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Chapter 1. INTRODUCTION

1.1 Background

The masonry structures built in the late nineteenth and early twentieth centuries
were designed with empirical equations derived from construction practice (Heyman,
1995). Many of these structures are still standing today, which attests to the soundness of
the design with respect to gravity loads. However, many of these buildings are
unreinforced and have not yet been subjected to intense lateral wind or earthquake loads
(Epperson and Abrams, 1989). Throughout eastern and mid-America there exists a large
inventory of unreinforced masonry (URM) buildings that pose a great hazard in the case
of an infrequent but large seismic event. The earthquakes of 1999 in Turkey and Taiwan,
and 2000 in India, served as a reminder to the vulnerability of URM structures and the

need for sound evaluation and rehabilitation techniques (Hays, et al., 1999).

Seismic performance of these structures is largely dependent on the strength and
behavior of in-plane shear walls. The lateral load capacity of URM shear walls is often
limited by modern design codes (MSJC, 1999) to the onset of flexural cracking.

However recent research has indicated that URM walls can resist considerable lateral
force after the formation of the first crack and still behave in an elastic manner while
resisting loads larger than those that caused initial cracking (Abrams, 1992 and Magenes,
1997). URM walls have been proven to be ductile elements capable of dissipating energy
through rocking or bed-joint sliding, and thus design codes may be overly conservative in

evaluating the capacity of these components.

The leading document available today to guide an engineer on the seismic
rehabilitation of URM walls is FEMA 356. This document titled “Prestandard and
Commentary for the Seismic Rehabilitation of Buildings™ was released in December of
2000 by the Federal Emergency Management Agency (FEMA), as part of the National
Earthquake Hazards Reduction Program (NEHRP). This document provides methods,
using the concepts of performance based design, for the analysis and rehabilitation of

buildings made of masonry, concrete, steel, timber or any combination of these materials.

1



Performance of Rehabilitated URM Shear Walls: Flexural Behavior of Piers Chapter 1

Performance based design allows the engineer, and building owner, to jointly
specify the desired building performance level for a particular earthquake magnitude,
evaluate the capacity of the structural components to determine if they meet performance
objectives, and design rehabilitations for the components if they do not meet the

objectives.

Performance levels are based largely on the amount of damage that would be
incurred. Damage to a structural component is often considered to be a function of lateral
displacements. Unlike design codes, where the acceptability of a component is
determined by its strength, in FEMA 356 component acceptability is determined by the
amount of damage which is expected to occur at a particular lateral deflection or drift.
Numerical coefficients relating drifts to damage were deduced from laboratory tests
available at the time. Further research is needed to validate and reduce the uncertainty in

this data, particularly for the case of rehabilitated components such as URM shear walls.

1.2 Obijective and Scope of Research Project

The objective of this research project was to investigate the performance of URM
piers subjected to in-plane loading. Eight URM piers were constructed and tested by
applying cycles of in-plane displacement. The test piers had a high height-to-width
aspect ratio to permit a study focused on the flexural mechanisms and instabilities that
lead to failure. Three of the piers were non-rehabilitated to enable a direct comparison of
their performance to the performance as estimated by FEMA 356. The non-rehabilitated
specimens were each subjected to a different amount of vertical force, representative of
additional stories bearing on the piers being tested. The remaining five specimens were
rehabilitated using modern techniques to investigate the resulting modifications to wall

behavior and acceptability of the rehabilitation techniques.

The experimental study parameters of interest include lateral strength, stiffness,
and deformation capacity. In particular, the testing of the flexural walls was directed

toward answering the following questions:
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1. Are the lateral strength and deformation capacity of a URM wall dominated by
flexure as estimated by FEMA 356?

2. How does wall behavior change with an increase in axial compressive force?

3. How are flexural mechanisms for slender masonry walls affected by different
rehabilitation interventions?

4. What drift is permissible for URM walls governed by rocking behavior?

5. How does the FEMA 356 estimated behavior compare to the measured behavior of

the rehabilitated piers?

1.3 In-plane Behavior of URM Walls
1.3.1 Flexural vs. Shear Mechanisms

The behavior of URM walls under in-plane loads can generally be divided into
two categories, shear and flexure. Whether a wall is dominated by shear behavior or
flexural behavior is largely dependent on the aspect ratio and the vertical axial
compressive force. For slender walls (L/h less than 1.0) with relatively light axial stress,
behavior is usually dominated by flexure and a limiting mechanism of either rocking or
toe-crushing. For stocky walls (L/h greater than 1.5) with moderate to heavy axial stress,
shear usually dominates behavior and leads to failure through bed joint sliding or
diagonal tension (Magenes, 1997). Within these categories, limiting mechanisms of
rocking and bed joint sliding are classified as “deformation controlled actions” because
research has shown that large inelastic deformations are possible without a significant
loss in strength. In contrast, diagonal tension and toe crushing behavior modes are
known as “force controlled actions” because the ultimate failure can be abrupt with little
or no subsequent deformation. This testing of the eight piers is focused on flexural
behavior (i.e. rocking and toe crushing) with test piers of a single aspect ratio (L/h of

0.56).
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1.3.2 Stiffness, Cracking, and Lateral Capacity of Piers

The in-plane stiffness of URM walls prior to cracking can be estimated using a
common equation for homogenous materials. In this case, where the wall is cantilevered,

the pier stiffness is calculated using Equation (1) (FEMA 356, Section C7.4.2.1):

pier 3
hEJf hE/f

+
3E, 1, AG,

where k . is the lateral stiffness, /.y is the pier height to the point of lateral load,

pier
E,, is the elastic modulus, 4, is the effective shear area (assumed to be 5/6 gross area, 4,),

and G, is the shear modulus (assumed to be 0.4F£,,).

In walls or piers with light axial compressive stress, the bed joint at the wall heel
will crack in tension prior to the toe crushing in compression. The lateral force at which

the mortar will crack is given by the following equation (Abrams 2000):

L*t
H =="(f +F 2
cr 6h (fa tu) ( )

where H,, is the lateral load to cause cracking, L is the length of the pier, ¢ is the
thickness of the wall, 4 is the height to the applied load, f; is the applied axial
compressive stress, and F7, is the flexural tensile strength of the masonry normal to the

bed joint.

After flexural cracking has occurred, the ultimate limit state is rocking of the pier
or crushing of the masonry in the toe region depending on the aspect ratio and axial load.
Under light axial loads the pier will usually rock with a lateral strength given by (FEMA
356, Section 7.4.2.2.1):
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L
H,,.. =09df A, (Zj 3)

where a is a factor to account for boundary conditions (0.5 for cantilevered and
1.0 for fixed-fixed), and A4, is the gross cross sectional area. Under moderate to heavy

axial stresses toe crushing can occur and the lateral capacity is given by (FEMA 356,

Section 7.4.2.2.2):

_ Ly S
D .

where f’,, 1s the ultimate masonry compressive strength. Clearly these two
equations (3) and (4) are very similar. The main difference is the last term in equation (4)
that reduces the capacity depending on the amount of applied axial stress relative to the
compressive strength. As the relative amount of axial stress increases so does the
likelihood of toe crushing. The level of axial stress that would result in equal toe
crushing and rocking strengths can be found by setting the equations equal to one another
and solving for f,. Following this process it is shown that, in theory for any wall with
axial stress greater than 7% of the ultimate stress, /7, toe crushing will govern the

behavior before rocking.

1.3.3 FEMA 356 and URM Piers

As stated in Section 1.1, FEMA 356 is based on the concept of performance based
design. Three performance levels are defined and used as discrete points to guide a
rehabilitation design based on the expected performance of a building (Section 2.8.3 of
FEMA 356). Performance levels are based on the amount of damage to both the
structural and non-structural elements. The three defined levels for primary structural
elements are Collapse Prevention (CP), Life Safety (LS), and Immediate Occupancy (I1O).

With regard to masonry the performance levels are roughly defined as:
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e Collapse Prevention- extensive cracks, dislodgment of units, noticeable
offsets

o Life Safety- Extensive cracks, no dislodgment of units, significant reserve
capacity

e Immediate Occupancy- only minor cracks

The Guidelines (FEMA 356) provide a linear static procedure (LSP) and a
nonlinear static procedure (NSP) for determining the acceptability of URM walls as a
function of these performance levels. A basic description of these procedures follows in
this subchapter. However, a thorough explanation of these procedures is beyond the
scope of this report, so the interested reader is referred to Chapters 3 and 7 of the

Guidelines.

