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ABSTRACT

This report presents the results of thirty cyclic. in-plane shear tests on fixed ended
masonry piers having a height to width ratio of 1.0. These thirty tests form the final
part of a test program consisting of ninety-three (93) single pier tests. Previous reports

have presented the test results from sixty-three (63) such tests.

The test setup was designed t0 simulate, insofar as possible, the boundary conditions
the piers wouid experience in a perforated shear wall of a compilete building. Each
test specimen was a full scale pier 48 inches high and 40 inches wide. Three types
of masonry construction were used. a hollow concrete biock. hollow clay brick and
a double wythe grouted core clay brick that consisted of two brick wythes and a 3
inch grouted core. Ail the piers were fully grouted. The parameters considered in
this investigation were the level of bearing stress, the amount of horizontal reinforcement,

the anchorage of horizontal reinforcement and the distribution of vertical reinforcement.
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SECTION 1 INTRODUCTION

This report presents the results of thirty two tests performed on masonry single pier
specimens. These tests end a phase of an extensive program of cyclic loading tests
on masonry structural elements at the University of California. Berkeley begun in 1976.
The test data from earlier single-pier tests {1,2.3.4] are summarized briefly in Section
1.2, and an overview is also provided of previous research described in the literature
on seismic behavior of masonry walls. In Section 1.3 the objectives and scope of

the tests presented in this report are discussed.

1.1  Masonry in Structural Engineering

The wide use of masonry in building construction all over the world arises from
its practical and inexpensive construction. favorable architectural characteristics,
heat insulation performance and its compressive strength. Until recently. however,

its properties as a structural material except for compression were not considered.

Devastating damage to masonry structures in the iast twenty five years due to
earthquakes has caused engineers to consider masonry as a structural materiail,
to recognize its weaknesses and to consider ways in which these weaknesses can
be overcome so that such damage can be significantly reduced. Masonry
construction will continue, so it is imperative that earthquake engineers learn 10
devise methods to improve its ductility and its energy absorbing capabilities, that
are both effective and reasonable in cost. This calls for fundamental research.



Experimental and analytical research on the seismic behavior of masonry structures
during the last fifteen years has revealed that their earthquake performance can
be significantly improved by properly reinforcing against tensile stresses which cause
brittle failure because of the low tensile strength of masonry. The resuits of tests
by various researchers [5.6.7] on reinforced masonry cantilever walls subjected
to inplane loads indicate the existence of two basic failure modes: shear (or diagonal
tension) failure and flexural failure. Shear failure is characterized by diagonal
cracking of the masonry atong lines of maximum principal tensile stress in the
wall plane, whereas flexural failure is characterized by either yieiding of tension
steel followed by crushing of the masonry or by crushing of the masonry aione
at the compression toe. The flexural types of failure exhibit considerable ductility.
whereas the shear failures are quite sudden and brittle. Accordingly. flexure is

considered to be a more favorable mode of failure than shear.

Hidalgo et al. [3] also observed combined failure modes for fixed-ended masonry
piers. These were sliding-shear and sliding—-flexure modes. The sliding-shear
failure was displayed by squat walls and occurred as sliding of the top portion
of the wall with respect to the base portion. The sliding took place along a bell-
shaped crack formed by diagonal cracks which had opened during reversed loadings.
The sliding-flexure mode occurred where the flexural cracks were continuous

throughout a horizontal course subjected to high fiexural stress reversals.

Meli [5) recognized the similarity between the flexural behavior of under-reiniorced
concrete beams and that of masonry walls with low tiexural reinforcement and iow
bearing stresses. Furthermore. he demonstrated that the ultimate strengih of ihe
walis increases with increasing bearing stresses. but the failure mode changes
from fiexural to shear under high bearing stresses. Priestiey and Bridgeman [/]
showed that the flexural strength of walls can be predicted quite accurately by
the uitimate strength theory developed for reinforced concrete flexural members,
and that the ductility in flexure could be improved significantly by adding joint
reinforcement to the crushing zone of the walls in order to confine the mortar.
They also showed that a horizontal reinforcing bar contributed three times as
much as a vertical reinforcing bar to the shear strength. Accordingly. they proposed
the design philosophy of suppressing shear failure by using enough horizontal



reinforcement 1o resist without yielding the full shear lcad at flexural capacity. and
consequently inducing flexural failure which has more desirable inelastic response
characteristics.  Priestiey demonstrated the validity of this philosophy by testing
heavily-reinforced masonry cantilever walls [8] with zero or low bearing siresses
under cyclic loads. Mayes et al. [9,10] observed a similar improvement in the ductility
of double-pier specimens failing in flexure with the addition of joint reinforcement
as proposed by Priestley and Bridgeman [7].

Mayes et al. [9,10] and Hidalgo et al. [1.2,3] tested various fixed—-ended masonry
piers some of which developed high bearing stresses leading to a shear mode
of failure, and observed that the structural behavior of the specimens failing in
shear was much more complicated than those failing in flexure. Their tests and
results, summarized by Sveinsson et al. [4], are discussed in more detail in the
following section.

1.2 The U.C. Berkeley Experimental Research Program on Masonry Piers

An extended test program on the seismiCc behavior of masonry single piers was
initiated at the Earthquake Engineering Research Center of the University of
California. Berkeley in 1976. Piers were selecied for investigation since observations
on multistory masonry buildings damaged in earthquakes had indicated that piers
were the most vulnerable elements of perforated masonry shear walls (Fig. 1.1.
Fixed-end conditions and realistic bearing stresses were imposed on the piers
which were then tested under cyclic lateral loads. simulating the conditions of a

lower-story pier in a perforated wall subjected to earthquake excitation.

The effects of various parameters on the structural behavior of piers failing in
the shear mode were investigated since this mode frequently occurs under the
force and displacement boundary conditions imposed on the piers by the perforated
shear walls. Furthermore, it was decided not to use the heavy reinforcement ratios
present in Priestley’'s tests. since these were judged to be too costly for American
practice. The objective was t0 establish which parameters are effective in improving

the inelastic behavior of piers failing in the shear mode. The following parameters



were selected for investigation

1. The type of masonry construction

2. Height to width ratio (h/w)

3. Type of grouting (partial or fulb

4. Amount of horizontal and vertical reinforcement
5. The level of bearing stress.

The distribution of the number of test specimens of the single pier test program
with respect to their masonry types and h/w ratios is given in the top three rows
of Tabie 1.1.

The results of these tests, published in three research reports [1.2,.3] and one
summary report [4] reveal the complexity of the shear behavior of masonry piers.
Within the range for which the parameters were tested., it was recognized that
the ultimate shear strength was a function of the masonry compressive strength,
the h/w ratic of the pier. the amount of horizontal reinforcement and the vertical
compressive load acting on the pier when the ultimate strength was reached [11].
it was also observed that the ultimate shear strength was approximately the same
for fully and partially grouted piers as long as the stress was based on the net
area of the cross section of the wali. A positive correlation was observed between
increase in horizontal reinforcement and improvement in inelastic behavior although
not all the piers showed improvement nor was such improvement proportionai to
the increase in reinforcement. The displacement capacity of the fully grouted piers
was always higher than that of the partially grouted piers. The tests were not
able to develop the full yielding capacity of the horizontal reinforcing bars and
therefore the anchorage between the horizontal reinforcing bars and the grout

emerged as a more critical parameter than the amount of horizontal reinforcement.



Early in the single pier test program, it was recognized that the vertical steel
columns, which prevented rotation of the top beam. imposed additional vertical load
on the pier as the horizontal displacements increased. The top of the fixed length
columns, which were pinned at both ends, moved through a circular arc when
going from one displacement extreme io the other. At each arc extreme the vertical
height of the columns was reduced. thus cramping and compressing the specimen.
This additional vertical ioad. which continually changed during each load cycle,
was in addition to the initial externally appitied vertical load.

The test setup was subsequently modified (before the tests presented here were
performed) by replacing the two vertical columns Dy two vertical actuators. These
actuators, controlled by an electro—-hydraulic servo system, could be programmed
to maintain constant combined vertical lpad on the specimen. This modified test
setup is shown in Figure 3.1.

1.3 Objectives and Scope of the Tests Reported Here

The total number of single pier specimens planned for testing were eighty at the
beginning of the single pier test program. Sixty three of these eighty specimens
had already been tested and the resuits published [1.2.3.4] prior to this final stage
of the test program. The remaining seventeen piers were to be designed and
tested according to the interpretation of the resuits obtained from the previous
sixty three tests, for the final evaiuation of the complete test data. The objectives
of the final tests were subsequently modified, however., since the modification of
the test setup used for the first sixty three tests required confirmation of some
of the previous test results. The scope was widened and the tests were planned
as a new series. Some changes were made in the set of parameters selected
for consideration, as discussed below, in view of the findings and observations
from the sixty three specimens already tested. The number of specimens tested
in this last series was increased to thirty in order to investigate more thoroughly
the effects of the new set of parameters on the response of the piers. Two of

the specimens were tested twice for a total of thirty two tests.



