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Abstract

Many existing unreinforced masonry walls are in need of rehabilitation.
To investigate the feasibility of using Fiber Reinforced Polymers (FRP) as a
strengthening material for loads in the out-of-plane direction a testing program
was conducted. Thirteen tests were performed on ten full scale walls. Both
undamaged and slightly damaged walls were tested. @ The parameters
investigated were type, amount, and layout of reinforcement, axial load effects,
and cyclic behaviour. This thesis starts with a brief review of the existing
rehabilitation methods available and explains why the use of FRP is a possible
alternative. Results of material tests performed on the masonry and fiber
materials are then presented. The test set-up, instrumentation, and general test
procedure are described. The general behaviour of the specimens is discussed
with emphasis on the load - deflection and strain characteristics. The modes of
failure are identified and categorized. Finally, an analytical model is proposed to
predict the load - deflection response of FRP reinforced masonry walls. Overall
results show that externally applied FRP greatly increases the strength and

ductility of ungrouted, unreinforced masonry walls.
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List of Abbreviations and Notation

Abbreviations

ASTM = American Standard for Testing of Materials

CSA = Canadian Standards Association

FRP = Fiber Reinforced Polymers

HSS = Hollow Structural Section

ICST = Imperial block, Carbon Sheet

LVDT = Linear Variable Differential Transformer

MCS = Metric block, Carbon Strap

MCST = Metric block, Carbon Sheet

MGST = Metric block, Glass Sheet

MU = Metric block, Unreinforced

Notations

a = Depth of compression zone within masonry section

= End web width of masonry block, fiber reinforcement layout

designation, joint location designation

A, = Effective area of masonry section

Ag = Tensile cross sectional area of fiber reinforcement and epoxy matrix

b = total width of masonry compression zone

B = Center web width of masonry block, fiber reinforcement layout
designation, joint location designation

c = Depth to the Neutral Axis from the extreme compression fiber

C = Width of masonry face shell, fiber reinforcement layout designation,

joint location designation, vertical compressive force acting normal to
the plane of sliding
Compressive force in the masonry section



Iapprox
ler

lo

jd

L

Distance from the extreme compression fiber to the centroid of the
tensile force in the fiber reinforcement

Width of an individual masonry block, fiber reinforcement layout

designation

Transition mid-span deflection

Predicted transition mid-span deflection

Failure mid-span deflection

Predicted value of the failure mid-span deflection

Fiber reinforcement layout designation

Modulus of elasticity of masonry in compression

Modulus of elasticity of fiber reinforcement in tension

Masonry strain

Fiber reinforcement strain

Compressive strength of masonry

Safety factor for masonry

Overall height of an individual masonry block

Approximated global value of moment of inertia over the entire span

Cracked transformed moment of inertia

Gross transformed moment of inertia

Internal moment arm

Overall length of an individual masonry block, total span between
reaction points

distance from reaction support to load point (shear span region)
Internal moment

Factored moment

Friction coefficient

Modular ratio = Eg/Ey

Total applied lateral load, axial compressive load used in the calculation
of masonry shear resistance

Transition load



Predicted value of the transition load

Failure load obtained from test resuits

Predicted value of failure ioad

Variable assigned to the Ad? portion of a typical moment of inertia
calculation

An indication of the accuracy of a linear regression analysis

Fiber reinforcement ratio = Az/bd

Idealized slope of the first section of the load - deflection response
Predicted slope of the first section

Actual second section slope of the load - deflection response from
regression analysis results

Predicted second section slope

Stress in the masonry section

Average thickness of fiber reinforcment tension coupons

Tensile force in the fiber reinforcement

Angle of fiber reinforcement from vertical

Factored shear

Masonry shear strength

Sliding shear resistance of unreinforced masonry

Overall width of an individual masonry block

Unknown variable used in various calculations



1. INTRODUCTION

1.1 Problem Statement

A large percentage of existing buildings in North America and around the
world have been constructed with unreinforced masonry. The masonry elements
in these buildings were designed to primarily resist gravity and wind loads with
little or no consideration of the forces generated by a seismic event. Typical
damage suffered by these buildings during an earthquake ranges from minor
cracking to catastrophic collapse. The use of Fiber Reinforced Polymers (FRP)
as a rehabilitation and strengthening material is a valid altemative to
conventional rehabilitation methods. Appealing characteristics of fiber
reinforcement are high strength to weight ratio, extremely small thickness, low
strains at ultimate stresses, immunity to corrosion, and ease of application. Little
information exists regarding the out-of-plane behaviour of unreinforced,
ungrouted masonry walls retrofitted with FRP. The research presented in this
paper is a beginning of a data pool for information regarding this subject.