1.3.3.1 Linear Static Procedure for URM Piers

The linear static procedure provides a framework for determining the
acceptability of components that are modeled elastically. Two procedures are given
within this framework depending on whether the limiting mechanism is a deformation or

force-controlled action.

As previously stated, piers or slender walls are generally limited by rocking or toe
crushing mechanisms. Rocking is considered a deformation-controlled action and thus is
assumed to have the capacity to deform inelastically without failure. Therefore
acceptance of piers governed rocking (H,,.+<H,.) is given by the following equation for

deformation controlled actions

mKQc; 2 Oy, (5)

where m is a component demand modifier to account for the expected ductility of

the deformation, x is a knowledge factor, Qcz is the expected strength of the component
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(given by Equation 1-3), and Qyp is design force due to earthquake and gravity loads.

The interrelationship of these variables (assuming k=1) is illustrated in Figure 1-1.

Where Ay is the yield displacement, 4 is the displacement for Immediate
Occupancy, 4;sis the displacement for Life Safety, Acp is the displacement for Collapse
Prevention, and Ayp is the actual and model displacement for the component under design

force Qup. FEMA 356 Section 7.4.2.3 defines m factors for acceptance criteria based on

rocking as 1.5h/L>1 for 10, 3h/I>1.5 for LS, and 4h/L>2 for CP.

Equation (5) is written in terms of force quantities, however its intent is to provide
an indirect measure of deflections that a component should experience (FEMA 356,

Section C3.4.2.1.1).

Piers governed by toe crushing (H,,.>H,.) are conversely considered to be force-
controlled components. A different process is used for determining their acceptability
because the ultimate limit state is based on stress and not deflection. This is because
nonlinear deformations are not permitted for force-controlled actions (FEMA 356,
Section 3.4.2.1.2). Therefore the force capacity (strength) must exceed the force demand

in accordance with the following equation:

KQCL 2 QUF (6)

where k is a knowledge factor, Q¢ is the lower bound strength of the component,
and Qur is design force due to earthquake and gravity loads (note: Qur is not to be

confused with Qyp as they are different).
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1.3.3.2 Nonlinear Static Procedure for URM Piers

The nonlinear static procedure provides direct information on lateral deflection
and force demands that are related to a specific loading. The nonlinear behavior of

primary masonry walls is idealized as shown in Figure 1-2.

The symbols d and e are empirically based terms to quantify the maximum
displacements without collapse for primary and secondary elements respectively. The
allowable drifts set by the acceptance criteria for a primary component are 0.1% drift for
10, d % drift for CP, and 0.75d % drift for LS. The ultimate drift level d is specified to
be 0.4 h/L% for primary walls governed by rocking, and the acceptance criteria are thus:

0.1% for 10, 0.3 A/L% for LS, and 0.4 h/L % for CP.
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Figure 1-2. Idealized Force-Deflection Relation for URM Walls
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Chapter 2. EXPERIMENTAL PROGRAM

Eight URM piers were constructed for this series of tests for the purpose of
investigating the performance of rehabilitated masonry components subjected to
simulated seismic loading. The full-scale test specimens as can be seen in Figure 2-1 and
Figure 2-2 represent the lower half of a pier between openings in which the horizontal
masonry “beams” are rigid as shown in Figure 2-3. Four of the walls were not
rehabilitated. These plain walls were each tested with a different applied gravity load.
This simulated a varying number of stories bearing on the pier being tested. The other
piers were rehabilitated with one of four techniques described later in this chapter. All
piers were subjected to a sequence of increasing drift imposed at the top of the wall to
examine their performance at various levels of deflection. Figure 2-4 is a picture of the

testing rig used throughout the experiment.

This chapter provides a detailed description of the test piers, a summary of the

material properties, and an overview of the testing program and instrumentation.

2.1 Description of Test Piers
2.1.1 Overall Configuration

Each of the eight piers consisted of an inverted “T” built of clay masonry units.
The masonry materials and dimensions of the pier, as shown in Figure 2-5, were the same
for all of the piers. All walls were two wythes thick with a collar joint filled by mortar.
Bricks were laid in an American Bond pattern (25 courses total) with a header row every
five courses and 3/8” struck bed joints. Rehabilitations were performed on five of these

“plain” walls.

The bottom of the pier being tested was constrained against in-plane rotation and
translation. The top of the pier was permitted to rotate and translate freely in all
directions. A reinforced concrete loading beam was mortared to the top of the pier to

assist in the application of displacements.
10
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2.1.2 Non-Rehabilitated Test Piers

Specimens 1F, 2F and 6F were tested as non-rehabilitated piers. Specimen 1F
was a virgin unreinforced masonry specimen. The testing of 1F produced damage in the
wall, but the limiting mode was rocking and thus damage was concentrated at one bed
joint across the base of the pier. The only visible damage was a crack through the bed
joint, and two cracked bricks that could be easily repaired. The wall was repaired and

used as Specimen 2F.

The test wall was repaired by remortaring the bed joint and replacing the damaged
bricks. The damaged bricks were removed by drilling and the new bricks were soaked
prior to placement as done in initial construction. The crack had developed along the
entire bed joint of course eight and could be repaired by temporarily lifting the top
section of the wall. The top section of the wall was suspended by the overhead crane
(courses 8 through 25 plus top beam). The bottom bed joint was cleaned by chiseling out
all of the existing mortar and blowing the joint with compressed air. Then the top of
course seven was wetted with water and a layer of mortar (Type N) approximately 5/8”
thick was placed. The top section of the wall was then lowered into the wet mortar
squeezing out the excess until a 3/8” joint was achieved. The wall was supported at this
height until the mortar was cured. This repaired specimen was now tested as Specimen

2F.

The wall damage incurred by testing of 2F was slight and concentrated, with a
crack through the entire bed-joint of course nine and minor cracking in the toe bricks. So
this wall was used again for Specimen 3F that was rehabilitated using a Fiber Reinforced

Polymer (FRP) rehabilitation.

Specimen 6F was a virgin unreinforced masonry wall, that was constructed to the
same standards as Specimen 1F. After testing 6F, Specimen 6Fb was tested using the
same wall as 6F with no repairs. The purpose for this will be explained in the next

chapter.

11
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2.1.3 Fiber Reinforced Polymer Test Pier

Specimen 3F was rehabilitated using strips of 270z. Tyfo uni-directional glass
fabric laminated to the surface with epoxy. This rehabilitation technique has been
evaluated by the Army Civil Engineering Research Laboratory (CERL) on stocky walls,
but not on walls this slender. In collaboration with engineers from CERL, the amount

and location of FRP strips were designed as shown in Figure 2-6.

Strips A, B, and D were placed on both sides of the wall as shown and strip C
wrapped around the wall in one continuous piece to confine the toe region. Strips A and
B were both 10” wide and extended the full height of the wall but were not anchored into
the concrete foundation pad or top beam. Strips C and D were 7 %" and 11” wide

respectively.

The FRP was applied to the wall without any additional repairs to the damage
incurred in the testing of 2F. This was a reasonable lower bound approach because the
only visible damage was a crack through the bed joint of course nine and minor cracking

of a brick in the toe region.

The surface was prepared for the FRP application by washing off all loose
particles and then filling all major voids. The CERL engineers and the FRP manufacturer
advised that it was not necessary to produce a continuously smooth surface for bonding.
As a result, the mortar joints were not filled in the preparation process. It was only
necessary to fill major voids to accommodate the varying dimensions of the reclaimed
brick. This was accomplished by filling each void with epoxy thickened by fumed silica
to a putty consistency. The rest of the wall, which was to be laminated, was painted with
epoxy 3 hours prior to application to seal the pores. The fabric was applied and it was
monitored for six hours to ensure that the brick did not absorb too much of the epoxy,
which would weaken the bond. Excessive absorption of the epoxy was visible where air
bubbles were pulled into the FRP fabric. This was remedied by injecting additional
epoxy through the FRP fabric with a syringe thus resaturating the material.
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2.1.4 Shotcrete Test Pier

Specimen 4F was a virgin pier of the same dimensions as all other specimens
except that it was rehabilitated with 4” thick reinforced concrete on one side of the
specimen to model the effects of a shotcrete overlay. The amount and placement of the
reinforcement was based on the minimums recommended in the Rutherford Chekene
report “Development of Procedures to Enhance the Performance of Rehabilitated URM
Buildings” [15]. All of the reinforcement was #3 Grade 60 rebar and was placed 2” from

the wall surface as shown in Figure 2-7.

