Abstract

WYLIE, JOHN QURTIS. Experimental Testing dinreinforced Masonry Walls Strengthened
with Orthogonal NeaSurface Mounted CFRP Subjected to -©fiPlane Loading(Under the
direction of Rudolf Seracinp

Unreinforced masonry (URM) structures comprise a considerable proportion of the
building stockworldwide. However, these structures generally do not behave well under extreme
wind or earthquak@adingor are otherwise deterated As part of orgoing research, methods
of repairing or strengthening URM walls subject to-ofiplane loading using fibeteinforced
polymers (FRP) are being investigated. For several reasmes method showing particular
promise is the use of aesurface mounted (NSM) Carbon FRP stripesearch talate has
made significant progress in quantifying the fundamental behavior obdhded FRRo-
masonry interface and the behavior of URM walls repaired with vertical FRP stitipesct to
out-of-plare loading. This thesipresents the experimental results of five lasgale claybrick
masonry walls strengthened using NSM CFRP strips and loadexf-plaine statically to failure
using an airbag system. Vertical and Horizontal NSM configurations \ested separately as

well as orthogonal grid configurations constructed using two different techniques. The

experimentallyobserved failure mechanisms are described in detail for each wall.
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1. Introduction

1.1 Background

Unreinforced masonry (URM) structures comprise a considerable proportion of the
building stockworldwide. Many existing unreinforced masonry (URM) structures around the
world are vulnerabléo failure due to ouof-plane and irplane loading from extreme wind
or earthquakedue to several failures of masonry structures during earthquake events (e.g.
Newcastle, Australia in 1989 and Kocaeli, Turkey in 1999) the development of new
techniques forstrenghening or repairing masonry structures is in high dem&aikM
structures are often in need of repair due to degradation from environmental factors, or
increased live loading.

Early strengthening techniques of URM structures included reinforcing the URM
structures with steel rebar or mechanically attached steel reaction systewsver these
strengthening techniques add additiomadight, which could result in alteate modes of
failure during anearthquake event. Additionally, retrofitting these strucyseoved to be
difficult due to location and access. Therefore, a need for alternate and new strengthening
technigues was needed.

Among the new strengthening techniquds the use of fibereinforced polymers

(FRP) in the form of sheets, strips, barsptates. FRP materials are gaining acceptaace



strengthen URM structures in large part due to their durability, light weighgemetal ease
of application.

Early applications of FRP strengthening of magomalls were by the wet layp technique
with unidirectional or bidirectional fiber orierdtions depending on the type loading and
boundary conditions. This technique is generally applied over the entirefftoe wall, or
in wide strips. Although very efficienin increasing strength, or moregnportantly,
deformation capacity, it is only a viabl@t@n when aesthetics are of ooncern. So, unless
the FRP sheets are covered by an ezlefacade, this approach is natceptable for
historical or heritage listed structures. dnsimilar approachhe externabonding (EB) of
pultruded FRP plates has @lbeen shown to be effective. In all Epplications, surface
preparation is critical to ensure a good bond at the critical adhesisenryinterface.
Experimental tests have showmtlexcessive &rt may in factdamage the brick surface and
compromise the integrity of the interface. A careful be¢emust be reached. EB systems are
typically anchored tathe ends to prevent prematudebondhg failure using a variety of
methods.

A more recent techque is to bond the FRP in a groove cut into the masonry in a
technigue commonly referred to as nearface monting (NSM). The NSM technique
typically uses round/square baos narrow strips. NSM FRP may be placedhe vertical
and/or horizontatlirection depending on the loading and boundary conditidrtbe wall.
Unlike EB, the NSM technique has minimal impact on the aesthetics afdbenry facade.

Further, when narrow strips are used less construction effaygrisrallyrequiredas the



groove may be made with a single sawt, the resistance to various formsdetbonding is
improved, and the FRP is better protected from environmental effectansentional
damage.

At North Carolina State Universityn orthogonal grid NSM FR§trip strengtlening
system has been developed which is more effective in increasing the strendticalitgl of
masonrystructuresa the latter techniquesThe feasibility of usingorthogonal NSM FRP
strips for the repair and strengthening wiasonry structuresas ben demonstrated in this
studyhowever, further research must be conducted before the technique can gain widespread

use.