1.2 Objectives and Scope

The broad objective of the research is to examine the out-of-plane flexural
resistance of unreinforced masonry walls strengthened with externally applied
FRP. Emphasis is placed on the load - deflection response of the specimens
tested. A number of variables which may affect this behaviour are identified and
investigated. Because little information exists on this subject, an attempt is
made to explain the overall behaviour of the specimens including crack patterns,
and the interaction between the FRP and the masonry.

To achieve these objectives, one unreinforced masonry wall and twelve
walls reinforced with various types and patterns of FRP were tested as simply
supported beams standing on end and subjected to two out-of-plane live loads.



This produced a constant moment region between the loading lines where the

primary data were collected.
1.3 Thesis Organization

A review of the current literature is presented in Chapter 2. This chapter
summarizes the various conventional rehabilitation and strengthening methods
as well as the current use of FRP in concrete structures. Chapter 3 explains the
experimental program and includes such items as the materials used, details of
the test specimens, and the details of the testing program. Chapter 4
summarizes the primary results of the tests. The load - deflection and strain
behaviour are included and the failure modes described. The influence of the
variables investigated on the behaviour of the specimens is presented in
Chapter 5. This chapter also presents an analytical model which predicts the
load - deflection response. Finally, the summary and conclusions are contained

in Chapter 6.



2. LITERATURE REVIEW
2.1 Introduction

A review of the literature was conducted with the objective of finding
relevant articles with respect to the rehabilitation of unreinforced masonry using
standard procedures and the use of FRP in the rehabilitation and strengthening
of concrete structures. There is very little available information on the use of
FRP as a strengthening material for unreinforced masonry in the out-of-plane
direction. The information that is available focuses on in-plane strengthening
aspects. The following sections briefly outline the available rehabilitation and
strengthening techniques and summarizes the existing use of FRP in masonry

and other concrete structural applications.
2.2 Conventional Rehabilitation Methods

There is a variety of existing rehabilitation methods for unreinforced
masonry walls in use today. Several authors have discussed various aspects of
the different methods (Hamid et al., 1994, Modena, 1994, Kingsley, 1995). The
most commonly used methods can be fit into categories of surface treatment,
injection grouting, jacketing, internal reinforcement, and mechanical fasteners.
The choice of which method to use depends on the nature and level of damage
to the structure as well as the desired appearance of the finished rehabilitation.

Surface treatment covers a wide range of different materials and
procedures. Reinforced plaster, shotcrete, and ferrocement are the most
common. Typically, a metal grid is anchored to the existing wall and an extra
layer of a cementitious material is applied on top. Hutchinson et al. (1984) tested
a variety of surface coatings and concluded that they are generally effective in
restoring and improving the in-plane strength of a damaged masonry wall.

Injection grouting is commonly used to repair small cracks or to fill
ungrouted cores. For cracks and small voids, a liquid based epoxy is usually



employed. For larger voids a sand-cement grout is used. Manzouri et al. (1996)
tested four clay brick walls that had been repaired using injection grouting.
Again, results show that at least the original strength of the wall before being
damaged was restored.

Jacketing is sometimes referred to as a form of surface treatment and
involves using cast in place concrete or external steel elements to construct a
frame around the damaged wall.

For hollow walls introducing internal reinforcing bars is an option. A
vertical line of cores would be physically opened and a steel bar placed inside.
Grout would then be injected into the core around the reinforcement to provide
bond to the existing masonry. For improved performance, prestressed tendons
can be introduced to the structure in a similar manner (Lissel et al. 1998).