The rebar and concrete were anchored the wall with 4™ all-thread steel rods. The
rods were cemented into 4” deep holes drilled in the mortar joints at the locations shown
by the circles in Figure 2-9. A 2 %4 fender washer was connected to the end of the all-

thread rods to disperse bearing stress on the concrete as shown on the left in Figure 2-8.

The concrete was not sprayed onto the surface as would be done in practice but
was poured through a formwork that was built around the wall as shown on the right in
Figure 2-8. Twelve-inch cylinders that were cast at the time of specimen rehabilitation
were tested after 28 days and had an average compressive strength of 5150 psi with a

standard deviation of 40 psi.

In most practical applications, the shotcrete rehabilitation would be used to
enhance the in-plane shear capacity through shear transfer across the interface between
the masonry and concrete surfaces. Due to the application process, the additional
concrete carries negligible or no axial load. To represent this load transfer, the vertical
and horizontal loads are applied at the center of the unrehabilitated side of the pier, at the

same load point as the other specimens.
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2.1.5 Surface Coating Test Pier

Specimen S5F was similar to 4F in that it had a reinforced concrete coating,
however in 5F the coating was only '%” thick and was reinforced with steel hardware
cloth. This rehabilitation technique is commonly referred to as “ferro-cement overlay”
and it was also designed according to the minimum guidelines set forth in the Rutherford
Chekene report [15]. The steel hardware cloth was 19 gage wire (0.04” diameter) with a
¥ grid spacing. Five wire segments were cut from the cloth and tested to determine the
ultimate tension strength. This was found to be 57 ksi with a standard deviation of 2 ksi.
The wire cloth was suspended 4” from the walls surface using all-thread steel rods
anchored in the bed joints, identical to the anchoring of rods in Specimen 4F. The 1000
psi cement coating was made of a 1-to-3 volume ratio of Portland cement and sand with
water added until a workable consistency was achieved. This coating material was then

troweled on the surface, passing the coating through the cloth as is shown in Figure 2-9.

2.1.6 Center Core Test Piers

The last two specimens utilized the Center Core technique. Two cores were
drilled in each wall. The cores had a diameter of 3-inches and were placed 21-7/8” apart
and centered in the wall as shown in Figure 2-10. The cores started at the top of the wall
and stopped one course up from the bottom of the wall. A single rebar was placed in
each cavity. #3 grade 60 rebar was used for specimen 7F, and #5 grade 60 rebar was
used for specimen 8F. An epoxy-sand grout was then poured into the cavities and
allowed to cure, as shown in Figure 2-11. Test cylinders of the epoxy-sand grout resulted
in an axial compressive strength of 12.42 ksi +/- 0.26 ksi with a Young’s modulus of 897
ksi +/- 42 ksi.

14



Performance of Rehabilitated URM Shear Walls: Flexural Behavior of Piers Chapter 2

2.2 Testing Procedures

Each test pier was subjected to a sequence of drifts of progressively increasing
amplitude as shown in Figure 2-12. Measured response was examined as the testing
progressed to discern variations in strength, stiffness, and damage at each drift level.
Location of cracks and crushing of bricks were noted and photographed as testing

proceeded.

2.3 Loading System

A custom loading system was constructed for this experiment (introduced earlier
as Figure 2-4). The test piers were anchored to a reinforced concrete foundation pad
using tie-downs. The foundation pad was 17’ by 7’ in plan and 1’ thick. It was attached
to the laboratory strong floor by twelve (1.375” diameter) Dywidag steel bars. A
reinforced concrete beam was mortared to the top of the test pier. This beam was 84” by
26” in plan and 18” tall and was displaced horizontally to the prescribed drift level by
two 110-kip servo-hydraulic actuators connected to the centerline of the beam. The south
actuator was driven in displacement control, while the north actuator was driven in force
control in accordance with the measured forces of the south actuator. This setup of the
horizontal actuators prevented torque from forming about the vertical axis of the wall,
since equal lateral forces were applied to both sides of the loading beam. A 25-kip servo-
hydraulic actuator attached vertically to the center of the loading beam provided a
realistic gravity force distribution to the top of the test pier. Axial forces were held
constant throughout the test by operating the vertical actuator in a force-controlled mode.
Axial force came from four sources: the vertical actuator, the weight of the lateral
actuators on the beam (875 lbs each), the weight of the concrete beam (2.5 kips), and the
weight of the masonry pier (900 1bs).
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2.4 Masonry Materials

The brick and mortar for the walls was chosen to simulate older masonry
structures in the Midwest. A pink Chicago common brick obtained from Colonial Brick
Co. in Chicago was used for all test walls. These bricks were reclaimed from buildings
built in the Midwest and thus were not imitations but the actual brick used in early
twentieth century construction. These bricks were subjected to a series of compression
tests that gave the average strength of 4050 psi with a standard deviation of 280 psi. The
bricks were solid with relatively consistent dimensions of 7.8 long, 3.6” wide, and 2.3”
tall. Bricks were soaked in water for thirty minutes prior to placement because of the

high initial rate of absorption.

Type N cement mortar (1 part Portland Cement, 1 part lime, 6 parts sand) was

chosen to replicate typical mortars used in the older masonry structures.

Five prisms were built at the same time as the construction of Specimen 1F and
five more prisms were built when specimen 4F was constructed. These prisms were then
tested in a universal compression machine according to ASTM C1314-97 after 28 days of
curing. The average prism strength was determined to be 1140 psi with a standard
deviation of 200 psi. The Young’s Modulus was determined from the prism tests to be

640 ksi with a standard deviation of 300 ksi.

2.5 Instrumentation

Horizontal and vertical loads applied to the test pier were measured using the
internal load cell of each of the three actuators. The horizontal in-plane displacement at
the top of the wall was measured relative to the laboratory floor using a temposonic
displacement transducer. In addition to the overall lateral displacement of the wall
specimen, it was desirable to measure displacements within the wall that could later be
related to strains. The arrangement of LVDTs changed slightly from test to test, but the

typical arrangement is given in Table 2-1. The displacement transducers were mounted
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to the wall using epoxy and small threaded rods embedded into the wall’s surface. The
displacement transducers forming an “X” in the upper portion of the wall were chosen to

measure shear deformations in this portion of the wall.

Shear strain was calculated using the following geometric relation:

Y= 09+ 010—-01sin(f) + 68sin(H)

2h_cos(0) @

where y is average shear strain and 6/0 (\ )and 09 ( / )are the measured
deformations of the diagonal LVDTs with the transducer orientation shown in parenthesis
and elongation positive for 6/0 and contraction positive for 9. In addition, 6/ and 68 are
the deformations of the left and right vertical LVDTs respectively with contraction
positive for d/ and J8. Theta is the angle of elevation of the diagonal transducers with
respect the horizontal plane, and /4 is the initial height of the verticals (Abrams and Shah,
1992).

Multiple displacement transducers spanned the bed-joint where flexural cracking
was expected to develop. These instruments provided a detailed record of the initiation
of flexural cracking as well as the crack width across the face of the wall at different

levels of drift.
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Table 2-1 Displacement Transducer Mounting Locations

1 | |
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D / G | F L~ C
y |
| | | ‘ I:F | H ‘ ‘
C C ! B
A-B A B
Y Y* Y A
Origin (0,0) X Origin (0,0) X Origin (0,0) X
TYPICAL FRP SPECIMEN (3F) CENTER-CORE SPECIMENS (7F,8F)
Coordinates of Transducer Control Points (Sym. About Y-axis)
All measurements in A B C D E F G H 1 J
inches (x,y)
TYPICAL (5.6,17.8) | (14,17.8) | (15.8,17.8) | (5.6,25.9) | (14,25.9) | (15.8,25.3) | (15.6,28.9) | (13.7,28.7) | (12.9,64.5) | (15.4,64.5)
FRP (5.6,17.8) | (7.1,17.8) | (17.3,193) | (5.6,31.4) | (7.1,31.4) | (17.3,29.6)
CENTER-CORE (117,00 | (11.7,233) | (14.7,26.1) | (14.7,64.5)
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Figure 2-11 Drilling of Cores and Placement of Epoxy-Grout
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Chapter 3. EXPERIMENTAL RESULTS

3.1 Overview

As reported in Chapter 2, each test pier was subjected to a sequence of
progressively increasing in-plane displacement reversals. The eight piers were subjected
to peak drifts in the range of 1.5% to 2.5% in the plane of the wall. The three non-
rehabilitated piers were tested with light, medium, and heavy axial force to examine
variations in behavior due to changes in the applied gravity force. The rehabilitated piers

were tested with medium axial force to isolate the effect of the rehabilitation.