1.2 Objectives

The overall objective of this research program is to investigate thesudace
mounted technique of strengthening einforced masonry walls. First, it is desired to
examine the performance and evaluate the effectiveness of using NSM CFRP strips as a main
out-of-plane reinforcement for URM walls. In order to meet this, three different NSM CFRP
strengthening configuratisnwere studied. The three different reinforcement configurations
were horizontal only, vertical onlgand orthogonal grid.

Second, the research aims to develop an approach to take advantage of the higher
strengthen and ductility offered by FRP. It is beéd that the NSM technique offers these
advantages. By constraining the FRP within the URM wall, the FRP is protected from

external caditions, which could otherwisgamage the FRP. Additionally, it is believed that



higher strength and ductility will bechieved versus externally bonded FRP due to the

confinement of the FRP within the URM wall.

1.3 Scope

In order to meet the objectives outlined above, the tdsksribed in the following were
undertaken.
1 Chapter 2 presentscomprehensive stat#-the-art literature review was conducted
on FRP reinforcement The review includespublished reports and articles on
completed research pertinent to the useRIP used for URM
1 Chapter 3 presents the details of the experimental program including the alietign
test specimens, the construction of the specimens, the test setup, the instrumentation
and the test program.
1 Chapter 4discusses in detail the experimental results, and the observed behavior of
the five URM walls investigated in this study
1 Chapter 5 sumnarizes the major findings of the research and presents
recommendations fgrossible future research in the field.
1 Finally, the results of a small series of pymil tests are summarized in the

Appendix.



2. Literature Review

2.1. Introduction

This chaper provides a general overview of fiber reinforced polymers (FRP) as used
in strengthening and repair of masonry structures. Conventional methods of strengthening or
retro-fitting (i.e. steel rebar or steel framing) provide sufficient results, however, may
inadvertently give rise to major problems, such as additional weight and corrosion.
Additionally, these methods may negatively alter #®sthetis, especially to an historic
structure. FRP is becoming a strong alternative to these methods, due tkablevoature
and ease of application. Furthermore, FRP is lightweight andmeahanical properties
comparable to that of steel. Ideally, FRP applications reduce time of construction and are cost
effective with respect to conventional methods.

Thetopicspresented in this review are categorized by the following

1 FRP Material Properties

1 Experimental Tests

1 Failure Modes

1 Quantification of Failure Modes
1 Pull Tests

M Conclusions



2.2 Fiber Reinforced Polymer

Fiber reinforced polymers (FRP) are higtnength, lightweight, nceoorrosive
materials that are ideally suited for use in infrastructure applications. Fiber reinforced
polymer reinforcement uses long, higarformance fibers as the basis for the reinfioreet
systems. The long fibers are capable of carrying substantial loads and can function in the
same way to conventional reinforcement. These -pigfiormance fibers include aramid,
glass, and carbon, though aramid is not common in the United Statespéfiighmance
fibers refer to the strength and stiffness properties of small diameter synthetic fibers (Gilstrap
and Dolan, 1998). These fibers are linelstic and have a high stiffness deveigpigh
stress for a small strain. The fiber modulus ofteddg variesfrom approximately one third
of the modulus of steel to one and a quarter times that ofdgpehding on the type of fiber
Table 21 represents the modulus of elasticity of some common materials.

Table 21: Modulusof Elasticity for Comma Materials

Material Elasticity Tensile Strength
Steel 29,000 ksi (190 GPa) 36 ksi (250 MPa)
CFRP 35,000 ksi (240 GPa) 360 ksi (2500 MPa)
GFRP 9,500 ksi (65 GPa) 245 ksi (1700 MPa)
Brick 513 ksi (3.539 GPa) 0.09 ksi (0.61 MPa)

These higkperformance fibers provide strength and stiffness to the FRP
reinforcement, while a bonding matrix is used to create a composite reinforcement system.
The bonding matrix typically consists of a resin that provides protection for the fibers and

aids in the transfer stress from fiber to fiber. In a typical FRP rod reinforcement,



approximately 3660% of the crossection is the resin binder. Therefore, the strength of the
FRP reinforcement is determined by the fiber content, given that the resir athts little
to the total strength.