The number of specimens for each type of masonry construction is given in the
last row of Tabie 1.1. The h/w ratio was selected to be close to one because
the h/w ratio of piers in perforated shear walls, commonly met in construction
practice, is usually close to one. All the piers were fuily grouted. leaving the
study of the inelastic behavior of partially grouted piers to a future experimental

program. The following parameters were considered in this test program

1. The levei of bearing stress
2. Amount of horizontal reinforcement
3. Anchorage of horizontal reinforcing bars (four different

types including joint reinforcing).

4, Distribution of vertical reinforcement

The resuits of the thirty two tests described here. which were performed with the
improved test setup. constitute a reliable data base for the seismic behavior of
masonry piers failing in the shear mode. In Sections 4 and 5 the test resuits
are discussed and analyzed, and finally the results are summarized and conclusions

drawn.



TABLE 1.1
SINGLE PIER TEST PROGRAM
(Number of test specimens)

TYPE DOUBLE
oF | HOLLOW WYTHE HOLLOW TOTAL
MASONRY CLAY GROUTED CORE CONCRETE NUMBER
’ BRICK CLAY BRICK BLOCK
(HCBR) (CBRC) (HCBL)
HEIGHT:
WIDTH
RATIO
2:1 9 5 0 14
1:1 13 7 i1 31
1:2 6 6 6 18
1:1 13 5 12 30
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PERFORATED SHEAR WALL

Figure 1.1 Typical Perforated Shear Wall







SECTION 2 TEST SPECIMENS

This section offers a detailed description of all the test specimens included in this
test program. Construction types. reinforcing details. material properties and other
pertinent iniormation are summarized in the tables and figures contained within the

section.

2.1 Design and Construction of Test Specimens

The thirty test specimens were ciassified into three groups according to their type
aof masonry construction. Twelve of the specimens were holiow concrete block
(HCBL) piers. thirteen were holiow clay brick (HCBR) piers, and five were double
wythe grouted core clay brick (CBRC) piers. These thirty test specimens yielded
thirty two tests since itwo of the piers were tested twice, once with a low bearing
load to induce flexural behavior and then with a high bearing load to enforce shear

failure.

The overall dimensions of the specimens are given in Table 2.1. The inplane
dimensions of all of the thirty test specimens were identical (Figure 2.1). The eleven
(-11-) in the pier's designation (HCBL-11-15) is common to all piers in this test
series and represents the H/W ratio. The thickness of the specimens varied with
the type ot construction.

2.1.1 Types of Masonry Construction

The three different types of masonry construction used in this test program

Preceding page blank



are described in this subsection. The construction is identified using the
terminology defined in Section 2.1.

1. HCBL Piers . These were constructed from standard two-

core hotlow concrete blocks; the thickness of the piers was
equal to the width of the concrete blocks. Two types of
concrete blocks were used in the construction of the piers

shown in Fig. 2.2(a). Twelve piers were constructed.

Two piers (HCBL-11-13 and HCBL-11-15) were constructed
from nominal 8 inches high x 8 inches wide x 16 inches
long blocks. whereas the remaining ten HCBL piers were
constructed from nominal 8 inches high x 6 inches wide
x 16 inches long blocks. The net cross-sectional area of
the 8"x8"x16" biocks is 68 square inches and the net cross
sectional area of the 8"x6"x16" blocks is 50 square inches.

All of the HCBL piers were fully grouted.

2. HCBR Piers : These were constructed from standard three-
core hollow clay bricks: the thickness of the piers was
equal to the width of the brick units. Two types of clay
bricks were used in the construction of the piers shown

in Fig. 2.2(b). Thirteen piers were constructed.

Two piers (HCBR-11-15 and HCBR-11-17) were constructed
from nominal 4 inches high x 8 inches wide x 12 inches
long bricks, whereas the remaining eileven HCBR piers were
constructed from nominal 4 inches high x 6 inches wide
x 12 inches long bricks. The net cross sectional area of
the 4"x8"x12" bricks is 57.4 square inches and the net
cross sectional area of the 4"'x6"x12" bricks is 42.7 square

inches. All of the HCBR piers were fully grouted.



3. CBRC Piers_: These were constructed from two wythes
of 4 inches high x 4 inches wide x 12 inches long solid
clay bricks shown in Fig. 2.2(c). The grout space between
the wythes was 3.5 inches wide, and was completely filled
after the steel reinforcement had been placed in position.
This type of grouting is designated "solid grouting”. The
thickness of the CBRC piers was 10 inches. Five such

piers were constructed.

The piers were constructed on top of 0.75 inch thick steel plates, as shown
in Fig. 2.8. A similar plate was placed on top of the pier after the grout
was poured. Both plates had openings to permit anchorage of the vertical
steel reinforcement and keys. embedded in the grout. to provide adequate shear
transfer between the masonry pier and the steel plate. The plates also had
welded bolts and holes to anchor the pier to the test rig.

2.1.2 Reinforcement of Piers

Three of the four key parameters considered in the test series relate to the
reinforcement of the piers. These are the quantity of horizontai reinforcement.
the distribution of vertical reinforcement and the type of anchorage of the
horizontal reinforcing bars. The effect of wire mesh reinforcing (Dur-O-Wab
embedded into the mortar bedjoints was also investigated. The combination
of these parameters for each pier is given in Table 2.1. Details of the harizontal
and vertical reinforcing bar arrangements are shown in Fig. 2.4(a) for HCBL
piers., in Fig. 2.4(b) for HCBR piers and in Fig. 2.4(c) for the CBRC piers.
The horizontal reinforcing bars were distributed evenly over the height of the
piers. The three types of horizontal bar anchorage are shown in Fig. 2.5 and
the horizontal wire mesh detail is shown in Fig. 2.6.



2.2 Material Properties

The mechanical properties of the materials used in the construction of the test
specimens are shown in Table 2.2. Figures 2.2(a. 2.2(b) and 2.2(c) show the
specimens used to determine the material properties.

For consistency with the previous pier tests [1.2.3] the mortar was specified as
standard ASTM type M (1 cement : 1/4 lime : 2-1/4 - 3 sand, by volume), with
a minimum compressive strength of 2500 psi at 28 days. The grout was specified
as 1 cement : 3 sand : 2 gravel (< 10 mm).

ASTM A615 steel was specified for both the vertical and horizontal steel
reinforcement.  Yield and ultimate strengths are listed in Table 2.2. The wire mesh

joint reinforcement was specified to be extra heavy Dur-O-Wal.

Three short and three tall, slender prisms for uniaxial compression tests (Fig. 2.7)
and three square panels for diagonal tension tests (Fig. 2.8) were constructed from
the same mortar and grout used in each set of wall pilers. All the prisms and
square panels were fuily grouted. The height to thickness ratios were approximately
2 for the short prisms, 5§ for the tall HCBL and HCBR prisms, and 4 for the tall
CBRC prisms. The uniaxial compression tests were performed at a loading rate
of 20.000 Ib/min.. and the average compressive strengths are shown in Table 2.2.
The square panels were tested at a loading rate of 10,000 Ib/min.. and the average
ultimate locads are shown in Table 2.2.



TABLE 2.1

PIER CHARACTERISTICS
GROSS BEARING REINFORCEMENT
GENERAL SPECIMEN SECT. AREA STRESS
CHARACTERISTICS DESIGNATION (SQ.IN) (PSDH VERTICAL HORIZONTAL ANCHORAGE
HCBL-11-13 366 273 24#5 4#5 90° BENT
15 366 437 2#5 445 90° BENT
17 270 400 2#7 4#5 90° BENT
MASONRY TYPE: 18 270 400 6#4 445 90° BENT
HOLLOW 19 270 400 2#7 445 180° HOOK
CONCRETE 20 270 400 2#7 2#5 90° BENT
BLOCK 21 270 400 6#4 24#5 90° BENT
PIER HEIGHT - 56in. 22 270 100 2#7 2#5 180° HOOK
PIER WIDTH = 48in. 23 270 400 2#7 DUR-O-WAL -
24 270 400 2#7 2#5, 90° BENT
DUR-O-WAL

25 270 250 2#7 2#5 180° HOOK
26 270 400 2#7 2#5 180° HOOK
HCBR-11-15 354 450 2#5 S#5 90° BENT
17 354 56 2#5 S#S 90° BENT
17s 354 282 2#5 5#5 90° BENT
19 270 400 2#7 2#5 90° BENT
MASONRY TYPE: 20 270 400 2#7 5#5 90° BENT
HOLLOW 21 270 400 2#7, 2#5 90° BENT

CLAY 2#5
BRICK 22 270 400 445 5#5 90° BENT
PIER HEIGHT = 56in. 23 270 400 6#4 2#5 90° BENT
PIER WIDTH = 48in. 24 270 400 6#4 5#5 90° BENT
25 270 400 2#7 2#5 180° BENT
26 270 400 2#7 5#5 180° HOOK
27 270 400 2#7 4#4 END PLATE
28 270 400 2#5 10#4 END PLATE
30 270 400 2#7 DUR-O-WAL -
MASONRY TYPE: CBRC-11- 8 480 42 2#5 1#5 90° BENT
DOUBLE WYTHE 8S 480 220 2#5 1#5 90° BENT
GROUTED CORE 9 480 330 2#5 S#5 90° BENT
CLAY BRICK 10 480 330 2#5 1#5 90° BENT
PIER HEIGHT = 56in. 11 480 42 2#5 5#5 90° BENT
PIER WIDTH = 48in. 12 480 220 2#5 3#3 90° BENT