Finally, to provide better transfer of forces, mechanical anchors or ties can
be introduced to provide continuity between the wall and surrounding structure.

The above techniques have several disadvantages. They are all iabour
intensive and in some cases involve the use of highly skilled labour. The
procedures are generally disruptive to the normal operation of a building.
Procedures such as surface treatments and jacketing can add as much as
150 mm thickness to the existing wall. This possibly requires upgrading of the
foundations and may increase the inertial forces generated by a seismic event.
Surface treatments also interfere significantly with the insulation properties of the
wall and adversely affects moisture migration and vapour condensation on

interior surfaces.



2.3 Existing Use of FRP

The use of FRP as a rehabilitation and strengthening material is gaining
acceptance among contractors and engineers. To date, the use of the material
has been limited and usually restricted to research projects or demonstration
projects. Several authors have summarized the use of FRP in structures in
North America and Europe (Meier et al., 1992, Seible, 1995, Meier, 1996, Seible
and Karbhari, 1995). Some field applications include strengthening of the
“Ibach” bridge in Luceme, Switzerand using carbon fiber sheets and the
wrapping of concrete columns on the Santa Monica freeway in California with the
same material. Also, a concrete bridge located south of Edmonton, Alberta was
strengthened for shear using carbon FRP sheets by Alexander and Cheng
(1996).

Tests have been performed on reinforced concrete beams reinforced with
carbon fiber plates and sheets under simple bending with two loads applied at
approximately one third the distance of the span away from the reaction supports
(Arduini et al., 1997, Meier and Kaiser, 1991). Results show an overall improved
behaviour of the beams but the mode of failure of the specimens was changed to
a more brittle behaviour. The problem of premature peeling off of the fiber
sheets due to excessive cracking was identified. Shear strengthening of
concrete girders using extermally bonded FRP sheets was studied by
Droumoussis and Cheng (1994), Alexander and Cheng (1997), and Deniaud and
Cheng (1998). Increases of the shear strength and ductility of the strengthened
concrete girders were observed.

With respect to masonry applications, Schwegler (1994) examined the in-
plane strength of masonry shear walls reinforced with a variety of FRP in various
orientations subjected to seismic loads. Ehsani et al. (1997) performed tests on
the shear behaviour of FRP sheets on small clay brick specimens. Tests were
conducted using small scale clay brick beams reinforced with FRP under out-of-
plane bending (Ehsani, 1995). Results show that the strength of the fibers has a
direct effect on the mode of failure of the specimens. Finally, a full scale five



story masonry building was tested under simulated earthquake loads (Weeks et
al., 1994). The structure was repaired using a variety of the previously
mentioned techniques. FRP overlays were used in the lower stories and results
show that the overlays helped increase the ductility and provided confinement
against crushing of the masonry in compression regions at the toe of the wall.

Small scale out-of-plane tests have been performed on clay brick
specimens reinforced with epoxy bonded Carbon Fiber Reinforced Plastics
(Triantafillou, 1998). The clay brick specimens had an overall length of 900 mm
and were tested under two out-of-plane line loads. Each specimen failed by
masonry crushing, indicating a flexure failure, and showed a significant
improvement in strength and ductility when compared to similar unreinforced
specimens.

Other information regarding the out-of-plane strength of masonry walls
reinforced with FRP is limited. The tests that have been performed show that
FRP is effective in increasing the strength and ductility of unreinforced masonry
walls. Other than work conducted by the author, large scale tests similar to the
one presented in this thesis have not been reported to date.



3. EXPERIMENTAL PROGRAM

3.1 Introduction

The experimental program consisted of ten masonry walls reinforced with
externally applied fiber reinforced polymers and related material tests. The walls
were loaded in the out-of-plane direction by two line loads with the loading points
1.2 m from the reaction supports creating a constant moment region 1.4 m long.
The parameters investigated were the type of reinforcement (carbon strap,
carbon sheet, and glass sheet), amount of reinforcement, layout of
reinforcement, axial load effects, and cyclic behavior. This chapter presents the
ancillary material tests as well as the test set-up and details of the full scale wall

specimens.