The stresstrain behavior of FRP reinforcement is linedastic to failure. As a
result, the FRP reinforcement is classified as brittle versus steel which is ductile. As a
comparison, the yield strain of grade G@ed is approximately 0.002, which is about -one
tenth ofthe ultimate strain available in the FRP reinforcement. Thus, if a masonry structure is
reinforcement with some type of FRP, the structure will continue to gain strength until there
is either a bondailure between the FRP atlde masonryrupture of the FRP reinforcement
or crushing of the masonryFigure 21 shows thetypical constitutive relationships for

common materials

CFRP

GFRP

/ Steel

Stress

Strain

Figure 21: Behavior ofTypical Materials



High-performance fibers used in the FRP composites have relatively low shear
strength. Fo example, the shear strength steel is approximately 45% of thensile
strength, in comparisoto approximately 10%or that of the FRRibers.Low shear strength
is significant for the reason that the lack of shear capacity limits the amount of load that may
be transferred to the core of the higérformance fibers. As a result, FRP reinforcement size

is critical.

2.3. Existing FRP Strengthening Techniques for URM Walls

FRP composites have receivedonsiderable attention in retrofitting masonry
structural elements for owif-plane bending. These strengthening techniques have been used
in a number of applications, that includes externally borsteekts or fabric, externally
bonded strips, and near surface mounted strips or bars (rods). This section provides an insight

into these techniques, along with the typical failure mechanisms farfql&ne bending.

2.3.1. Externally Bonded FRP Sheets

Externally bonded (EB) FRP sheets have been investigated under a number of
circumstances including seismic retrofit. The purpose of adding EB FRP sheets as
reinforcement is to enhance theplane seismic strengthr in the case of this stugdihe out
of-plane strength.The investigation by Kolsch (1998)provided insight that external
reinforcement bonded to the tension side of a given flexural element increased the flexural
strength significantly. In addition, the tests showed that the FRP sheetstpdebeth partial

and complete collapse of the masonry walls in the criticabtlon during seismic loading.



The EB FRP sheet reinforcement system comprises of FRP fibers embedded into an
epoxy based matrix. To obtain full composite action of the FRIRepoxy, the fibers must be
fully impregnated by the resin. The sheets, however, are produced as dry fibers, thus, they are
embedded into an epoxy as they are applied to the surface. Typically, the FRP sheets are
made of unidirectional fibers, but can biitectional. Figure 2 shows the application of

epoxy and FRP sheets.

Figure 22: Application of Resin and FRP Lamingferovided byFyfe Co. LLC)

Surface preparation is a key element to proper application of the EB FRP sheets,
commonly referred to as the wet dag process. A large smooth surface is preferable for all

fabric types, however, in the event that the surface may not be suitable, sabstambthing



or removal of mortar must be done. The presenchaifpcorners or tight bends complicates
the wet layup application becaus#e stress concentration will likely result in premature
failure generally corners need to round to approxima@l inches (10 mm).

Surface preparation ixitical to ensure a good bond at the critical adhesiasonry
interface.Preparation of the surface can be done in a variety of ways. A suitable method is
sand blasting the surface with an air gun. In additithée air gun, manually wire brushing
the surface is preferable, especially in the mortar joints. To remove residual dust from the
prepared surface, a light water jet is usually appli&gdrface preparation in the form of
priming and puttying care done @ create a smoothurface. Primer is an epoxy based
mat er i al designed to penetrate the pores in
any irregularities on the surfaead to prevent suction of the epoxy redityers and Carney,
2003. Expermental tests have shown that excessive effort in surface preparation could
damage the brick surface and thus, compromise the integrity of the inteisees (and

Carney 2003. As a result, careful balance must be reached

2.3.2. Externally Bonded FRP Strips

Similar to the EB FRP sheet reinforcement system, EB FRP strips is another
technique that directly bonds flat FRP strips or plates to the masonry surface. These strips are
produced by impregnating the fibers with a resin and pultruding the uncumesereitin
composite through a die into a continuous, uniform esassion shape such as a bar or plate

(Schnerch,2007). The application of the EB FRP stripgan be orientated in either the
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vertical or horizontal direction. The process is highly controfied allows for a uniform
orientation of the fibers, which in return allows for maximum strength. In a study done by
Ghobarah andsalal (2004), they conducted an investigation that strengthened URM walls
with openings using CFRP strips. Based on the ewfltheir experimental program, the
strengthenedvalls sustained lateral loads tihe order of five times that of the URM walls.