13




TABLE 2.2

MATERIAL PROPERTIES
COMPRESSIVE STRENGTH ULTIMATE VERTICAL REINFORCEMENT HORIZONTAL REINFORCEMENT
SPECIMEN PRISM PRISM LOAD OF YIELD ULTIMATE YIELD YIELD ULTIMATE YIELD
2:1 2:1 SQ. PANEL STRENGTH STRENGTH STRAIN STRENGTH STRENGTH STRAIN
(PSI) (PSD (KIPS) (KSh (KSI) (IN/IN) (KsI) (XsD) (IN/IN)
HCBL-11-13 3257 3460 169.5 67.5 107.5 0.0024 59.0 88.1 0.0021
15 3257 3460 169.5 67.5 107.5 0.0024 59.0 88.1 0.0021
17 2829 1764 91.3 56.7 85.8 - 63.5 99.3 -
18 2829 1764 91.3 59.5 90.0 - 63.5 99.3 -
19 2381 2010 99.0 56.7 85.8 - 63.5 99.3 -
20 2381 2010 99.0 56.7 85.8 - 63.5 99.3 -
21 2381 2010 99.0 59.5 90.0 - 63.5 99.3 -
22 2381 2010 99.0 56.7 85.8 - 63.5 99.3 -
23 2381 2010 99.0 56.7 85.8 - 63.5 99.3 -
24 2381 2010 99.0 56.7 85.8 - 63.5 99.3 -
25 2381 2010 99.0 56.7 85.8 - 63.5 99.3 -
26 2381 2010 99.0 56.7 85.8 - 63.5 99.3 -
HCBR-11-15 3781 37113 261.5 67.5 107.5 0.0024 67.5 107.5 0.0024
17 3781 3713 261.5 67.5 107.5 0.0024 67.5 107.5 0.0024
178 3781 3713 261.5 67.5 107.5 0.0024 67.5 107.5 0.0024
19 2957 2879 919 56.7 85.8 - 63.5 99.3 -
20 2957 2879 91.9 56.7 85.8 - 63.5 99.3 -
21 2957 2879 91.9 56.7 85.8 - 63.5 99.3 -
22 2957 2879 91.9 63.5 99.3 - 63.5 99.3 -
23 2957 2879 91.9 59.5 99.0 - 63.5 99.3 -
24 2957 2879 91.9 59.5 99.0 - 63.5 99.3 -
25 2957 2879 91.9 56.7 85.8 - 63.5 99.3 -
26 2957 2879 91.9 56.7 85.8 - 63.5 99.3 -
27 2957 2879 91.9 56.7 85.8 - 59.5 99.0 -
28 2957 2879 91.9 59.5 99.3 - 60.5 99.0 -
30 4306 3709 136.5 56.7 85.8 - 63.5 99.3 -
CBRC-11-8 2873 2093 184.0 67.5 107.5 0.0024 59.0 88.1 0.0021
8S 2873 2093 184.0 67.5 107.5 0.0024 59.0 88.1 0.0021
9 2873 2093 184.0 67.5 107.5 0.0024 67.5 107.5 0.0024
10 2873 2093 184.0 67.5 107.5 0.0024 59.0 88.1 0.0021
11 2873 2093 184.0 67.5 107.5 0.0024 67.5 107.5 0.0024
12 2873 2093 184.0 67.5 107.5 0.0024 57.8 85.6 0.0020
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SECTION 3 TEST EQUIPMENT AND TEST PROCEDURE

In this section a description of the test setup. the instrumentation. and the test control
system is provided. The daia acquisition and data processing systems are also described

and the quasi-static loading sequence is discussed.

3.1 Test Setup

The test setup shown in Figs. 3.1 and 3.2 simulates the displacement and force
boundary conditions imposed by floor diaphragms on the piers of a perforated shear
wall during earthquake excitation. The test setup consists of a 20 ft. high. heavily
braced reaction frame (A-frame) supporting a pair of horizontally acting actuators,
a bottom beam and a top beam as shown in Fig. 3.1. The boitom beam is
composed of a concrete base and a wide flange steel beam, and the top beam
is fabricatea from two wide flange steel beams. The top and bottom sieel beams
provide anchorage for the vertical reinforcing bars of the test specimens, and they
have suitable connection holes for Dbolting the 0.75 inch thick steel plates at the
top and bottom of the piers to the steel beams. Prior to the bolting process a
layer of hydrostone was piaced between the surfaces of the piates and beam flanges.
as well as between the top plate and the top course of the pier.

The top and bottom beams simuiate the action of rigid floor diaphragms in actual
masonry construction. They are connected by two vertical actuators located 10
fi. — 7 in. apart (Fig. 3.1), which have a double purpose in the test setup. First,
they provide vertical bearing loads similar to the gravity loads experienced by the

piers in an actual structure. and also they develop a reaction couple which prevents
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rotation of the top beam, thus providing a fixed—end condition during the test. The
vertical actuators are a significant improvement to the test setup used in the prior
single pier test program [1,2.3] in that the actuators are programmed to maintain

a constant bearing load independent of the lateral displacement.

The maximum load that can be developed by each of the horizontal actuators is
75 kips. using a hydraulic pressure of 3.000 psi. The maximum stroke of the
actuators is + 6 inches. The servovailves of the horizontal actuators have a flow

capacity of 200 gpm. which provides a maximum piston velocity of 26 in./sec.

Each of the vertical actuators can provide a maximum load of 125 kips and a
maximum stroke of + 18 inches. The flow capacity of the servovalves coupling
with the vertical actuators is 5 gpm and the maximum piston velocity that can
be developed at this flow rate is 0.36 in./sec. These values are adequate in view

of the quasi-static conditions used to apply the horizontal displacements.

3.2 Instrumentation

The loads applied by the pairs of horizontal and vertical hydrautic actuators were
measured by using pre-calibrated load cells. The stroke readings from the horizontal
actuators were taken by LVDT's (linear variable differential transformers) buiit into

the actuators.

Each pier was instrumented as indicated in Fig. 3.3. DCDT’'s (direct current
differential transformers) Hy. H,. Hy and H, were attached to an external
reference frame in order to measure the lateral deformation of the pier and the
spandrel beams during each sequence of loading. The difference between the
measured values H2 and Hg indicates the relative lateral deflection of each pier.
The differences between the measured values Hy and H,. and Hy and H,

indicate the deformation of the portions of masonry bounding. respectively, the top
and bottom of each pier. In addition, wire-potentiometers were attached to the
reference frame to read the lateral displacements at the top and bottom of the

piers, and thus act as a back-up measurement system for H, and Hg.
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DCDT's Dy and D, measured changes in the distance between points along the
diagonais of the pier. DCDT's V, and V, measured the vertical displacement of
the top spandrel beam along both edges of the pier and were used to control
the rotation of the top spandrel beam as well as to measure the axial deflections

of the piers during the loading sequences.

3.3 Control, Data Acquisition, and Data Processing Systems

The flowchart of the control and data acquisition systems is given in Fig. 3.4.
The control system which is shown in Fig. 3.5 consists of two controilers for the
horizontal actuators. two controllers for the vertical actuators and a transfer box.
The components of the data acquisition system, shown in Fig. 3.6. are an anaiog
to digitat (A-D) converter., a high speed scanner and multiplexer and a computer
with storage capability. The functions of the components constituting both systems

(marked from 1 to 6 in Fig. 3.4 are expiained Dbriefly in the following paragraphs.

1. Signal Congitioners : These were used for conditioning the
transducer signals. Their function is to impress an excitation
voltage on the transducers (force and displacement). to receive
their output voltage signals. and then to generate a high level

signal by amplifying and filtering the output voltage from the
transducers.

2. Controllers for the Horizontal Actuators : Both of these

controllers were programmed to generate identical signals on
the horizontal actuators. The main components are two MTS
443 controliers with control and counter paneis, and a function

generator. The system has a self-adjusting feedback system.

The actuators are commanded by the function generator which
sends a displacement command signal to the electro—hydraulic
servovalves which convert it to hydraulic pressure, and

consequently to an actuator output stroke. The signal
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conditioners in the controllers then receive the actual load and
stroke ' readings from the ioad cells and LVDT’s attached to
the horizontal actuators. By selecting the actual actuator stroke
as the feedback. the feedback system compares it 1o the
command signal (input stroke) and, if they differ, generates
a modified command signal to minimize this difference. The
feedback loop operates until the feedback equals the program
input command. Then the function generator sets a new

program input and the procedure is repeated.

The load and stroke readings are sent to the A-D converter

simultaneously from the signal conditioners of each controlier.

Transfer Box : This box receives the current horizontal load

readings from the conditioners of the horizontal actuator
controllers. adds them and multiplies the sum by h’/a, where
h* is the vertical distance between the horizontal actuators and
the midheight of the pier., and a is the horizontal distance
between the vertical actuators. as shown in Fig. 3.7. The vaiue
thus computed is the force component Vc of the reaction
coupie that is applied by the vertical actuators to the top beam
to prevent its rotation (Fig. 3.7).