3.2 Materials

There were two groups of materials tested, those related to the masonry
and those related to the FRP reinforcement. A communication error resulted in
two different dimensions of masonry block being used, metric and imperial. As a
result, the tests were separated into two series. Therefore, all ancillary tests
were performed also in two series. Series One used the metric dimension blocks
and Series Two used the imperial dimension block. Ancillary tests were
performed on individual masonry blocks, mortar cubes, and masonry prisms to
determine the mechanical properties of the specimens. For the fiber
reinforcement, a number of tension coupons were tested for the glass fiber,

carbon strap, and carbon sheet.



3.2.1 Masonry
3.2.1.1 Individual Units

A totai of 30 masonry units were tested to determine the compressive strength,
15 for each series, in accordance with CSA Standard A165.1-M94 (1994). Both
series of blocks had a specified manufactured strength of 15 MPa and were
supplied by Edcon from Edmonton. Table 3.1 summarizes the results of the
tests. The dimensions used in the table and mentioned below are explained in
Fig. 3.1. The compressive strength for the blocks in Series One were calculated
based on the following average dimensions: A =29.2mm, B =34.7 mm,
C=352mm, L=390.4 mm, H=190 mm, and W = 190.1 mm. The average net
area was 38603 mm?% For Series Two the following were used: A =32.6 mm,
B=388mm, C=38.7mm, L=395mm, H=193 mm, and W=193 mm. The
average net area was 42623 mm’. The results show that the compressive
strength of the blocks used in the construction of Series Two walls was 20%
lower than Series One.

3.2.1.2 Mortar

Type S mortar, supplied by IXL from Edmonton, was used in both series.
A total of 36 standard 50 mm mortar cubes were tested, 18 for each series, in
accordance with CSA Standard A369.1-M94 (1994) and ASTM Standard
C109 M-85 (1995). Random samples of mortar were taken at various times
during the construction of the walls. As a general rule, three cubes were made
from samples taken from the top, middle, and bottom of each tub of mortar used.
Table 3.2 summarizes the results of the tests. Three of the mortar cubes in
Series One were loaded improperly and the results discarded. The remaining
results show that the compressive strength of the mortar used in the construction
of Series Two walls was almost 20% greater than Series One.



3.2.1.3 Prisms

Ten masonry prisms were tested for compressive strength. The age of
the prisms at the time of testing was well beyond 28 days. It was intended that
five prisms be constructed for each series but prisms were not constructed at the
same time as the Series One specimens. As a result, all ten prisms were
constructed at the same time as the Series Two specimens. Left over metric
dimension masonry blocks and the Series Two mortar were used to build five
prisms in an effort to simulate the material properties of Series One specimens.
The remaining five prisms were built with imperial block. All prisms were
constructed and tested in accordance with CSA Standard A369.1-M90 (1990).
The prisms were one and a half blocks wide (0.6 m), and five courses high
(1.0 m). Running bond was used and the joints were finished (tooled) in the
same way as the wall specimens. A 200 mm Demec gauge was used to obtain
the masonry strains during testing. Figure 3.2 shows the details of the prisms
and instrumentation. In the figure, dimensions shown in brackets indicate the
dimensions of the prisms constructed with imperial masonry block. Because the
masons did not use a leveling line some height variability between prisms
existed.

Table 3.3 summarizes the results of the tests. The modulus of elasticity
was calculated based on the average net compressive area of the prisms and
the last recorded strain measured over the height of the prisms. Naturally, there
was large variability in the calculated compressive strengths of the prisms. The
fact that the prisms were poorly constructed amplified the natural variability
expected with masonry. It is interesting to note that a different mason
constructed the prisms from each series. The mason who constructed the
Series Two prisms showed a higher level of consistency with respect to the
leveling, mortar joint thickness, and vertical straightness of the prisms. Not
surprisingly, the Series Two prism results had a much lower coefficient of
variation as the Series One prisms. The higher quality of construction for the
Series Two prisms also explains why the strength was higher than the Series



One prisms. The imperfections in the construction of the Series One prisms,
specifically the increased thickness of the mortar joints, caused premature
failure. There is an obvious difference in material stiffness between the masonry
block and the mortar joint. Because of this difference, each material will behave
differently under loading. When subjected to a compressive load, the mortar
joint experiences a lateral compression force, which in turn causes the
surrounding masonry block to experience a lateral tension force. Hatzinikolas,
Longworth, and Warwaruk (1978) proved that by increasing the thickness of a
masonry joint, the tension force experienced by the surrounding masonry block
increases. The Series One prisms contained several mortar joints which were
greater than the specified 10 mm. As explained above, this increase in mortar
joint thickness caused premature splitting of the Series One prisms and reduced

the ultimate compression load.