Measurements for all test piers are given in Appendices C through J for the test
piers 1F through 8F, respectively. Included in this chapter is an overview of these

measurements as well as descriptions of observed behavior.

The measurements presented in this chapter provide the pieces necessary to
develop linear and non-linear lateral force versus deflection relationships according to the

provisions set forth in FEMA 356 Section 2.8.3.

3.2 \Visually Observed Behavior
3.2.1 Non-Rehabilitated Test Pier with Medium Axial Force (Specimen 1F)

Specimen 1F was tested with a constant axial stress of 42 psi applied to the wall.
Initial cracking was observed in the bed joint at the base of the pier at 0.10% drift (Figure
3-1a). The wall rocked in-plane (Figure 3-1b) with the cracks opening and then closing
without any sliding or twisting until 2% drift. At 2% drift the wall began to twist about
its vertical axis (Figure 3-1¢) and cracking of brick in the toe section was observed in the
first quarter cycle. The test was stopped at 2% drift to limit the damage to repairable

levels so that the specimen could be retested as Specimen 2F.
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3.2.2 Non-Rehabilitated Test Pier with Light Axial Force (Specimen 2F)

Specimen 2F was tested with a constant axial stress of 25 psi. Initial cracks in the
second and third bed joints of the pier were observed at 0.05% drift. These cracks
propagated through the bed joint and connected with increasing amplitudes; thus forming

a continuous crack about which the wall rocked up to 2.5% drift as shown in Figure 3-2.

As described in the previous section, Specimen 2F was not an entirely new wall.
The bed joint that cracked in the testing of Specimen 1F was repaired and the wall was
used again for this test. The flexural cracks that formed in 2F were in the bed joints
immediately above the repaired joint. This is most likely due to damage incurred within
these joints during the previous test. It is interesting to note that the strength of these

joints was reduced even without visible signs of damage.

3.2.3 Fiber Reinforced Polymer Test Pier (Specimen 3F)

Specimen 3F was rehabilitated with strips of FRP. All rehabilitated specimens
were tested with a medium level of axial force (producing 42 psi on the cross-section of
the pier). The limiting behavior mode of the specimen was delamination of the FRP.
The first signs of delamination were audible “popping” sounds at 0.08% drift. Visible
delamination of the four vertical strips began at 0.4% drift near the base of the pier. At
0.6% drift diagonal cracks appeared in the middle of the pier as shown in Figure 3-5a.
The diagonal cracking became more extensive in the exposed bricks with all increasing

amplitudes, but did not appear to propagate through the FRP to the edge of the wall.

At 1.25% drift the main vertical strip of FRP on the southeast corner (the vertical
strip on the right in Figure 3-5b) fully delaminated from the base, but remained attached
to the horizontal strip along the base of the wall. This horizontal strip enabled force
transfer to the wall base, and prevented a loss in strength. Also at 1.25% drift it was
noticed that the bed joint at the base of the wall had cracked causing the steel tie-downs

to engage.
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The base of the wall cracked just interior to the steel tie-downs (Figure 3-5d) and
the crack propagated through the mortar toward the centerline of the wall. After
successive cycles this formed a continuous u-shaped crack between the supports two

courses beneath the base of the pier.

The maximum drift was 1.9% drift at which level the vertical strip on the NE

corner of the wall fully delaminated causing an abrupt loss in lateral capacity.

3.2.4 Shotcrete Test Pier (Specimen 4F)

Specimen 4F was rehabilitated with 4 inches of reinforced concrete and tested
with medium axial force. Cracking began in concrete at the level of the reference datum
(Figure 2-5) at 0.2% drift and reached fully across the base of the pier at 0.3% drift as
shown in Figure 3-6b. Cracking in the masonry began in the bed joint at the level of the
reference datum at 0.3% drift as shown in Figure 3-6a. With increasing amplitudes the
wall rocked about the base crack, elongating the vertical reinforcement well into the
plastic range. When the cycles were reversed the vertical reinforcement did not compress
to its original length, thus the wall leaned out of plane away from the shotcrete. The
maximum drift was 1.5% at which point the wall was leaning three degrees out of plane
and compression forces were concentrated enough on the masonry face to cause crushing

as shown in Figure 3-6c¢.

3.2.5 Surface Coating Test Pier (Specimen 5F)

Specimen SF was rehabilitated with a ferro-cement surface coating one-half of an
inch thick that was reinforced with steel hardware cloth. The pier was tested with the
same vertical force as the other rehabilitated piers. Initial cracking was heard at 0.05%
drift, but it was not visible until 0.1% drift. Repeated cycles at 0.1% drift caused the
hardware cloth to fracture. Once the steel reinforcement fractured, the pier rocked like
the previous non-rehabilitated piers. The crack formed at the bed joint of the pier and
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lengthened with increasing amplitudes until it reached across the entire width of the base
at 0.2% drift. The pier continued to rock as seen in Figure 3-7 up to 2.5% drift without

any signs of additional damage.

3.2.6 Non-Rehabilitated Test Pier with Heavy Axial Force (Specimen 6F)

Specimen 6F was a new URM pier with no rehabilitation that was tested under an
85psi axial stress. Unfortunately a crack formed through the second bed joint while
attaching the lateral actuators, so the drift level at which cracking would begin is
unknown. As expected, the wall rocked about the initial crack when loaded laterally. At
0.5% drift the head and bed joints for the bricks immediately beneath the toe cracked as
shown in Figure 3-3a. The pier continued to rock in a stable manner as shown in Figure
3-3b. No further damage was observed until 2.5% drift when the toe brick in the

northeast corner cracked as shown in Figure 3-3c.

To determine whether toe-crushing could be induced, Specimen 6F was tested
again with 120 psi axial stress. The designation for this test was 6Fb. Since the main
crack for rocking had already formed the testing began with 0.5% drift and increased to
1.5% drift. At 0.75% drift the southwest toe brick split vertically in compression as

shown in Figure 3-4a.

No other damage was observed until 1.5% drift when the toe brick in the
northeast corner completely and abruptly crushed causing the wall to fall out of plane as

shown in Figure 3-4c.

3.2.7 Center Core Test Pier with Light Reinforcement (Specimen 7F)

The first center-core rehabilitated pier contained two #3 rebars. The vertical
stress was maintained at 42 psi. The pier was tested using the same displacement history

as the other tests. Visible cracking was observed at 0.15% drift in the bed joint below the
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reduced-width section of the pier. The crack pattern progressed downward and toward
the center of the wall with each increasing drift level, Figure 3-8a. Asymmetry was
observed in the height at which the cracks crossed the center-core locations. It was
discovered later that the west core did not extend down as far as was expected due to a
problem during the drilling operation. The predominant behavior of the wall was
rocking. The center of rotation was lower than the plain specimens and closer to the
center of the pier due to the presence of the center-cores. The test was stopped at 2%
drift because the top of the wall was tilting out-of-plane by approximately 1 inch, Figure
3-8b.

3.2.8 Center Core Test Pier with Moderate Reinforcement (Specimen 8F)

The second center-core rehabilitated pier was reinforced with two #5 rebar placed
similarly to those of specimen 7F. The vertical stress was maintained at 42 psi for the
duration of the test. The load history used was the same as all of the previous specimens.
The first visible cracking was noticed at 0.15% drift. The pier rocked (Figure 3-9a) about
a point similar to specimen 7F. The crack pattern was symmetrical and formed the lower
half of an oval, which crossed the center-core locations approximately 3 or 4 bricks from
the bottom of the specimen, Figure 3-9b. At 0.75% drift a vertical crack was observed on
the back side of the wall directly in line with the East core. At 1.5% drift the wall began
twisting about it’s vertical axis. The test was stopped at 2.5% drift because the rotation

was threatening the overall stability of the pier.