Controllers for the Vertical Actuators . In these tests the
vertical actuators are load controlled using two MTS 406
controtiers which control either the load or stroke of the
actuators. The controllers have program inputs equal to N/2
+ Vc where N is the total bearing load acting on the pier.
The positive sign on V., indicates added tension in the
actuators (compression on the pier) - see Fig. 3.7. The signal
defining the current value of V. is received from the transfer
box and N/2 is set initially and kept constant throughout the
test run. The operation of the feedback loop is similar to that

of the horizontal actuator controllers, except the load is selected
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as feedback instead of stroke.

The vertical load readings are simultaneously sent to the A-

D converter from the signal conditioners in the controliers.

Analog to Digital Converter and High Speed Scanner : The

A-D converter receives the high-level analog voliage signals
from the instrumentation channels and converts them to digital
values. The high speed scanner reads the digitized values
from all channels one at a time with a burst rea_ding rate of
100,000 readings per second. The scanner is then held
inactive untii it is required to make another sweep through all
the channels and take readings. The overall scanning
frequency. i.e. the burst reading and inactive period. during
this test program was specified at two readings per second
per channel. Higher scanning rate was not necessary because

of the low excitation frequency (quasi—static) used to run the

Computer and Storage Medium @ The computer used for data

acquisition and reduction is the DEC LSI-11 model. A screen
terminal with graphic display capability is connected for
interactive use (Fig. 3.6). Two storage media. a permanent
hard disk unit of 20 megabytes storage capacity and a fioppy

disk recording unit, are controlled by the computer.

Three computer programs are used for data acquisition and
reduction. The first one is the data acquisition program. This
program is used in calibrating the instruments, it then sets
up the sampling schedule and records the data at the specified
scanning frequency and for the specified duration. The program
has a graphics mode which enables the user to view, on the
graphics display screen, the data recorded from any selected

data channel immediately after acquisition is completed. The



other two programs are used to process the original bulk data.
and to reduce them to a form suitable for interpretation (piots,

tables., etc.).

3.4 Loading Sequence

Each pier was subjected i0 a series of displacement controlled. inplane shear loads.
The full sequence of loading consisted of three sinusoidal cycles of loading at
a specified horizontal actuator displacement amplitude. The amplitude was gradually
increased. the full loading sequence is given in Table 3.1. During and after each
stage (one set of three displacement cycles at the same amplitude), the walls were
visually inspected. and the crack patterns identified and photographed. The
sinusoidal cycies were applied at a frequency of 0.02 cycles per second throughout

the test program.

The duration of each test was 3-4 hours. The tests were usually terminated when
the shear strength of the piers had dropped sharply usually accompanied by
excessive opening of major diagonal cracks.

Because of the flexibility of the reaction frame and other load transferring devices,
the lateral displacements actually experienced by the pier were always less than
the actuator stroke. This difference was smaller towards the end of the test when
the Ilateral stiffness of the pier had attained its lowest value. There was aiso a
slight difference between the maximum loads developed during the push and pull
halt cycles because of the different types of stress acting on the bolting system

and the different pier stiffnesses associated with nonsymmetrical crack patterns.
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TABLE 3.1

LOADING SEQUENCE
INPUT INPUT
DISPLACEMENT DISPLACEMENT
STAGE* AMPLITUDE STAGE* AMPLITUDE
(IN.) (IN.)
1 0.02 12 0.35
2 0.04 13 0.40
3 0.06 14 0.45
4 0.08 15 0.50
5 0.10 16 0.55
6 0.12 17 0.60
7 0.14
8 0.16 18 0.70
19 0.80
9 0.20 20 0.90
21 1.00
10 0.25 22 1.10
11 0.30 23 1.20

* Each stage consists of three sinusoidal cycles at the amplitude shown

...3']_



(421X PIM) WV38 dM WOLL108

713A37 H004

%2078 3Sve uhmmUZOul\.

a371T0H1NOJ 30¥H04

3NV Y4 NOILOV3Y
01 d3123NNOD
(SHOVI OAH3S SIW)

dN13S 1531 ¥3id AINOSYW 4O NOILVALSOTN DILYWIHDS  1°€ "l
(WOL108 ONV dOL)
SATM YV IHS AAVIH
HLiiM 3Lv1d 1331S
(UL LI L i LU Y777
\\ R N \
I D I
— ON
(d)A=A HOLVNLOV |1 AONIH
l/ HJ _ | (d)A=A
3ONV4 N3NID3dS
7139 avo 1 i ¥OLvYNLIv
¥ov8 [ |
ONOHLS T FONIH
N [ ] I

0371104LNOD LN3W3OVdSIa

d = 32404 SHOLVNLIV

(L21xp1M ) (TVNIOINO) WV38 dm dOL
(1G1x $I M) (A30AVINVYIE dM dOL N3441LS

00

32



SETUP

2 PHOTOGRAPHS OF THE MASONRY PIER TEST

3

FIG

33



H, oe~F V,

T

Ha, oe—F n

O« INSTRUMENTATION ATTACHED TO PIER

O‘-—E INSTRUMENTATION ATTACHED TO REFERENCE FRAME
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SECTION 4 TEST BESULTS

The experimental results concerning load-displacement characteristics of the thirty piers
(thirty two tests) having height-to-width ratios of one are presented in the form of
hysteresis envelopes. stiffness degradation and locad degradation properties. In addition,
a sequence of photographs of the successive crack patterns is given for each test.
An explanation of how each of the graphs was obtained and the meaning of the
terms used above is included in Section 4.2. A complete presentation of the figures
and photographs not inciuded in this section has been arranged by test numbers and
is included in Appendix A.

Data on the cracking strength, ultimate strength. deformation and duciility indicators
for each test are listed in Tables 4.1(a), 4.1(b) and 4.1(c). Information on the
~einforcement and bearing load of the specimens during each test is also included
in these tables so that correlations can be made between the results and the relevant

parameters. Discussion of the test results is presented in Section 5.

4.1 Modes of Failure

The sequence of horizontal displacements was continued until failure stage for twenty

seven of the thirty test specimens. These specimens displayed the following four
different failure modes:

_39..
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1. A shear mode (diagonal tension)

2. A shear-sliding mode
3. A siiding mode
4. A flexural mode.

The failure mode for each of the tests is indicated in the last column of Tabies
4.1(a), 4.1(b) and 4.1(c). A direct relationship was observed between the failure
mode, and the strength and inelastic response characteristics of each of these
specimens. Fundamental characteristics of the above mentioned failure modes are

defined in the subsections that foliow.

The remaining three piers, HCBR-11-17, CBRC~11-8 and CBRC-11-11 were subjected
to very low bearing loads to induce the flexural mode of failure: they were displaced
until and slightly beyond yielding of the verticai reinforcing bars. The loading was
then halted in order to preserve the specimens for another sequence of loading.
which continued until failure, under a higher level of bearing loads. Unfortunately,
specimen CBRC-11-11 was accidentaily damaged in the interim between the low
and high bearing load tests, and therefore was only tested under a low bearing
load. It was observed that the failure characteristics of the re-loaded specimens.
labeled as HCBR-11-178 and CBRC-11-8S. were significantly affected by the flexural
cracking which occurred during the previous, low bearing load cycles.

4.1.1 Shear Failure

Shear failure of the piers was characterized by the initiation of visible cracking
along the pier diagonals, when the principal tensile stresses exceeded the tensiie
strength of masonry under the increasing imposed horizontal displacements.
Whenever there was adequate horizontal reinforcement with proper anchorage
in the specimen. redistribution of the stresses throughout the pier diagonals

was achieved after the initiation of diagonal cracking. Accordingly. the initial
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diagonal cracks did not open under increasing horizontal loads. but instead
new sets of diagonal cracks formed and gradually spread ali over the pier
diagonals, accompanied by high energy dissipation and ductile behavior. This
type of shear failure is called “ductile shear failure”. Failure occurred gradually
in this case as the strength of the pier deteriorated under cyclic horizontal
loading. and partial crushing of the masonry at severely cracked portions of
the pier diagonals finally led to compiete loss of strength. A typical specimen

exhibiting ductile shear failure is shown in Fig. 4.1(a).

When the amount and/or anchorage of horizontal reinforcement was not adequate
to provide the transfer of tensile stresses across the diagonal cracks initiating
faiiure, these cracks opened extensively, resuiting in a major X-shaped diagonal
crack pair, leading to a relatively sudden and destructive failure (Fig. 4.1(b)).
This type of faflure is called "brittie shear failure”. The piers experienced less

significant post-cracking deformation and energy dissipation in the brittle shear
mode.

The shear failure dispiayed by the grouted core clay brick (CBRC) piers was
accompanied by a separation of the brick wythes from the core at the final
stage of failure (Fig. 4.2).