3.2.2 Fiber Reinforcement

All fiber types used contained unidirectional fibers. All tension coupons
made with the various FRP types were in accordance with ASTM Standard
D3039 M-95a (1995). A 5 mm electric strain gauge was placed in the center of
the coupons and, where feasible, an extensometer was also attached. The
thickness was measured in six locations along the test length of the coupons and
averaged. This was done because the epoxy used to impregnate the fibers
varied in thickness considerably. All coupons were allowed to cure for one week
before testing. Table 3.4 shows the results of all of the FRP tension tests.

3.2.2.1 Glass Sheet
The glass sheet used was supplied by Fyfe LLC and had the brand name
Tyfo S. The sheets were delivered in large rolls and had to be cut to size. Two

coupons were constructed at the same time as the application of the glass fibers
to Specimen MGST 5. Both giass fiber coupons failed near the grips.
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Consequently, the ultimate stress and strain was not achieved. Figure 3.3
shows the stress-strain behavior of the glass fiber coupons. The apparent
difference in the two curves is mainly a result of the variation in measured
thickness. The nature of the material suggests the two curves should be
identical. Because only two specimens were tested, no statistical information
other than the average could be calculated in Table 3.4.

3.2.2.2 Carbon Strap

The carbon strap used was supplied by Sika Canada Inc. and had the
brand name Carbodur. The strap came in 50 mm wide strips that had to be cut
to length. Four coupons were constructed at the same time as the application of
the strap to Specimen MCS 6. Figure 3.4 shows the stress-strain behavior for all
of the carbon strap coupons. The carbon strap has a very consistent thickness
and all four tests follow almost the same path. The failure in all of the coupons

occurred near the center of the test region.
3.2.2.3 Carbon Sheet

The carbon sheet was supplied by Mitsubishi Chemicals and had the
brand name Replark 20. The sheets came in 250 mm wide rolls. The carbon
matrix itself is delicate and a white mesh placed on one side, undemeath the
protective paper backing, helped maintain the integrity of the fibers during
installation.  Six coupons were constructed. Two were made during the
application of the fibers to Specimen MCST 4. The remaining four coupons were
made during the application of the fibers to specimens ICST 8 and ICST 9. Two
of these were two layers thick. These four coupons were buiit using epoxy from
a previously unopened container. The rest were constructed from a previously
opened epoxy container. Both containers of epoxy were the same brand from
the same manufacturer. The stress-strain behavior of the carbon sheet coupons
is shown in Fig. 3.5. All of the coupons failed near the center of the test region.
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Again, the variability in measured thickness is mainly the reason behind the
inconsistent curves. The modulus of elasticity reported in Table 3.4 is calculated
from a regression line fit to the data in Fig. 3.5 after 4000 microstrain. The
lowest R? value, which is an statistical value used to determine the accuracy of a
regression line with 1.0 indicating a perfect match, achieved from the regression
analysis was 0.9991. The 4000 microstrain condition was imposed because the
mounting of the extensometer caused some initial bending in the thin fiber
coupons and is not representative of the true stiffness of the material.

3.3 Test Specimens
3.3.1 Details

As mentioned earlier, the full scale test specimens were constructed in
two series. Series One consisted of four walls built with standard 200 mm block.
Specified dimensions for each specimen of Series One was 3.99 m high, 1.19 m
wide, and 0.19 m in depth. Series Two consisted of six walls built with standard
8 inch block. This changed the actual dimensions of these specimens to 4.05 m
high, 1.205 m wide, and 0.193 m in depth. Each specimen was 20 courses high
with #9 gauge wire joint reinforcement every 3™ course. None of the cores were
grouted. The walls were built on 200 mm wide, 1200 mm long, and 50 mm thick
steel base plates. Running bond was used and the joints were finished flush
with the outside of the block. All specimens were allowed to cure for at least 28
days before the FRP was applied.