3.3 Measured Lateral Force Versus Drift Relationships

Measurement of the lateral force required to impose a particular in-plane drift is
essential in describing the behavior of the test piers. The base shear versus drift at the
centerline of the loading beam is shown in Figure x.1 in Appendices C through J for

specimens 1F through 8F, respectively.
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The non-rehabilitated specimens (1F, 2F and 6F) initially behaved in a linear
elastic manner. After cracking the curve softened and maintained tight hysteresis loops.
Peak strength is produced at approximately 0.5% drift. The rocking strength of the pier

remained constant for all subsequently larger drifts.

The rehabilitated piers displayed a wide variety of behavior. The FRP
rehabilitated pier had a force-drift relationship that was smoothly decreasing in stiffness
and gaining strength until there was a sudden loss of strength. The hysteresis loops
indicate that the FRP specimen supplied a moderate amount of energy dissipation. The
shotcrete rehabilitated pier had a force-drift relationship similar to a mildly reinforced
concrete member, with an initial linear elastic region followed by yielding and large
quantities of energy being dissipated as the strength increased slightly with increasing
drift. The surface coating rehabilitated pier had an initial linear elastic force-drift
relationship. The strength of the rehabilitated pier peaked slightly higher than that of the
non-rehabilitated pier having the same axial force. However, fracture of the steel
hardware cloth reduced the strength to the rocking strength of the non-rehabilitated pier.
The remainder of the force-drift relationship was similar to that of a non-rehabilitated
pier. The center-core rehabilitated piers also possessed an initial linear elastic region
followed by softening of the force-drift relationship. However, the strength of the
rocking mechanism was greater than that of a non-rehabilitated pier and the energy

dissipated was moderate.

3.4 Alternative Modeling Parameters and Acceptance Criteria
According to FEMA 356

3.4.1 Idealized Lateral-Force-Deformation Pushover Curve

A method for generating an idealized lateral-force-deformation pushover curve
from actual test data is given in Section 2.8.3 of FEMA 356. The hysteretic curves
described in the previous section are the starting point for this process. For each test pier,

a backbone curve is constructed by connecting the points of the hysteretic where the first
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loading curve of one deformation step intersect the last unloading curve of the previous
deformation step. The backbone curve is given in Figure x.2 in Appendices C through J

for Specimens 1F through 8F, respectively.

A multi-linear force-deformation curve is then fitted to the backbone curve as
shown in Figure x.3 in Appendices C through J for Specimens 1F through 8F,
respectively. The multi-linear approximation must conform to one of the three types
given in Figure 2-3 of FEMA 356. The next step is to combine the positive and negative
branches of the force-deformation relationship to form one composite curve. This is
accomplished by averaging the slopes of each respective segment of the multi-linear
curve, and then applying this stiffness to a region bounded by the average of the drifts of
the positive and negative contributing segments. The composite force-deformation
relationship is shown in Figure x.4 in Appendices C through J for Specimens 1F through

8F, respectively.

3.4.2 Acceptance Criteria

Acceptance criteria provide a standard of comparison for the structural
performance of the element being designed. For deformation-controlled primary
structural components, these acceptance criteria take the form of drift limits for the NSP

or m-factors for the LSP.

Acceptance criteria for use with the NSP and deformation-controlled primary
structural components are the drifts which cause damage to the pier in accordance to the
associated structural performance level. These drifts are approximated from the
composite force-deformation curve as specified in FEMA 356 Section 2.8.3.6. The LSP
uses the ratio of the NSP prescribed drifts to the yield drift with a 0.75 factor in the

numerator.

These acceptance criteria are shown in Figure x.5 in Appendices C through J for

Specimens 1F through 8F, respectively.
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3.5 Initial Lateral Stiffness

The lateral stiffness of the piers was determined from the slope of the initial
segment of the composite force-deformation curve developed previously. These stiffness

values are summarized in Table 3-1.

The stiffness of each of the non-rehabilitated piers was directly proportional to the
axial compressive force. All of the rehabilitation methods increased the initial stiffness
of the pier as compared to the non-rehabilitated pier except for the FRP rehabilitated pier.

The initial stiffness is applicable for drifts less than that which causes visible cracking.

3.6 Strength

The strength of a test pier was defined according to FEMA 356 Section 2.4.4.4 to
be the force corresponding to effective yielding on the composite force-deformation
curve. These observed strengths are summarized in Table 3-1 and shown graphically in

Figure x.4 in Appendices C through J for Specimens 1F through 8F, respectively.

3.7 Shear Stress Versus Shear Strain Relationships

As described in Section 2.5, four displacement transducers were mounted on each
test pier in an arrangement to permit measurement of shear strain. By analyzing the shear
strain, the shear modulus can be calculated and degradation in shear stiffness can be
inferred. This discussion will include all specimens except for Specimens 3F and 2F.
Specimen 3F was not instrumented with the necessary transducers to measure the shear

strain, and LVDT#8 on specimen 2F did not function properly during the test.
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The average shear strains for the piers were calculated using Equation (7) to relate
the measured displacements of LVDTs 1, 8, 9, and 10. These strains were then plotted
versus the applied shear stress to determine the amount of energy being dissipated
through shear, and to determine the shear modulus. The shear stress versus strain
behavior of each test pier is shown in Figure x.6 in Appendices C through J for
Specimens 1F through 8F, respectively. The plots generally consisted of tight linear
loops as would be expected, since no damage was observed in the region above the bed-

joint crack.

The shear modulus was determined by fitting a line to the shear stress versus
shear strain data using linear regression. The slope of the fitted line represents the

effective shear stiffness as shown Table 3-2.

The shear modulus for Specimens 1F, 6F, and 6Fb decreased with increasing
drifts, indicating that there was slight shear damage. To examine this more closely, plots
were made for each specimen using the data from only four amplitudes: 0.025%, 0.5%,
1.5%, and 2.5% drift. Linear trend lines were fitted to each of these amplitudes, and the

corresponding shear modulus calculated as is summarized in Table 3-2.

It can be observed that for specimens 4F and 5F the shear modulus did not
decrease appreciably. Comparing the modulus at 1.5% drift to that at 0.025% drift
indicates only a 2% and 6% decrease in shear stiffness for 4F and SF respectively.
However for specimen 6F there was a 20% decrease in shear stiffness over the same
range. Specimen 6Fb was not tested at 0.025% drift so it can not be compared directly,
but from 0.5% to 1.5% drift Specimen 6F had an 8% decrease in stiffness and 6Fb had a
15% decrease. A graphical comparison of the measured shear modulus for all five
specimens is shown in Figure 3-10. The decrease in the shear modulus was greatest for
the plain URM specimens and was magnified by the axial force. In the rehabilitated
specimens the shear stiffness was significantly enhanced and did not deteriorate

appreciably with increasing amplitudes.
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3.8 Net Flexural Tensile Stress at Cracking

As previously described, the instant at which cracking is assumed to begin is
when the slope decreases on the measured force-deflection envelope. In almost all cases
this point of initial cracking is also visually observable. From the lateral load and vertical
load at this instant of cracking the flexural tensile strength of the mortar can be deduced

using the following equation.

H_h

P a’t
_Z_ S fa (8)

M
f;r_S

The calculated net flexural tension stress at cracking for each pier is listed in

Table 3-1.

As previously mentioned, flexural cracks that formed in 2F were all above the
repaired joint where Specimen 1F cracked. Since the wall used for 2F was the same wall
used for 1F, both joints that cracked were made from the same batch of mortar, yet the
data indicates the tensile strength from 2F to be almost half of that from 1F. Thus it is
strongly indicated that residual damage, which was not visible, from the testing of 1F

resulted in a weakened bed joint that fully cracked in 2F.

The apparent flexural tensile stress for Specimens 4F and 5F was also calculated
to determine an equivalent tension capacity of the system. The tension stress calculated
was not the actual tension, but rather the required tension on only the masonry cross-

section to support the lateral force at cracking.