4.1.2 Shear-Sliding Failure

In general a shear-sliding mode of failure was observed for specimens with
higher horizontal reinforcement ratios. The cracking began at the ends of
the top and bottom bedjoints where the tensile stresses due to flexure were
greatest. Diagonal cracking also began at later stages as the horizontal load
increased, and spread over the web while the earlier cracks at the bedjoints
propagated and extended over the full cross-section of the specimen (Fig.
4.3(a)). Final failure was due to crushing of the masonry at the compression
toes and sliding of the pier along the top or bottom bedjoint experiencing
crushing under lateral load reversals. After the sliding started. the zone of
crushing quickiy spread over the full horizontal cross—section and crushed

masonry spalied away from the pier leaving a wide horizontal opening. as shown

._4']..



in Fig. 4.3(b.

There are similarities between the shear-sliding failure of the masonry piers
tested, and the fiexural failure of slender masonry shear walls. The basic
difference. however, comes from the significant contribution of the diagonal
cracks, extending through the top and bottom ends of the pier, to the weakening
and further crushing of the masonry along the top or bottom horizontal cross-
section. Figure 4.3(a) shows the concentration of diagonal and fiexural tensile
cracks at the bottom end prior to the crushing stage: this is followed by
complete crushing at the bpase. shown in Fig. 4.3(p). It is also recognized that
the uitimate strengths of those piers that failed in the shear-sliding mode were
significantly less than their estimated ultimate fiexural strengths, and the
ductilities obtained were less than the expected ductilities of waills designed
for flexure. In view of these observations, shear-sliding failure is considered

to be an independent failure mode.
4.1.3 Sliding Failure

Pure sliding failure was observed for two specimens. These specimens were
heavily reinforced horizontally but had relatively small amounts of vertical
reinforcing. The main characteristics of the siiding mode of failure is the
lack of diagonal tension (shear) cracks on the face of the specimens. The
cracks, which are horizontal, initiate at the top and bottom of the piers and
propagate through the full cross—section. Gradually the material grinds., and
finally crushes. under the vertical load and spalls away at the top or botiom

of the pier. leaving the rest of the specimen relatively undamaged.

Figure 4.4 shows the sliding mode of failure.

4.1.4 Flexural Failure

The flexural mode of failure was observed for two specimens although the

flexural behavior was purposely present for an additional three piers, i.e. the

piers not tested to failure the first time. The common parameter in these tests
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was the low bearing load atlowing the yieiding of the vertical reinforcing bars
to take place. Although diagonal shear cracks were prominent on the face of
these specimens the ultimate failure mode was by crushing of the compression
toes at relatively large displacements. This failure mode is accompanied by

refatively high ductilities.

The flexural mode of failure is shown in Fig. 4.5.

4.2 Load-Dispiacement Characteristics

The strength and deformation characteristics of the piers are summarized in Tables
4.1(a), 41() and 4.1(c) and the complete test results are presented in Appendix
A. The details of the derivation of each of the figures compiled in Appendix A

are discussed in the following sections.

a. Hysteresis Envelgpes : Each point on the hysteresis envelope

was obtained by averaging the absolute vaiues of the three
extreme positive and three extreme negative lateral forces and
plotting this average against the average value of the
caorresponding absolute values of the relative lateral displacement
for each displacement stage of the test (Section 3.4). For
each stage (three sinusoidal displacement cycles), one point
on the hysteresis envelope was obtained. The point
corresponding to the stage during which diagonal cracking

initiated Is indicated with a black dot.

The average cracking strength and the average ultimate strength
obtained from the hysteresis envelope are indicated in Tables
4.1@, 4.1( and 4.1(c) in terms of the lateral (shear) forces
and shear stresses. (The stress values are computed Dby
dividing the associated force by the cross—section area of the
pier.) The "average" ultimate laterat shear force was

approximately 94% of the peak shear force which was always
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attained at the first cycle of the ultimate displacement stage.
The cracking displacement, designated by &,,. defines the
average relative lateral displacement at the beginning of the
formation of diagonal tensile cracks. and the maximum
displacement, designated by 6,,,, defines the maximum
relative lateral displacement experienced by the pier before
failure. The relative displacement at the uitimate shear force
level is designated as 0. The last column of Tables 4.1(a),
4.1(b) and 4.1(c) lists the observed failure modes of the
specimens. The hysteresis parameters are defined graphically
in Fig. 4.6.

Hysteresis loops for the complete load-defiection history are
not presented.

Load Degradation : The average of the absolute vaiues of the

extreme positive and extreme negative lateral forces at the first.
second and third consecutive load cycles at each stage were
plotted against the corresponding average relative displacements.
The family of three curves representing the envelopes of the
first, second and third load—-deflection cycles at all loading
stages gives an indication of the load degradation at a given

displacement level during three consecutive cycles of loading.

Stiffness Degradation @ The stiffness during a loading cycle

was obtained by dividing the average of the absolute extreme
positive and extreme negative lateral forces by the corresponding
relative displacement. The three stiffness values obtained from
the three cycles of loading were averaged and plotted against
the corresponding average lateral force obtained from the
hysteresis envelope. The stiffness values were also piotted
against the average lateral displacement from the hysteresis
envelopes. The stiffness degradation curves were truncated

at the stage when the ultimate shear strength was attained.
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FIG. 4.2 CORE SPLIT IN GROUTED CORE BRICK WALLS
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SECTION 5 DISCUSSION OF TEST RESULTS

Section 4 offered a discussion of the four observed failure modes and explained the
presentation of the main (oad-displacement characteristics, summarized in Appendix
A. Some of the major results were summarized in Tables 4.1(a), 4.1(b) and 4.1(c);
in particular the lateral force and displacement at first visible cracking. the ultimate

lateral force and corresponding displacement, the pier displacement at failure and the
failure mode of each specimen.

In this section the test results are further discussed and the effect of each test

parameter on the pier behavior is evailuated. These parameters were defined in Section
1.8 as:

1. The level of bearing stress
2. Amount of horizontal reinforcement
3. Anchorage of horizontal reinforcing bars (four different types

inctuding joint reinforcing).
4, Distribution of vertical reinforcement

The figures in this section are limited to hysteresis envelopes and stiffness degradation
curves, arranged in groups to show the effect of a particular parameter. A fuli set
of curves for each test is presented in Appendix A.
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The main method of displaying the test results is by means of hysteresis envelopes.
These are curves thatl relate the applied horizontal displacement and the lateral force
with which the pier resists the displacement. A compiete test on an individuai pier
suppiies a family of hysteresis ioops (load vs. displacement, one loop per cycle of
imposed displacement. From these hysteresis loops the envelope is calculated as
explained in Section 4.2. This enveiope is the single most revealing evidence of the
pier behavior throughout a compiete test

In agdition curves are developed that show the stiffness degradiation of the pier as

the horizontal displacement (or lateral load) increases.

in the foliowing subsections the influence of each test parameter on the hysteresis

envelopes and stiffness degradation of the piers is discussed.

5.1 The Hysteresis Envelopes:

The hysteresis envelopes. evaiuated for these test specimens, provide considerable
information about the behavior of the specimens and how that behavior is affected
by the various parameters under investigation. The ultimate iload. the ultimate
deflection and, in general. the shape of the hysteresis enveiope are all dependent
0 a varying degree upon these parameters. These will be discussed in the following

subsections.
5.1.1 Effect of Bearing Load

Examination of Figures 5.1, 5.2 and 5.3 shows that the vertical load affects
the behavior considerably. As the vertical load increases. so does the ability
of the pier to offer lateral resistance. This is particularly evident in the
increase of the lateral load required to initiate cracking (indicated on the figures
by a black dot) when the bearing load increases. The reason for this is clear.
For the higher level of vertical bearing load being considered, the ultimate
failure mode is usually shear or. to be more explicit. diagonal tension. As the

lateral displacement increases the shear or shear-sliding failure modes begin



appearing in the form of diagonail cracks. The pier gradually begins to lose
its resistance when the diagonal cracking appears and the cracks widen and
spread as the horizontal displacement increases. In order for the masonry
to fail in diagonal tension, the tensile stresses induced by the horizontal
displacement must first overcome the compression field caused by the vertical
load. The greater the vertical load, the greater the compressive stresses. soO
that the tensile stresses needed to surpass these compressive stresses, to
the effect of causing failure, will also be much larger. Cracking is accordingly
defayed until the resistance grows to a higher level, resulting in a larger Joad

when cracking is visible.

Figures 5.1, 52 and 5.3 also show that with increasing vertical load the ductility

of the piers decreases considerably as the failure becomes more brittle.

For the lower level of bearing load (20 - 30 kips) the initial behavior is the
same as for the higher bearing load; this is shown in that. when the lateral
displacement increases. some diagonal cracks form. However, before the diagonal
cracks can propagate, the vertical reinforcement yields and the behavior becomes
flexural and as a consequence ductile. The deflection increases with relatively
minor increase in lateral load resistance. mostly due to strain hardening of

the vertical reinforcing bars. until failure occurs.
5.1.2 Effect of Horizontal Reinforcement

in this study both the amount of horizontal reinforcing sieel and the distribution
of the steel throughout the height of the pier are varied. The general comment
can be made that a change in the amount and distribution of horizontal
reinforcement resuits in relatively little change in the hysteresis envelope of
a pier. This was also found to be the case in the tests reported in [1.2,3.4]
Of the three types of piers only those made of concrete block (HCBL) seem
to be affected. In Fig. 5.4(a) the ultimate load increased by 16% when the
horizontal reinforcement was doubled from 2 to 4 #5 bars. However, the
ductility increased considerably although this effect can also be attributed to

an increased effectiveness of the horizontal reinforcement because of a proper

- 57 -~



ancorage (hookl.

