
=600 kN
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A.2 Partially reinforced masonry (PRM) wall specimens

A.2.1 Unretrofitted

The flexural capacity of the unretrofitted PRM wall specimen was determined using Wall:

M, =335 kN.m
V, =335/(1.8-0.1+.24)= 164 kN

Similar to URM wall the cracking shear capacity was found as:

_2(33)(1800)+3(136)(126) _; 47
g (1800)(200) '

V_=0.16(2-1.13) {/T5 (1800)(200)(0.47)+ 0.25(100000)=106kN

A.2.1 Retrofitted
Flexural capacity for retrofitted PRM wall specimen was found:

At 100 mm above specimen base:

M, =1045 kN.m
V., =1045/(1.8-0.1+.24)= 539 kN

Shear capacity of the rertofitted PRM wall specimen is:

V, = 106 + 2 (794.7)(450) cos 45
=617kN
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A.2 Reinforced concrete (RC) wall specimens
A.2.1 Unretrofitted
The capacity of the unretrofitted RC wall specimen was determined using Doostdar’s program to be:

V.= 139 kN

A.2.1 Retrofitted
Flexural capacity for retrofitted RC wall specimen was found:

At 100 mm above specimen base:

M, =964 kN.m

V, =964/(1.8-0.1+.24)= 497 kN

Shear capacity of the retrofitted PRM wall specimen is:

V, = 139 + 2 (794.7)(450) cos 45
=645 kN
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b MOMENT - CURVATURE
- WALL PROGRAM

]
. a 0 »

INPUT "PLEASE ENTER INPUT FILE NAME :"; IFN$
INPUT "PLEASE ENTER OUTPUT FILE NAME :"; OFN$

GFNS = LEFT$(OFNS, (INSTR(OFNS, ".™) - 1)) + ".DAT"

OPEN T, #1, [FN$

OPEN "O", #2, OFNS

OPEN 0", #3, GFN$
INPUT #1.GR
INPUT #1, EINL, EFIN, ESTP
INPUT #1, FCK, FCKI1, FCT, FCT1
INPUT #1, EC1, EC2, EC3, ECT1, ECT2
INPUT #1, N, BE,B, H, XP, S, ACC.HHLYE
INPUT #1, NSLAEB.BEB,CEB
‘PRINT #3, EINL EFIN, ESTP
PRINT #3, FCK, FCKI, FCT, FCT1
PRINT #3, EC1, EC2, EC3, ECT1, ECT2
PRINT #3, N, BE,B, H, XP. S, ACC.HH
'PRINT #3, NSL
DIM TP(NSL),BP(NSL),L(NSL),XS(NSL), SN(NSL), FS(NSL), TATH(NSL).CR(NSL),ESB(NSL)
DIM FYK(NSL),FYKH(NSL),ESY(NSL),ESH(NSL),ESR(NSL),PO(NSL),A(NNSL).MO(NSL)
FORI=1TONSL
INPUT #1, TP(D).BP(N).LM.XS(), TATHX).FYK(D).FYKH().ESY(T),.ESH(D).ESR(T)
PRINT #3, TPQ),BP(D),L(N.XS(), TATH@).FYK(D).FYKH(T),ES Y(I).ESH(I).ESR(T)
AM=2*TP(T)*BP(T):PO(N=AM*FYKH()
MO®M=POM)*TP(IY"2/4
NEXT1
* GR: 1 FOR GROUTED
"EINI : Initiate! strain value for the generation of M-K relationship
'EFIN : Final strain value for the generation of M-K relationship
'ESTP : Strain value increment
‘FCK : Peak value of parabolic portion of conc. comp. stress block
‘FCK1 : End value of the decreasing linear portion of conc. comp stress block
‘EC1 : Strain value corresponding to FCK
'EC2 : Strain value corresponding to FCK1
‘EC3 : Strain value beyond EC2
‘FCT : Peak value of parabolic portion of conc. tens. stress block
'FCT1 : End value of the decreasing linear portion of conc. tens. stress block
'‘ECT1 : Strain value corresponding to FCT
‘ECT2 : Strain value corresponding to FCT1
FYK : Yield stress of steel