3.3.2 Workmanship

All specimens were built by professional masons. A different crew was
employed for each series. The quality of work of the walls from Series One was
excellent. The mortar joints had a consistent thickness of 10 mm which resulted
in every course in the four walls being at the same height. The finishing of the
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mortar joints was exactly as specified. The quality of work of the walls from
Series Two was average to poor. The mortar joints ranged in thickness from
S mm to 20 mm resulting in high variability in the height of the courses in each
specimen. As a resuit, each of these six walls had slightly different heights.
Some of the mortar joints were tooled, some left unfinished, and some finished
as specified. A few head joints (vertical joints) were not completely filled with
mortar. In general, the variability in quality of construction did not noticeably
affect the test results but it did make preparation of the walls for reinforcement

application and positioning of the walls in the test frame more difficuit.

3.3.3 Reinforcement Strategy

Series One involved seven tests on the four walls and focused on varying
the type of reinforcement. One wall was first tested without reinforcement, then
tested again as a partially cracked wall, and finally as a fully cracked wall. One
was reinforced on one side and tested until fully cracked, then additional
reinforcement was placed on the opposite side and the wall was tested again in
a cyclic manner. The remaining specimens were tested as undamaged
specimens. Series Two involved six tests on the six walls and focused on
varying the layout and amount of carbon fiber sheet. Axial load effects were also
investigated in this series. Fig. 3.6 shows the different layout patterns tested.
Table 3.5 summarizes the factors investigated for each test.

Because metric blocks were used in the construction of the specimens in
Series One the designation (M) is used to identify the tests. Similary (1), for
imperial, is used to identify the specimens from Series Two. Each test is
designated by the series, (M) or (1), followed by the type of reinforcement used;
(CS) for carbon strap, (CST) for carbon sheet, and (GST) for glass sheet,
followed by the test number. An additional number preceded by a hyphen
indicates the specimen is being used again for the current test. For example,
MCST 7-4, indicates Series One (metric walls), carbon sheet, test 7, and it is

using the same specimen from test 4.
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3.3.4 Application of Reinforcement

Each material used has its own method of application. Before any
reinforcement was applied the surface of the masonry wall had to be prepared.
For all reinforcement types the area that was to receive the reinforcement
applied to it was sanded to remove any loose particles and the joints were
ground to remove any high spots. Any unfilled or partially filled joints were
patched with a hand mixed cement and sand compound and allowed to cure for
at least 24 hours. in the field, mortar would normally be used to level the joints.
The filling of voids and sanding allows a consistent, flat surface for the
reinforcement to bond with. Next, the fine dust was removed using compressed
air. For the specimen reinforced with angled carbon fiber sheets, ICST 12, the
reinforcement was wrapped around the edges of the wall to simulate continuous
reinforcement. To allow for this the comers were rounded with a grinder. This
reduces the possibility that the reinforcement will be cut prematurely by the sharp
edge of the wall.

The application of the carbon strap was relatively simple. After the wall
was prepared as described above, the strap was bonded to the wall using a two
part epoxy system. The epoxy was provided by Sika Canada Inc. and was
designated as Sikadur Type 20, normal modulus. The specified mixing ratio was
3:1 by weight for parts A and B. For one 3650 mm by 50 mm carbon strap 600 g
of Epoxy A and 200 g of Epoxy B were used. The epoxy was applied to the wall
using a putty knife. Care was taken to ensure the epoxy was spread evenly over
the bonding area. Next, the carbon strap was positioned and pressed into place
by hand. A 30 mm wide plastic roller was then used to firmly press the strap into
place until epoxy stopped squeezing out from undemeath the strap. The excess
epoxy around the edges of the strap was trimmed off with the edge of the putty
knife.

The application of the glass sheets differed from that of the carbon straps.
First, a primer coat had to be applied to enhance the bonding ability of the
epoxy. The primer used was supplied by Mitsubishi Chemicals and was called
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