Two concrete biock walls used Dur-O-Wal wire trusses at every joint as the
horizontal reinforcement. One had only Dur-O-Wal, the other Dur-O-Wal plus
2 #5 bars. Comparing the two Dur-O-Wal tests (Fig. 5.4(b)) shows that the
addition of the 2 #5 rebars increased the uitimate load by 27%. However.
comparing these tests with the test that had only 2 #5 rebars shows that the
addition of the Dur-O-Wal is relatively ineffective in increasing ultimate strength
but can signiticantly enhance the ductility of the pier. The more uniform

distribution ot the steet probably contributed to that effect

The walls made of hollow clay brick (HCBR) had various amounts of horizontal
reinforcement.  Examination of Figures 5.5(a-e) shows that the hysteresis
envelope is ailfected very little by the amount of horizontal reinforcement. in
the comparative cases shown. more than doubling the amount of reinforcing

results in very little change in the hysteresis envelopes.

For the double wythe grouted core clay brick piers (CBRC). the difference in
the two seis of tests whose results are exhibited in Figures 5.6(@) and 5.6(b)
is the amount of vertical load, (a) being lightly loaded. (b) heavily loaded. In
the lightly loaded piers. increasing the number of #5 rebars from 1 to 5 had
little effect on the envelope. In the heavily loaded piers the envelopes are
slightly different but their character is the same. The behavior of the lightly
ioaded piers is flexural but neither pier was tested to failure under the light
load. All four piers show that, after cracking, the horizontal reinforcement
in all cases was unable to pick up any of the iaterai load resistance lost by
the masonry due to cracking.

5.1.3 Effect of Anchorage of Horizontal Reinforcement
In this test program the great majority of the piers displayed a shear or
diagonal tension failure. [n understanding the behavior of the pier it is

advantageous to examine the same probiem in reinforced concrete. Both

masonry and concrete are brittle materials and weak in tension. Considering

- 58 -



a reinforced concrete beam under a large shear load it is realized that the
failure of this beam can be prevented and its ductility considerably enhanced
by using stirrups of reinforcing steel. in the masonry piers these stirrups
correspond to the horizontal reinforcement. It is the difference of the two types
of construction that reveals the weakness of the piers. In the reinforced
concrete beam the stirrups are embedded in the concrete so sufficient
anchorage is available to develop very high loads in the stirrups. In reinforced
masonry piers, the horizontal bars are not able to realize their full capabilities,
usually because of poor anchorage. |If the bars are simply laid in the mortar
and/or grout at determined intervals, the bars are of little help in picking up
horizontal resistance following cracking and failure will occur soon afterwards

and wiill be sudden.

Theretore, one of the most important aspects of using reinforcing bars to
improve the ductility of masonry piers is to provide sufficient anchorage. With
sufficient anchorage the horizontal bars can realize their full value in maintaining
the integrity of the piers following cracking. Recognizing this the piers in these
tests were constructed with three different types of anchorage of the horizontal

reinforcing bars. These anchorages are described as follows (refer to Figure
2.5):

1. The ends of the horizontal reinforcing bars are bent 90
degrees downwards into the grout in the cavities containing

the end vertical reinforcing bars.

2. The horizontal reinforcing bars are bent 180 degrees around

the end vertical reinforcing bars.

3. Plates are welded onto the horizontal reinforcing bars and

the assembly embedded in the grout.

The test resulls are exhibited in Figures 5.7, 5.8(a) and 5.8(b).
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in the hollow concrete block piers (HCBL only the 90 degree and the 180
degree anchorages were used. The resuits are compared in Fig. 5.7. Since
with no anchorage the drop off in the load would follow soon after the initiation
of cracking (the black dot in the figures). both anchorages are effective in
impraving the ductility. With the 90 degree bent bar. however, the failure was
sudden, exhibiled by the abrupt drop in ilcad as the bars straightened and
the anchorage failed. With the 180 degree hook. not only was the strength
enhanced. but the failure was gradual, a very desirable quality.

For the hollow clay brick piers (HCBR), all three anchorages were tested.
In Figure 5.8(a)., where the horizontal reinforcement was light. the influence
of this parameter is dramatic. All three were effective in increasing ductility,
but it is evident that both the hook and the plate were more effective: both
considerably increased the strength of the pier and there is little to choose
between them. Similarly, for the piers with heavy horizontal reinforcing (Figure
5.8(b)) the end plate was the most effective whereas the 90 degree bent was
the least effective.

5.1.4 Effect of Distribution of Vertical Reinforcement
To study the effect of the distribution of the vertical reinforcement three

combinations of bars were used, each combination contributing the same total

cross—sectional area. The three combinations were

1. 2 #7 bars - A = 1.20 in?
2. 4 #5 bars - A = 1.24 in®
3. 6 #4 bars -~ A = 1.20 in?

Two of the bars were placed in the outer cavities, the remainder were
distributed evenly over the remaining width. The 1.20 in? represents about

0.45% of the gross area of a pier. The test results are shown in Figures 5.9¢a),
5.9(b), 5.10(a) and 5.10(b).
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The overail effect of distributing the vertical reinforcing bars over the width
of a pier seems 10 be inconsistent. It would be expected that, since cracking
in the shear modes of failure (shear and shear-sliding) initiates near midwidth
of the piers. the reinforcing bars would be somewhat effective in inhibiting

further cracking by dowel action and thus affect the hysteresis envelope.

For the hollow concrete biock specimens (HCBL) the effect of the distribution
is negligible. However, for the hollow clay brick specimens (HCBR) the effect
is quite pronounced when the results with an intermediate number of bars are
compared with the results for the minimum number of bars; the strength is
increased by 25%. In contrast to this when the maximum number of bars is
used the strength again reduces. The reasons for this are not known, but
it could have something to do with the anchorage of the vertical reinforcing
bars to the test rig.

5.2 Stiffness Degradation

The stiffness degradation properties of each pier are presented in Appendix A as
stiffness vs. horizontai (shear) force., and stiffness vs. relative horizontal displacement
curves. These relationships indicate the sensitivity of the stiffness of the masonry
piers with respect to the level of horizontal force. or relative lateral dispiacement.
Significant stiffness degradation was present even at the beginning stages of

horizontal loading, much eartier than the development of the first visible cracks.

The stiffness values of all three types of piers at the cracking stage were about
50% of the initial stifiness. The stiffness degradation characteristics of the masonry
piers observed through the experiments, show that they do not possess a linear

lateral force vs. deflection relationship even at very low levels of horizontal load
resistance.
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5.2.1 Effect of Vertical Load.

Comparisons of stiffness degradation curves of specimens subjected to different
levels of bearing load are shown in Figures 5.12. 5.13 and 5.14 for the three
pier types. Al the figures indicate the dependence of horizontal stiffness on
vertical load level. Although not very significant. there is a tendency toward

decreasing stiffness degradation rate with increasing level of vertical compression.
5.2.2 Effect of Horizontal Reinforcement

Stifiness degradation curves of the hollow concrete block (HCBL and hollow
clay brick (HCBR) piers are compared for different amounts of horizontal
reinforcement in Figures 5.15 and 5.16. The specimens compared in each figure
displayed very similar stiffness degradation characteristics regardless of their
amounts of horizontal reinforcement. Although the stiffness values of the more
highly reinforced specimens are silightly above those of the less reinforced
ones. the differences are negligible.

Stiffness degradation curves of two double wythe grouted core clay brick (CBRC)
specimens shown in Fig. 5.17(a) also indicate that the stiffness degradation

is independent of the amount of horizontal reinforcement.
5.2.3 Effect of Type of Anchorage

No consistent correlation is observed from Figs. 5.18 and 5.19 between the
stiffness degradation characteristics and the anchorage of horizontal bars of
the hollow concrete block (HGCBL) and hollow ciay brick (HCBR) specimens.
However, the stiftness value at any given horizontal load level is considerably
higher when horizontal bars are hooked around the vertical bars or welded

to the end plates, compared with the values for those bent vertically into the
grout core.

__62_



5.2.4 Effect of Vertical Reinforcement Distribution

it can be observed from Figures 520 and 5.21 that stiffness degradation in
masonry piers is not affected by the distribution of vertical reinforcement.
The degrading stiffness value at a given level of horizontal load shows an
increasing trend as the distribution changes from two to more reinforcing bars.

However, these results are inconsistent.

5.3 Crack Width Measurement

During the testing of specimen HCBL-11-25. two additional displacement
measurements were taken by the DCDT’s attached to the pier. These DCDT's
were measuring the relative horizontal displacements between the vertical edges
at the middle and top leveis of the piers. These displacement readings correspond

to the horizontal projection of the cumulative crack width throughout the pier.