'AST(Q): Area of steel layer
XS : Distance of steel relative to geometric center (negative below XP)

N : Axial force for wihch M-K relation to be obtained
‘B : Width of rectangular section
‘H : Depth of rectangular section
XP : Geometric center of the x-section
'S : Thickness of concrete layers to calculate concrete stress
‘ACC : Accuracy required
C=.5°*H
*FOR J =1 TO NSL: CR(J)=0
‘NEXTJ
Cl=0:C2=H:COLD=0
AC=S*B
PRINT #3," STRAIN C(mm) K (1/mm)xE-6 M (KN.m) CRACK DEPTH"
PRINT #3, " |- } t } } {"
PRINT #2, "0.000000,0.000000"
FOR EEF = EINI TO EFIN STEP ESTP
RESTART:

FSTOT =0: MSTOT =0: FSC =0

FORI=1TONSL
ASS=2*BP(I)*TP(I): XSS = XS(I) :Sl=SIN(TATH(D):L=L():MO=MO(T) :PO=PO(T)

208



FYKI=FYK():FYKH1=FYKH(I):ESY 1=ESY(I):ESH1=ESH(I):ESR1=ESR(T)

CALL STEEL(AEB,BEB,CEB PO,MO,L.YE.SLFYK1, FYKH]1, ESY1. ESH1. ESR1, EEF, C, XP, ASS.ES, XSS, FST.CR. MS, D.SIGNN)
*IF (FST < 0) THEN FSC =FSC + FST
FS(I) = FST
* IF FST<0 THEN go to cr2
ESB(I)=ES
car2: SN(Q) = SIGNN
FSTOT = FSTOT + FST
MSTOT = MSTOT + MS
NEXT1
CALL FCOMPR(FCK, FCK]1, EC1, EC2, EC3, EEF, C. H. XP. S, AC, FCOMP. MCOMP.BE.B.GR)
CALL FTENSILE(FCT, FCT1, ECT1, ECT2, EEF, C, H. XP. S, AC, FTEN, MTEN, CD)
DIFF = FCOMP + FTEN + FSTOT - N
IF ABS(DIFF) <= ACC THEN GOTO CONTI1
IFDIFF>=0THENC2=CELSEC1 =C
C=(C1+C2)/2
IF ABS(C - COLD) <= S THEN GOTO CONTI
COLD=C
GOTO RESTART
CONTT:

FORI=1TONSL
IF SN(I) = -1 THEN STOP
NEXT I

K = EEF * 1000000/C
MOM = (MSTOT + MCOMP + MTEN) / 1600000
if £51<0 then print #2, using PUBBH SR R " e 5t
' if (fst>0) then goto prl
ESB(1).FS(1) print #2. using “Husit# sthstn s #4™k;mom
print #2, using R B R T K MOM

pri: PRINT #3, USING " | #5445 | s 4 | RHSH.BS | HIHHIELIG | SHRGHLIR | WHURHAR | swiiae | sisiiss " EEF.CK
MOM: fstot/1000;fcomp/1000
PRINT "*~;
IF MOM < 0 THEN STOP