3.9 Crack Opening Profile

The openings of cracks in the lower bed joints of the pier were measured at

several locations across the width of the pier (Table 2-1). Measurements were made with
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displacement transducers that spanned the area where cracking was expected. The crack
width profiles are plotted at three different drift levels as shown in Figures x.7 for

Specimens 1F through 8F in Appendices C through J, respectively.

In general, the crack width varied linearly across the width of the pier. This is
particularly true for drifts up to 0.5%. The neutral axis passes through the point at which
the crack width is equal to zero. Negative crack width implies a closed crack with
compressive strain existing in the masonry. Examination of the crack opening profiles
demonstrates that the region of masonry required to carry the induced shear and
compressive stresses is quite small. For example, the non-rehabilitated specimen with
heavy axial force was able to withstand 21.4 kips of compression and 5.4 kips of shear
applied to a portion of the cross-section which was 1.8 inches deep and 2-wythe thick.
The resultant average shear and compressive stresses for this region were approximately
150% of the capacities estimated by the prism tests. This is due to the confinement
provided by the surrounding masonry in the region immediately above and below the

compression interface.

The crack width profile is also helpful in identifying the modifications to behavior
produced by the rehabilitation. For example, the FRP rehabilitated pier’s crack opening
profile is significantly different than the other test piers. The crack geometry data
indicates that the pier was not developing the typical bed joint crack observed in the other
specimens. Instead, the FRP caused the cracks to be much smaller and distributed over a

much larger region of the pier as compared to the non-rehabilitated walls.
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Table 3-1 Summary of Experimental Results

Specimen Rehabilitation Vertical Initial Stiffness Cracking Load Net Flexural Peak Response

Stress [kips/in] [kips] Tensile Stress Drift [%] Load

[psi] [psi] + [kips] - [kips]
1F None 42 117 2.5 63 1.5 33 34
2F None 25 88 1.5 35 2.5 2.0 1.8
3F FRP 42 92 N/A N/A 1.9 11.4 9.7
4F Shotcrete 42 238 9.3 361 1.5 10.9 10.1
SF Surface Coating 42 179 3.9 139 2.5 4.4 3.8
6F None 85 179 N/A N/A 2.5 5.8 5.8
6Fb None 120 N/A N/A N/A 1.5 7.7 7.7
7F Center-Core #3 42 175 6.0 192 2.0 6.6 7.0
8F Center-Core #5 42 176 6.6 196 2.5 6.6 8.7

Table 3-2 Summary of Shear Modulus with Respect to Drift

G, Shear Modulus [ksi]
1 o
Spectmen | 0025% |6 500 Drift | 1.5% Drift | 2.5%Drif

1F 186 184 158 N/A

4F 527 465 515 N/A

SF 281 263 265 239

6F 252 220 202 184

6Fb N/A 236 201 N/A

7F 143 125 129 N/A

8F 178 151 152 140
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- '.r-f
E

¢) Rotation About Vertical Axis of at 2.0 % Drift

Figure 3-1 Damage Photos of Non-rehabilitated pier with medium (42psi) vertical
stress (1F)
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a) Positive Rotation

b) Negative Rotation

Figure 3-2 Damage Photos of Non-rehabilitated pier with light (25psi) vertical
stress (2F)
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Initial Crack

Secondary Crack

b) Rocking at 2.5% Drift

¢) NE Brick Cracking at 2.5% Drift

Figure 3-3 Damage Photos Of Non-Rehabilitated Specimen With Heavy (85 Psi)
Axial Stress (6F)
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b) Toe Crushing at 1.5% Drift

Figure 3-4 Damage Photos of Non-Rehabilitated Specimen with 120 Psi Axial Stress
(6Fb)
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Specimen 3F
Drift=0.60%

a) Onset of Diagonal Cracking

d) Cracking at Foundation Tie-down

b) Delamination Pattern of SE FRP Strip

Figure 3-5 Damage Photos of FRP Specimen (3F)
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Speclmen 4F
Irift=004

Specimen 4F
Drift=0.30%

b) Cracks in Concrete at 0.3% Drift

¢) Masonry Crushing

Figure 3-6 Damage Photos of Shotcrete Rehabilitated Pier (4F)
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Figure 3-7 Specimen 5F, 2.0% Drift
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b) Out of Plane Motion
Figure 3-8 Damage Photos of Center-Core Rehabilitated Pier with #3 Rebar (7F)
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a) Rocking Behavior

b) Crack Pattern

Figure 3-9 Damage Photos of Center-Core Rehabilitated Pier with #5 Rebar (8F)
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Figure 3-10 Measured Shear Modulus With Respect to Drift
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Chapter 4. INTERPRETATIONS OF OBSERVED BEHAVIOR

4.1 Introduction

The URM piers tested during this investigation exhibited a wide range of
behavior. The FEMA 356 Guidelines were used to estimate the response of each pier and
to evaluate the effectiveness of different types of rehabilitations. The guidelines also set
forth a method for distilling the measured response of experimental tests in to force-
deflection relationships used for both linear and non-linear static analyses. The
comparisons below make extensive use of the experimental results contained in the
previous chapter and the FEMA 356 Guidelines. The significant parameters describing

the measured and estimated behavior of the test piers are included in Table 4-1.

4.2 Yield Strength Estimates vs. Measured Yield Strengths

The effective yield strength of a pier is the level of force at which significant
deformations take place without a notable increase in the applied force. The effective
yield strength of each pier was measured as described in section 3.6 of this report.
Estimates of strength for the non-rehabilitated piers use the relevant rocking or toe-
crushing prediction from Chapter 7 of the FEMA 356 Guidelines. Strength estimates for
the rehabilitated piers were calculated according to the suggestions of section C7.4.1.3
and 7.4.2.2 of the Guidelines. A fiber analysis was used to analyze all of the rehabilitated
piers since the cross-sections and material properties were varied and in non-traditional
geometries. A graphical comparison of the estimated and measured strength for each pier
is given in Figure 4-1. The estimated strength of the non-rehabilitated piers are
approximately correct, as a result of the well-known rocking strength equation mentioned
above. The strength estimates for the rehabilitated piers are consistently too high, with
the exception of the Center Core rehabilitated piers. The strength estimates for Center

Core are comparable to the measured strengths.
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4.3 Stiffness Estimates vs. Measured Initial Lateral Stiffness

Equation 1, given in the first Chapter of this report, is used to estimate the initial
stiffness of a flexural pier. The modulus of elasticity for each rehabilitation material was
used to calculate a transformed cross section of equivalent masonry. Initial stiffness was
measured using the slope of the first section of the composite bilinear curve (Figure x.4 in
Appendices C through J for Specimens 1F through 8F, respectively). A graphical
comparison of the estimated and measured initial stiffness for each pier is given in Figure
4-2. The estimated stiffness for each of the non-rehabilitated piers is approximately equal
to the measured stiffness. Stiffness estimated for the rehabilitated piers are all too high.
The over-estimate ranges from negligible (Center Core) to twice the measured stiffness

(Shotcrete).

4.4 Estimated mQce vs. Measured mQce

The overall accuracy of the FEMA estimated m-factor, and mechanics based
strength (Qcg) and stiffness may be determined by comparison with the measured
flexural behavior of the piers. Figure 4-3 shows the estimated and measured LSP
capacity (mQcg) for the Life Safety Performance Objective. The initial linear portion of
a pier’s force-deformation relationship may be extended in a linear fashion to a point
equal to the product of the product of the yield deformation, Ay, times the ductility factor,
m. The linear static procedure, LSP, is frequently used by engineers due its simplicity
and ease of implementation. Since the relationship is linear, the LSP also has the effect
of increasing the yield strength, Qcg, by the same ductility factor, m. More information
on the LSP is given in Section 1.3 of this report. Table 4-1 contains a numerical
comparison of the estimated and measured LSP capacities of each pier. A graphical
construction for each pier at the Life Safety (LS) performance level is shown in Figure
x.8 of Appendices C through J for Specimens 1F through 8F, respectively. These results

are also summarized in Figure 4-3. Examination of Table 4-1 shows that the IO

50



Performance of Rehabilitated URM Shear Walls: Flexural Behavior of Piers Chapter 4

performance level capacity is well estimated using current guidelines; however, the LS
and CP performance level capacity is measured to be one to six times the estimated
capacity. It should be noted that the trend of overestimating the strength and
underestimating the deformation capacity has the overall effect of bringing the product of

these two factors closer to the measured behavior.