In Figure 5.22 cumulative crack widths measured during the peaks of each
displacement cycie are compared with the peak values of relative horizontal
displacement. No crack width measurements were recorded at the uncracked stage
as expected. The figure shows that the opening of cracks under increasing horizontal
displacements is controlled very well by the 0.2% horizontal reinforcement until
crushing occurs.
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SECTION 6 SUMMARY AND CONCLUSIONS

In the introduction of this report is was pointed out that this particular study was
directed at the influence of four parameters on the seismic behavior of thirty masonry

piers. These parameters were

1. The level of bearing stress
2. Amount of horizontal reinforcement
3. Anchorage of horizontal reinforcing bars (four different types

including joint reinforcement).
4. Distribution of vertical reinforcement

From the many different types of masonry structural elements used in actual masonry
construction, this test program focused on the behavior of piers commonly found in
perforated shear walls. The test specimens were constructed from three different, but

commonly used maiterials. These were

1. Hollow concrete block piers (HCBD

2. Hoilow ciay brick piers (HCBR)

3. Double wythe grouted core clay brick piers (CBRQ).
-_ 87 -
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All the piers had the same ptanar geometry and were fully grouted.

in Section 5 of this report the influence of each of the four parameters on the behavior
of the piers was discussed. The discussion focused mainly on the influence of the
parameters on the hysteresis envelopes of the piers. as determined from the resistance
to the successively increasing displacement imposed on the piers. The effect of the
parameters on stiffness degradation was also discussed. The following is a summary

of the major findings.

1. Bearing Load : The magnitude of the bearing load was found to

have a significant effect on the hysteretic behavior of the piers.
The larger the bearing load, the greater the horizonlal resistance,
i.e. larger laterai force is required to induce cracking and cause
failure of the piers. This is explained from principai stresses. a
larger lateral load is required to exceed the compressive field
resulting from the larger bearing load. This compressive field must
be overcome and tension stresses introduced before cracking can
begin.

The bearing load also influenced the behavior mode of the piers.
For low bearing loads the piers deformed in flexure with high
ductiiity, whereas for high bearing loads the behavior was
characterized by shear deformations (diagonal cracking) and
reduction in ductility.

The effect of bearing load on stiffness degradation was also noted
although not very significant. the stiffness degradation was less

pronounced with higher bearing loads.

2. Amount of Horizontal Reinforcement : The amount of horizontal

reinforcement was not found to be a significant factor in the
hysteretic behavior of the piers. In tests reported in {1.2.3.4] a
positive correlation was observed between increase in horizontal

reinforcement and improvement in inelastic behavior. It was noted.
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however, that onily some of the piers showed such improvement
and that the improvement was not proportional to the increase in

reintorcement. This study confirms those findings.

The effect of the amount of horizontai reinforcement on stiffness

degradation was also found to be negligible.

Anchgorage of Horizontal Reinforcement : This study showed that

the most significant improvement in the hysteretic behavior of piers
failing in shear is provided by adequate anchorage of the horizontal
reinforcement.  Without anchorage the ultimate strength is relatively
low and faiture foliows immediately after the ultimate strength is

reached. The failure is sudden and complete.

Anchorage provided by 90 degree bends grouted into the vertical
end cavilies increases the ultimate strength and provides some
ductility.

Significant improvement in the hysteretic behavior was accomplished
in two ways: by hooking the horizontal rebars 180 degrees around
the vertical end reinforcing bars. and by welding plates to the ends
of the horizontal reinforcing bars and embedding the assembly in
the grout. These types of anchorage increase the ultimate strength
above that for the 90 degree bends but, more important, significantly
increase the pier ductility.

Dur-O-Wai trusses embedded in the bedjoints were not as effective
in increasing the pier strength as the conventional horizontal
reinforcing bars. However., the use of Dur-O-Wal appeared to
improve the ductility of the piers. possibly because of a more
uniform distribution of the horizontal steel.

No consistent correlation was observed between the anchorage of
horizontal reinforcement and the stiffness degradation.
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4. Distribution of Vertical Reinforcement : Three different configurations

of vertical steel were used in this test program. The configurations
employed identical steel ratios. but different distributions. The
distribution of the vertical reinforcement was not found to be
effective in improving the hysteretic behavior of the piers. Slight
improvements were noted in the strength of the piers. but ductility

was not improved.

The distribution of vertical reinforcement had no effect on the

stiffness degradation of the piers.

Considering all the results from the thirty-two tests reported in this report the following

can be concluded:

1. Bearing ioad significantly influences the seismic behavior of masonry
piers commoniy found in perforated shear walls. Most important,
the level of bearing load can change the mode of failure. Low
bearing ioads favor the flexural mode of failure whereas high

bearing loads favor the shear mode of failure.

2. Horizontal reinforcement is effective in inhibiting the opening of
shear cracks. but with diminishing returns as the amount of
reinforcing steel is increased. Also. improved duclility appears to
be accomptished by distributing the horizontal reinforcing bars more
uniformly over the pier by using smaller bar sizes or even Dur-
O-Wal or a combination thereof. Typically, improvement can be
expected for horizontal reinforcement ratios up to three to five times
the minimum ratio specified by the 1985 UBC (0.07%). Horizontal
reinforcement ratios beyond that are not expected to improve the
ultimate strength of the masonry piers significantly, but a more
uniform distribution of this steet area will probably improve the
ductility of the piers.

_90_



Anchorage of horizontal reinforcement is very important for improved
hysteretic behavior of piers. It is recommended that all horizontal
bars with insufficient bond area be hooked 180 degrees around
a vertical reinforcing bar. This increases the strength and ductility
of the piers in the shear mode of failure.
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APPENDIX A PRESENTATION OF THE TEST RESULTS

The experimental resuils are arranged on two pages for each tesi, four graphs obtained
from ihe test data and photographs showing the successive crack patterns. The graphs

include the hysteresis envelope., strength degradation and stiffness degradation
relationships.

The strength degradation is presented in terms of the envelope curves of the first
cycles. second cycles and the third cycles in each loading stage. which were applied
at a constant input displacement.

Stiffness degradation is given as a function of both the horizontal force and the relative
lateral displacment.

Detailed information on the graphs is presented in Section 4.
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FIG. A.1b SUCCESSIVE CRACK FORMATION (HCBL-11-13)
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FIG. A.2b SUCCESSIVE CRACK FORMATION (HCBL-11-15)
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FIG. A.8b SUCCESSIVE CRACK FORMATION (HCBL-11-22)
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FIG. A.11b SUCCESSIVE CRACK FORMATION (HCBL-11-25)
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FIG. A.24b SUCCESSIVE CRACK FORMATION (HCBR-11-27)



(82-1L-¥92H) SLInS3Y

SIHONI-INIWIOVTSSIA IVLHOZINOH INTAVISY

95°0 Sr°o oro s£°e oE‘e s2'e 32 s1°0 616 s¢°e "»e
T T T T T | S— T T °
- a0
- @901
-1 2851
- ees?
-4 o952
osoL
82-T1-38J0H
SIHINI-ININIWILSIT TYANOZINOH InT1ivi3Y
[ 2 [ 34 05°8 (1 [ ] [ T4 ] [ I8 ] [0 ]
L n— Y T T T T T T T T ®
STIIAY QUi 30 340733 ———
STTIDAS GNOIIS 20 Fd0I1IE  ———reee -1 s
STIVA) 45813 M IH0IMNE
- L
- S
-+ [}
52t

82-11-480H

Vi ERR MR R\ ZOT

IOX-NOZFQ LOTOW | Wivaw

TYLINIWIdIdX3

eGey

O

SdIN-32404 WINOZINOH

® a2 9t [

BCT  #2t 01T 69T 08 (2] (3 " [ 1] 14
T T t T v ¥ T T Ll T ) T
-
-
-
82-11-¥80H
SIHORI-LNRIWVSSIG WINOZINON 3NTL613IN
[ T2 ] LM 85°0 er'e %we ©'e 0 e
RS T T T T T T 1 T T T T T

82-T1-480H

[ 1]

52t

O L L TWN® | AR\ ~TOX

TOX-NOLIQwt LOXKUGW I WA ®

143



(82-LL-Y9OH) NOILVWYO4 AIvY¥d JAISSIIINS 9G2°V "9Id




(0£-11L-492H) SLINSIY

SIHIMI-INIIVIESIT WLINOZINOH 3n1ivIIE

es5°e §0°0 ore SE°9 L ] s2'e e2'e 819 [ 2104 s°0 [
T T T T T T T T T ¢

~ s
K
3
N

=4 [ ) ] 1
’
]
d
1
)]

1 05T -
s
$
3
N
4

- 002 Fl
1
4
s

g 0952

900€
QE-TT-HAOH

#5°'9 Sr's  or"e  SE°S  sC's  S2°0

SIHINI-LNIMIWIESIQ TWINCZIUOH INTLVIZY

92°9 918 81°9 Se's ‘e

T T T T T L) ) Rl v °
STI240 QBINL 0 IHOIIMF  soereee
$T1040 G935 40 3OTIHMI ——— 2
$TI040 iS8l4 40 WOLIMI ——— :
3
3
s
0
i
1
:
L1
0
2
i
¥
0
sor "
s23