Cl1=0:C2=H
C=COLD

NEXT EEF

Y .72.9.9.7.3.2.2.9.7. 25

SUB FCOMPR (FCK. FCKI1, EC1, EC2, EC3, EEF, C, H, XP, S, AC, FCOMP, MCOMP,BE,B,GR) STATIC
MCOMP=0!:MC =0
FCOMP=0!:FC=0
X1=8S
X2=C
IFC>HTHENX1=C-H+S:X2=C
FOR XC =X1 TO X2 STEPS
XCl1=XC-8/2
EC = EEF* XCl1/C
XB=XP-C)+XCl
IF GR=1 GO TO GR1
AC=S*BE
GOTO GR2
GRI1:
AC=S*BE
[F(C-XC1<182)THEN AC=S*B
GR2:
' IF(C-XC1<46) THEN AC=S*B
IF EC > EC1 THEN GOTO GD1
FC=AC*FCK*(2*EC/ECI-(EC/EC1)"2)
MC=FC*XB
GOTO SUM
GD1:
IF EC > EC2 THEN GOTO GD2
FC = AC * (FCK - (FCK - FCK1) * (EC - EC1) / (EC2 - EC1))
MC=FC*XB
GOTO SUM
GD2:
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FC = AC * FCK1
MC=FC*XB

SUM:
FCOMP = FCOMP + FC
MCOMP = MCOMP + MC
NEXT XC
END SUB

SUB FTENSILE (FCT, FCT1, ECT1, ECT2, EEF, C. H, XP, §, AC, FTEN, MTEN, CD) STATIC
FTEN=0: MTEN=0:CD=0
FT=0:MT=0
IF C >=H THEN GOTO EXITIT
ELF=EEF*(H/C-1)
X1=8
[FELF>ECT2 THEN X2 =ECT2*(H-C)/ELF: ETF =ECT2 ELSEX2 =H-C: ETF = ELF
FOR XT = X1 TO X2 STEP S
XT1=XT-S/2
ET=ETF*XT1/X2
XB=XP-C-XTl
IF ET > ECT1 THEN GOTO GDE!
FT=-AC*FCT*ET/ECTI1
MT=FT*XB
GOTO SUMT
GDELl:
FT =-AC * (FCT - (FCT - FCT1) * (ET - ECT1)/ (ECT2 - ECT1))
MT=FT*XB
SUMT:
CD=H-C-X2
FTEN=FTEN +FT

SUB STEEL (AEB,BEB,CEB.POMO.L.YE SLFYK], FYKHI, ESY1, ESH1, ESRI, EEF. C, XP, ASS.ES, XSS, FST.CR, MS, D,SIGNN)
STATIC
SIGNN =1
E =FYK1/ESY1
ES = EEF * (1 - (XP - XSS)/ C)*SI™2
IF XSS>0 AND SI<>1 THEN GOTO BUKL
[F ABS(ES) >= ESR1 THEN SIGNN =-1
' [F ABS(ES)>=ESR1 THEN GOTO EXITI
IF ABS(ES) > ESY1 THEN GOTO PLSTC
FST=ES * ASS * E *SI
GOTO CALCM
PLSTC:
[F ABS(ES) > ESHI THEN GOTO STHRD
FST = SGN(ES) * FYK]1 * ASS *SI
GOTO CALCM
STHRD:

FST = SGN(ES) * ASS * (FYK1 + (FYKHI - FYK1)/ (ESR1 - ESH1) * (ABS(ES) - ESH1)) *SI
[F ABS(ES) > .1 THEN FST = ASS * FYKH1 *SI
go to calcm
BUKL:
PRINT XSS ,SI
'ESB=-ES
[F (ES > ESY1) THEN GOTO PLSTB
FST = ES * ASS *E *SI
GOTO CALCM
PLSTB:
IF(ES > ESH1) THEN GOTO STHRB
FST = FYKI1 * ASS *SI
GOTO CALCM
STHRB:
fst=AEB*(es"(BEB+CEB*log(es)))*ass*SI
*IF ABS(ES) > .1 THEN FST = ASS * FYKH1 *SI

CALCM:

MS =FST * XSS
EXITI:

END SUB
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Appendix B

Additional load-strain diagrams for reinforcing bars
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Figure B.1 Lateral load-strain relationship for vertical and horizontal bars of Wall 10R
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Figure B.2 Lateral load-strain relationship for vertical and horizontal bars of Wall 10R
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Figure B.3 Lateral load-strain relationship for vertical reinforcement of Wall 11R
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Figure B.4 Lateral load-strain relationship for vertical and horizontal bars of Wall 11R
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