4.5 Comparisons of Rehabilitation Methods

4.5.1 Strength, Qce

Figure 4-4 shows the measured strength of each of the rehabilitated piers in
comparison to the non-rehabilitated pier with the same applied axial force level. All of
the rehabilitation methods except surface coating are observed to increase the strength of
the pier. The rehabilitated strengths are on the order of twice the non-rehabilitated pier’s

strength. The surface coating did not result in a significant increase in the pier’s strength.

4.5.2 Stiffness, k

Figure 4-5 compares the measured initial stiffnesses for each of the rehabilitated
piers in comparison to the non-rehabilitated pier. The rehabilitated stiffnesses are wide
ranging, with FRP being approximately half of the control specimen and shotcrete being
twice the control specimen’s stiffness. Surface coating showed no appreciable change in

the pier stiffness, while Center Core resulted in a slight increase in initial stiffness.

4.5.3 Ductility Ratio, m

The measured ductility ratio for each of the rehabilitated piers is given in Figure

4-6. The plain pier and surface-coating pier are seen to have the greatest deformation
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capacity. This is due to the purely rocking mechanism developed in both of these
specimens. Shotcrete and Center Core show a reduced deformation capacity of
approximately 75% of the plain specimen. FRP has the lowest deformation capacity

which is equal to 25% of the non-rehabilitated specimen.

4.5.4 Ductility Ratio x Strength, mQce

The measured mQcg capacity of each of the rehabilitated piers is given in Figure
4-7. The combined effects of strength and ductility are evident in this representation. It
is interesting to recognize that the shotcrete, surface coating and Center Core
rehabilitated piers all have similar effectiveness (approximately 30% increase compared
to non-rehabilitated wall). Also of note is the reduction of effectiveness with FRP. The

FRP rehabilitated pier attained only 50% of the LSP capacity of the plain wall.

4.5.5 Energy Dissipation

The measured force-deflection relationships for each of the rehabilitated test piers
are shown in Figure 4-8. The control specimen having no rehabilitation is included for
comparison in each of the graphs. The relative amount of energy dissipation may be
inferred from the area enclosed by the force-deflection curves. Energy dissipation is
most often a result of damage occuring to the pier. Crushing or yielding of the masonry
or the rehabilitation material results in large amounts of energy being dissipated as is
evident in Figure 4-8 a and b corresponding to the FRP and shotcrete rehabilitated piers,
respectively. Figure 4-8 c relates to the surface coating rehabilitated pier and shows very
little energy dissipation as with the non-rehabilitated pier. Figure 4-8 d and e correspond
to the Center Core rehabilitated piers and show modest amount of energy dissipation.
The Center Core specimens showed significant cracking of the masonry in the anchorage
zones of the cores; however, larger amounts of dissipated energy were not achieved since

the steel rebar did not yield.
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4.5.6 Damage

Damage to the test piers varied with each type of rehabilitation. The non-
rehabilitated pier sustained the least amount of damage (Figure 4-9a). The rocking
mechanism leads to damage which is confined to the critical bed-joint leaving the
surrounding masonry in good condition. The bed-joint crack in the non-rehabilitated pier
is almost completely closed following the testing. Damage to the FRP rehabilitated pier
is much more extensive (Figure 4-9b). Cracks can be seen throughout the upper region of
the pier and delamination of the FRP strips has taken place throughout the lower portion
of the pier. The shotcrete rehabilitated pier also shows one primary crack at the critical
section of the specimen (Figure 4-9¢). This crack does not close with subsequent
displacement reversals because the rebar has deformed plastically. The crack width
continues to increase with each cycle until the pier leans out-of-plane toward the
masonry. Such damage is permanent and would require substantial repair following an
earthquake. The surface coating rehabilitated pier behaves the same as the non-
rehabilitated pier. A single crack is seen to cross the entire width of the pier and close
almost completely after each cycle (Figure 4-9d). The steel mesh has fractured on the
reverse side and would need to be patched or replaced with new mortar applied following
an earthquake. The Center core rehabilitated piers sustained to most damage (Figure
4-9e). Extensive cracking in the lower anchorage region of the pier is evidence of the
change in behavior caused by the presence of the cores. These cracks close partially at
the end of each cycle but are still clearly visible. The damage to the masonry was

significant enough to cause small portions of the masonry to dislodge from the pier.
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Table 4-1 Comparison of estimated and measured flexural behavior
Initial
nginf]th Stiffness LSP mQcs [kips]
PSE 1 [kips/in]
Test Pier Vertical Stress [psi]| 3 T | B 3 Mio MLs Mcp o Lo o
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Non-Rehabilitated (1F) 42 27 29176 14026 2.1 53 248 7.1 331 |70 62 143 727 192 97.0
Non-Rehabilitated (2F) 25 1.6 1.8[176 10026 12 53 369 7.1 492 |42 22 85 661 114 88.1
Fiber Reinforced Polymer (3F) 42 126 69182 71 |2.1 1.8 2.8 4.6 38 62 |265 124 353 320 479 426
Shotcrete (4F) 42 7.7 6.81499 266|2.0 34 25 127 4.0 169 |154 234 193 86.8 30.8 1157
Surface Coating (5F) 42 42 3.1(197 11921 1.7 28 248 38 33.1 |88 53 11.8 773 16.0 103.1
Non-Rehabilitated (6F) 85 53 58176 15410 12 1.0 175 1.0 234 |53 6.8 53 101.1 53 1348
Center Core #3 (7F) 42 59 59188 175]2.1 2.0 3.7 148 48 198 [124 11.6 21.8 87.1 283 116.1
Center Core #5 (8F) 42 102 69(200 171 |1.8 1.6 2.8 164 3.6 218|184 11.3 28.6 112.6 36.7 150.1

54



Chapter 4

Performance of Rehabilitated URM Shear Walls: Flexural Behavior of Piers

.3 L om |
I (s oo m il =
e O “ el i

600
500 -
400
200 +-
100

T N 2 ©o © ¢ &N o m
[sdiy] D [uy/diy] LNty

stiffness comparison

55

Figure 4-2 Initial



Chapter 4

Performance of Rehabilitated URM Shear Walls: Flexural Behavior of Piers

Estimated mQce

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
[
3]
c
3
o
[
=
=]
(7]
©
(]
=
n

I

120

100 +

80
60 +
4

[sdiq] 3pw

(48) s#

| 8109 183Uan

(42) e#

| 9109 J9jud)

(49)

| pajeniqeyay

-uoN

(45) Buneoo
aoejing

(4v)

| 9jai2)0yg

(d€) 18wkjod
paaiojulay
Jaqid

(42)

8 pajejiqeyay

-uopN

(41)

8 pajejiqeyay

-uoN

Figure 4-3 Comparison of Estimated to Measured mQcg (LS performance level)

56



Chapter 4

Performance of Rehabilitated URM Shear Walls: Flexural Behavior of Piers

7mc=moo womtzﬂ

300

250

o
o
N
[uy/sdiy] % ‘ssauyns jeniu]

T
o o o o
o) o Yo}
—

~—

Twczmoo womt:i

!

paleliqeya.-uoN

To) < 92}
[sdiy] 3% ‘Yyibuans plala

N ~ o

stiffness of

rehabilitated piers

Figure 4-5 Measured initial

strength of

Figure 4-4 Measured

rehabilitated piers

79.__600 momt:ﬂ

100

O O o o o o o
N © L I ® N ~

[sdix] 33w Kjayes oy

30

7mc:moo momt:i

o o) o 0

AN ~ ~

w ‘oney Aypong

0

Figure 4-7 Measured mQcg of
rehabilitated piers

Figure 4-6 Measured ductility ratio of
rehabilitated piers

57



Performance of Rehabilitated URM Shear Walls: Flexural Behavior of Piers Chapter 4

a) FRP Rehabilitated Pier d) Center-Core #3 Rehabilitated Pier

12 12

Lateral Load [kips]
o
Lateral Load [kips]

-2.5 -1.5 -0.5 0.5 1.5 25

Drift %
b) Shotcrete Rehabilitated Pier e) Center-Core #5 Rehabilitated Pier
12 - 12

Lateral Load [kips]
o
Lateral Load [kips]

12

Lateral Load [kips]

Figure 4-8. Force-deflection comparison for rehabilitated specimens
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a) Non-Rehabilitated Pier c¢) Shotcrete Rehabilitated Pier

b) FRP Rehabilitated Pier d) Surface Coating Rehabilitated Pier

o Specimen $F
Drifr=2.0%

Figure 4-9. Damage photos at the end of testing
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Chapter 5. SUMMARY AND CONCLUSIONS

5.1 Summary
5.1.1 Objectives of the Study

The objective of this research project was to investigate the performance of URM
piers subjected to in-plane loading. More specifically, this investigation studied the
changes in response for masonry piers with varying amounts of vertical applied force and
different types of rehabilitations applied to the piers. Another objective of this study was
to verify the methods of analysis for seismic rehabilitation of masonry structural

components set forth in FEMA 356.