QE-TI-YEOH

TYINIWIYIdXT ®9¢°Y "9Id

SdIN-30U04 TWLINOZIHOH

e @2t oIt 88T &8 (1] &L 9 s L 14 (3 (1) [ 13 L]

QE-TT-443H

SIMINI-LNWIVASIQ WINOZIVOH INTLYTIN

05°8  Sb°¢  Or°e  SETE  6C°0  S2'3 82°8 ST AICe  SO'e Q08

T T L L ¥ T ] 1 T

GE~TF-HEIH

0852

(1]

Gl T WIN® | X Q O\ = EOX

TORAMOZI-C€- LOKOW I Wra N

145



(0€-11-490H) NOILVWYOL

AV

JAISSIIINS G9¢°Y "9Id

146



(8-11-2¥42) SLINSIY

SIHDNI-ININIWIGSTA TVLNOZIN0H INTIVIIS

TYINIWI¥3IXT [Z'Y 914

SdIN-~30404 TYINCZINOH

95°¢ Sp°0 [ 14 ] SE°e [ 4 ] sg'e ez'y s1°8 [ 154 ] 59°'0 "”e
T T T T T T T T T 0
ke | (22
N
3
N
- [ 19 1
’
]
d
4
b
4 eest =
8
¢
3
]
4
-1 o902 .“
4
H
~ 2952
06
8-11-048d
SININI~LRRLITOUIISIC TULNOZIM0H 30TLYIIY
es'9 -1 ] (124 ] st'e 8E'® s2'e ez2°Q S1°@ o1°9 1A [ ]
T T T T T T T T 4
STIoAD GEIAL 0 30123 ——
STI34 GWODFS 20 B4OIBWI ———— 1 =
$I1340 ASHIS 20 3e0TIWWT e s
1
X
3
= 406
]
4
1
]
4 @ i
]
Z
1
¥
#
- st
st
8-¥1-0440

6CT €21 #IT eot 05 (1] @ 8 (1] o ot [ et [
T T L) T Al ¥ L L) A 1 L] T
.
.
-
8-11-2¥80
SIHONI-LHIUINTISIC TULNOZINOH 3NTLVIIY
®sS'e  Sr's  er'e SE'®  BE'e S2°0  82'e  SI'e  8I'0 Se'e  e0°e
T T il T T T T

8-13-0883

8092

qese

e0eE

521

P UTETNE VPR RVEFE TNCS 251 3

TOXmNOT- € LOKGE I MmO W

147



(S8-11-2442) SLINS3y

SIHONI-LHINIIVIISIA ToLNOZINON INTIVIZY

050 SO K70 SET6 #E'¢ S2'9  02°¢  SI'® 91'e  53'9  e0'e
i
B
$8-T1-0¥40
SIHINI-ININIOVISIT WLINOZINoK INIIVIZY
5°0  SK'®  er'd  SE'®  eC'®  S2'e 02°0  STCe 01°0 sp'e e

L] 1 T T |l 1 i T

ST10AY GHINL 30 FOUINKF ———
$TI0A2 S35 0 FOIWNHE ———
$II0AD ASALS B0 ROLIWF ———— R

$8-11-0440

eeez

52

Ve ZWOS | M @A T 0T

TOUMNOTr€d WORVW I L~an

TYLINIWI¥IIXT 82V 914

SIIN-32u04 TYINIZINOH

8C1 921 611 per 0S8 ez oL e (1 o et e L] [

T T T T T T 1 T T T T

$8-11-0¥80

S3HONI-ININIIWIGSTIA TWINOZINON 2NILUTIY

#5°0  S¥'6 60 SE°0  eE'e  S2°8  e2'0  S1'0  OrT'e  S¢°e  ee‘e

T T T i T T T T T

$8-11-044d

"n

51

052

980t

s2

13

»l

D UL ZWOW | KB B\ T O

TOXHNOZIrQS LOROW ! MeAW

148



(6-L1-2492) SLINS3d

SIHOHI-LNIFHIWTISTA IVINOZISOH INTLIVI

€S9 S¥°0  9FTe  SE'e  0C°e  S2'0 820  ST'e 610 Se's  ee¢
T T 1 ] ] 1 ¥ t ¥
-
e
6-171-0482
SIHONI~IHNINIWULSLT TWINOZIE0H INIIVIIE
85°0  SK'¢ W9 SETE 8C°e SO 82 SI'e 16 S8Te 0o

T T 1 Ll T T

STIOAS QEINL 0 3u0TIWI ———
SITIIAI GNOIIS 0 340IWNHI e
SFIAD 15814 S0 FOVIWI] ——

L)

6-11-0880

(111}

0051

(1]

OF LM ZWRG LA WM\ STOX

TOKHNOLIF € LOMOW | Kman

IVINIWIYIdXT 62V "9Id

SdIN-30803 TULNOZINOH

SET 021 o5 a1 08 B 0L 83 ¢S 0 K 02 0 0
T T T T T T T T L) L] T T
6-11-2¥82
SIHINI-ININIOWIJSIQ TWINOZINOM INILV1IM
95°¢  Sr'e ey SETe 9L 52°8 420 ST'e 018 506 90

6-11-2480

(1]~

oes2

809E

VP LLZWHR®G | MAW\~EOT

TOKMNOZI €U LOKROW I M~A W

149



X AWig
By 34
HAU-IEED 1833
B i

(6-11-0¥9D) NOILYWYO4 AOwYd 3IAISSIVONS dG62°Y "9Id

Bar'y i 34V
S Ty
20 w3

570 ¥ XM

T
wire i
ot 7R
s T

TR VW
2L 3NS
BE w3190
TN (5
am a3

150




(0L-L1-2¥82) SLINSI TVINIWIYIdXI ®oE’Y "9Id

SIHONI-ANINIOVIISIA TULINOZINON INTLVTIIY $dI1N-30804 TVINOZINON

85'9 SP°e  er's - [ 1A ] 520 e’ st°e ete e [ ] T 82T ST e80T 08 o [ 72 () [;] ”» o «o [ 13 [}
T T T T T T T T T ’ T T T T T T T T T T T T ]
- 05 - o
"
2
N
T ovee i 4 eeet
S
d
1
2
vost = 4 eest
H
i
N
-1 [ u
I - "2
1
s
- 0052
- "ws2
[T
(103
81-13-04880
01-11-0380
SIMONI-ANINIIVIASIQ WANOZINOH INTLVIIE SIHONI-INIIYIdSIE TYINOZINON 3N1AVIIN
95°0 Sk’ ep'e  SE'e  9€°¢  S2°0  @2°0  SITe 61'e 58T 99°0 ®5°6  SY'e  0y'e  SE'e  OEe  S2°9  #2°0  SI'e 619 SO0 60°9
T T T T T T T T T ° T T T T T T T T T @
$TI3AD CUIML 40 IOTMNI —
$31343 BMODIS 20 MOTWW} ———n 1 s2 s 2
STIMAD LSHI4 20 MOVWNI] —— !
b]
3
(1] M - o5
]
4
K}
i
. &\ 9 s
. m
// w
A :
ool 4 et
s21 sar

81-11-0¥80 0T-T1-048)

Ll R THL L FRVET AN T8 3

TOXK=NOLFCu) WORUW I MAW

151



(0L-LL-2490) NOILVWY04

e 18
G AT

A0VHD JATISSIIINS  qOE°Y "9Id

152



(L1-11-2499)

SIHINI~INRINWIASIT TVINOZIN0H 3NTIVIZN

[N ] sr°e ore SE*e 22 ] s2'¢ e s51*¢ 10 Sece e
T T T T T T — T
-
B
TE-37-0482
SIMONI-ININTOVIASIA TYANOZINOH INTLIVIZY
s e 5p°9  or°S SE°e L0 ] s2°'0 ez"e st s S8 e
T T T T T T T T T
STITAD CUIML 40 FOIIMI e
$T134D 640235 40 MIINNY ————
STIMD ISK14 20 I013WE ————
L
TT-37-0482

SLInsS3d

(113

0"®wol

st

ot

s2

(2]

TVLINIW I IdXE

eletyY "9ld

SAIN-33804 TYINOZINOH

6T 82T o1l 093 [ 1] [13 [ T2 (] S [ 1] ”2 [ 31 [ ]
] 1 T 1 T ¥ ¥ T T T ¥
N
k]
N
: .
s
d
1
3
: J
13
3
N
El
k Ig
1
4
S
4
13-17-0889
SIMOMI-LNWIIVIISIE TWINOZINOH 30126134
5e E-10d ] e SE°e e 52°9 [ - ] s1°¢ e s0°9 LT ]
T T T T T T T T L)
L
d
1
b}
]
?
i i
[]
4
1
v
4
L]
° *
z
1
[ ]
0
L]
i
TT-13-5480

205

001

0S5t

(1]

oot

Dl e T WS | MR BN ~EOT

TOXNOTI€d LOXHOW I NN

153



FIG. A.31b SUCCESSIVE CRACK FORMATION (CBRC-11-11)
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