The strengthened walls behaved in a ductile manner and dissipated a significant amount of
energy due to cracking along the n@orjoints and movement between the amag units
(Ghobarah and Gala2004). Secondly, similar to the EB FRP sheet counterpart, the EB FRP
strip system of strengthening is simple and easy to apply.

The strengthening pcedure for the EB FRP stripstiee same afor the EB FRP
sheets. One key difference is that more time and preparation must be put in to make the
surface of the URM wall flat and smooth because the strips are not as flexible as the sheets.
Any irregularities in the surface will result ihe reinforcement not functioning correctly and
failing prematurely. Similar to EB FRP sheets, EB stigps typically orientated in the
vertical or horizontal direction.

These techniques have shown adequate strength and ductility increases to URM
walls. However, because the FRP is applied to the outside of the URM wall, aesthetics can
become an issue if located in public areas. Therefore, the need for a strengthening technique
that offers the same benefits as EB FRP techniques, but without the aesthebadk, is
needed. Additionally, if the surface preparations of these EB systems are not adequate, the

capacity of the EB FRP system is not met. Consequently, the strength and ductility of the
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wall is reduced. It seems unrealistic that the surface preparia field applications would

be pristine consistently, contributing to an inadequate system. Though it has been shown that
EB systems provide adequate increase in strength and ductility, these studies have been in
controlled environments. Therefore, & unrealistic that EB systems would perform
adequately on a consistent basis, given the time and effort needed to provide a pristine
surface for application. Furthermore, environmental conditi@g. UV light) and other

means of damage (expndalism)yeducethe performance oEB systems.

2.3.3. Near Surface Mounted FRP

Among the strengthening techniques based on FRP, the use of near surface mounted
(NSM) FRP is emerging as an excellent technique for increasing flexural strength of masonry
structure. In a study done by Turcet al (200, they did experimental work with NSM FRP
bars to strengthen an URM wall and subject it toaftplane forces. The results from that
study showed that the strength and pseduictility can be substantially increased by-26
times that of an URM wall.

The FRP used for the NSM can come in the form of square or circular rods, or narrow
flat strips. Thetechniqus main concepts to bond the FRP in a groove cut into the masonry
NSM FRP may be placed the vertical and/or horizontal direction dependimgtioe loading
and boundary conditiornsf the wall.In addition, an orthogonal grid can be implemented for
the NSM FRP, though it is easier to apply with EBilike EB sheets or stripsthe NSM

technique has minimal impact on the aesthetics ofrthgonry arface Compared to the EB
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FRP techniques, the application of NSM FRP preserves appearance and requires minimal
installation time. Preserving the aesthetics of a masonry structure, especially one of historic
value, is an added advantage of using the NSthrtigue. Figure -3 shows a wall with

vertical FRP strips and displays the minimal impact to the appearance of the structure from

the strengthening.

Figure 23: Masonry wall with NSM FRP Strips

Furthemore when narrow strips are usddss constructioeffort is requiredas the
groove may be made with a single semt, the resistance to various formsdefborming is
improved, and the FRP is better protected from environmental effectantemtional
damage.

Surface preparation of the masonry is not iiscal as with the EB strengthening

techniques because the FRP is bonded to the inside of the masonry structure. The groove is
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cut with a saw and depending on the cross sectidhe FRP beingised; multiple passes

with the saw may be required, as shawfigure 24.