5.1.2 Summary of Experimental Work

Eight URM shear walls of equal dimensions and material were constructed,
rehabilitated in some cases, and tested to failure by imposing predefined static reversals
of lateral drift. The test specimens represented the lower half of a slender masonry pier
subjected to constant vertical force from higher floors of the building. Three of the
specimens were non-rehabilitated and were each tested using different axial compressive
forces. This test protocol allowed a detailed investigation of the effects of axial stress on
the non-linear deformation of slender URM walls. The remaining five specimens were
rehabilitated using shotcrete, FRP, surface coating or Center-core. The rehabilitated
specimens were all tested at the same axial stress to permit comparison of each individual
rehabilitation method. The non-rehabilitated pier with the same applied axial force acted
as the control specimen and basis for comparison of the effectiveness of each of the

rehabilitations.
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5.2 Conclusions
5.2.1 Behavior of Non-rehabilitated Piers

The three non-rehabilitated piers were tested with different levels of applied axial
compressive force. The piers with light and medium levels of applied compressive force
were expected to behave in a rocking fashion, while the pier tested with a heavy applied
axial force was expected to exhibit toe-crushing as the limiting mechanism. The pier
with heavy applied force did not toe-crush, so it was tested again at an even higher level
of applied axial compressive force. The following conclusions were drawn from the

measured behavior of the non-rehabilitated pier tests.

e Rocking is observed to be a stable mechanism capable of in-plane drifts of
not less than 1.5 percent.

e The strength and stiffness of non-rehabilitated piers is accurately
estimated using current engineering principles and FEMA 356.

e The measured deformation capacity of non-rehabilitated piers behaving in
a rocking manner is much greater than that estimated by FEMA 356.

e The transition from a deformation-controlled element to a force-controlled
element is conservatively estimated by FEMA 356. The pier with heavy
axial force was expected to toe-crush when it actually rocked. Toe-
crushing was not observed until the applied axial force was increased
substantially beyond the level estimated by FEMA 356.

e Out-of-plane instabilities are more likely in piers with increased levels of
axial compressive stress. Local crushing of the masonry and amplification
of any out-of-plumb construction existing in the pier bring about this
trend. Such instabilities are restrained in a conventional building system
where walls are placed along both principal axes.

e FEMA 356 provides an accurate estimate of the 1O performance level for
non-rehabilitated piers. The observed damage to the piers meets the
description provided by FEMA 356, and the strength and ductility ratios
match well with the measured response.

e The LS and CP performance level estimates provided by FEMA 356 are
overly conservative. The observed damage to the piers is not as severe as
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that described by the Guidelines. It should be noted that FEMA 356
estimates the performance of an entire building system by the behavior of
individual masonry piers. This results in the damage to a primary
structural element being much less severe than the performance level
assigned to the system because it is assumed that other non-structural
elements will be damaged more severely.

Damage to a rocking pier is confined to the immediate bed-joint where
cracking takes place. This crack closes almost completely after the
seismic excitation ceases, and little repair is necessary.

5.2.2 Behavior of Rehabilitated Piers

Four types of rehabilitation were applied to the remaining test piers. Each

provided different modifications to the behavior of the non-rehabilitated pier. The

rehabilitated piers included FRP, Shotcrete, Ferro-cement surface coating, and two

different sizes of rebar embedded in the pier using the Center-core technique. The

following conclusions were deduced from the tests of the rehabilitated masonry piers.

The FRP rehabilitated specimen softened as the lateral force increased to a
point at which the composite fully delaminated from the surface of the
masonry causing an abrupt loss of capacity.

The shotcrete rehabilitated specimen behaved as a reinforced concrete pier
with no evidence of composite action with the masonry. Large amounts of
energy were dissipated as the rebars yielded repeatedly. The plastic
deformation of the rebar caused the pier to tilt out of plane, thus stopping
the test. Shotcrete is an effective rehabilitation method because of the
large deformation capacity and the energy dissipated through steel
yielding.

The surface-coating rehabilitated pier exhibited a similar force-deflection
relationship to that of the plain wall with the exception of a slight increase
in strength of the initial linear portion of the force-deflection curve. Once
the steel hardware mesh fractured, the rocking behavior returned and
provided large deformation capacity. Ferro-cement surface coating is
effective at increasing the shear stiffness and possibly the strength
capacity. However, its contribution to the flexural strength and energy
dissipation is limited to the poor ductility of light gage wire.
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e The success of the center-core technique is heavily dependent on
providing adequate anchorage to the reinforced cores. Center-core
provides a moderate increase in the flexural strength of the pier and
moderate energy dissipating qualities. The center-core rehabilitation
provided no increase in the deformation capacity of the piers. The
aesthetic properties of the wall are not altered by the center-core method
of rehabilitation. The Center Core rehabilitated pier benefited from the
presence of the reinforcing bars; however, an embedment length of 40 bar
diameters was not sufficient to anchor the core. The core proceeded to
slip in its cavity such that the rebar did not yield.

e Strength and stiffness estimates for rehabilitated masonry piers may be
accurately calculated if the stress-strain behaviors of the constituent
materials are known.

e The deformation capacity of the rehabilitated piers (excluding FRP) is
much greater than that estimated by FEMA 356.

e The strength of the rehabilitated piers is usually over-estimated by current
engineering practice. This is most likely a result of inadequate nature of
the sectional response used to calculate the behavior of a rocking pier with
the addition of rehabilitation elements.

e FEMA 356 suggested m-factors reasonably represent actual loading
conditions even though they are many times smaller than the measured
ductility ratio of the piers. This is because the overestimate of the strength
balances the underestimate of the ductility.

e Strength enhancements of a factor of two are noted for each of the
rehabilitation methods except surface coating.

e The deformation capacity was diminished (as compared to the non-
rehabilitated pier) for each of the rehabilitation methods except surface
coating.

o The effectiveness of shotcrete, surface coating and Center-core
rehabilitated piers all are roughly equal to that of the non-rehabilitated
pier. Effectiveness is measured by the increase in the product of mQcg as
compared to that of the non-rehabilitated pier.

e The best approach to rehabilitation of URM piers and walls may be to do
nothing to structural elements expected to behave in a rocking mode and
induce rocking if possible in other cases. If rehabilitation is necessary,
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shotcrete or Center Core should be the methods of choice; however, cost
versus benefits should be explored before any rehabilitation is performed.

5.3 Future Research

The plain URM specimens governed by rocking did not have the lateral capacity
and energy dissipation of the shotcrete, but there was very little damage to be repaired
and they were capable of larger deformations than the shotcrete. Therefore, from the
perspective of performance based design, the best option may be to maintain the behavior
of piers governed by rocking, or alter the aspect ratio of wider piers to induce this
mechanism. Center-core is a viable rehabilitation technique, although more study is

needed to examine the anchorage problems observed during this testing program.

These findings need to be corroborated with further research to justify the large m
factors that were assigned to rocking piers for this project. This should preferably be
tested in a structural system where the interaction of the diaphragm and the out-of-plane

walls on rocking piers can be investigated.

There is a particular need to assess the effect of three directional accelerations on
the permissible drift limits. In this project, the only applied force to simulate earthquake
acceleration was in-plane, but the effect of simultaneous in-plane, out-of-plane and
vertical accelerations needs to be investigated. The permissible in-plane drift limits could
be seriously jeopardized if out-of-plane accelerations tended to rotate a rocking wall off
the base or if vertical motion reduces rocking capacity. These potential problems could
not be investigated in this experiment, but are crucial to the allowable deformation

capacity of the in-plane walls.
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