Figure 24: Cutting Groove with Saw

Following the cutting of the groove, the groove is cleaned from small particles and
dust that can affect the FRB-epoxy bond. The groove is then partially filled with epoxy
followed by insertion othe FRP into the groove. The groove is then filled with more epoxy
and the surface is leveled. Figur® 2hows the FRP inserted into the groove and being filled

with epoxy.

14



Figure 25: Insertion ofEpoxy Resinnto Groove

2.4. Failure Mechanisms

To sucessfully retrofit an URM structure, one must analyze thelame and ouof-
plane response of the structure and find ways to strengthen the weak links in the existing
system without creating new collapse mechanisms (GilsindDolan 1998). Depending on
the FRP strengthening technique, a variety of failure mechanisms arise. Though these
techniques may not create a different collapse mechanism globally for the masonry structure,
they could change the behavior locally. In addition, different behaviors beesm observed
when the FRP reinforcement systems are anchored. The following sections provide a view

into the typical failure mechanisna$ FRP strengthening systems for -@dtplane loading.
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2.4.1. Experimental Observation with EB FRP Sheets

In a studyconducted by Mossalam (2007), his focus wasealuating theut-of-
planeflexural behaviooftwo FRP sheetsystems for strengthening unreinforced red brick
masonry walls. In the experimental program, a totébur full-scaleURM wall tests were
conducted One wall specime was used as contrepecimen without composites, and the
remaining three wall specimens were strengthened with eitig&ads/epoxy or carbon/epoxy
composite systems with different fiber architectuiiéhe effectof applying a coss
ply laminateon the ultimatdailure mode wasnvestigatedn this study The results from this
study showed that thailure modes of specimens were due to a combination of compression
failure of bricks Pbllowed by a cohesive failure of the FRP skeahd epoxy. Once the
cohesive failure has occurred, that part of the URM wall is no longer strengthened, resulting

in an unsafe and inadequate condition.

2.4.2. Experimental Observation with EB FRP Strips

Many of the same failure mechanisms seen forHE® sheets can be found in EB
FRP strips. Though the two methods use different types of FRP reinforcement, the fact that
they are both externally bonded to the structure allows for similar failure mechanisms.

In a study conducted by Ghobarah and GalaD{20their objective was to investigate
effective and practical approaches for strengthening URM block walls with openings to resist
out-of-plane loading. Their approach was to use EB CFRP strips that were anchored to the

structure and loaded cyclicallying an airbag. Though the cracking of the URM wall was
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along the mortar joints, different types of failure mechanisms for the strengthened walls were
observed. Masonry crushing of the block and debonding of the FRP strip was observed, but
due to the stripbeing anchored, two additional failure mechanisms were witnes$td;
rupture at the anchor and block failure at the anchor.

In a study done by Willis et 42009, they investigated the cof-plane response of
four full-scale damaged URM walls witlpenings repaired after damage with EB CFRP and
GFRP. The four walls were tested under monotonic statiolplane loading using airbags.
In addition, a debonding mechanism not yet quantified for retrofitted masonry structures was
observed and identifieds displacement induced (DI) debonding. In addition to the DI
debonding, intermediate crack (IC) debonding was experienced. Both DI debonding and IC
debonding are discussed later in secttoh.3 and 2.4.4. Figure 26 showsthe IC failure
mechanism at theottom of the right mo<EB FRP stripsNote that complete detachment of

the FRP was prevented by the anchorage provided by the steel restraint at the base.
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Figure 26: Failure Mechanism for EB FRP Sti{Provided by Dr. Rudolf Seraciho

2.4.3. Experimental Observation with NSM FRP

The NSM FRP reinforcement technique is unique in the fact that a variety of FRP
crosssections can be installed. Though these esestions share common failure
mechanisms, dissimilar failure mechanisms do exist.

In a studyconducted by Tumialan and Nanni (2002), the use of NSM FRP circular
bars for increasing the flexural strength of deficient masonry weltsnvestigatedIn their
application, GFRP bargere usedwith a sand coating to improve the bond between the

epoxy andghebar to prevent the FRP from fAslidingo

18



placed only in the vertical direction without anchorage. The failure mechanism discovered
was debonding of thepexy from the masonry and shear failure of the wall. In a similar
study conducted byurcoet al(2006, the same failure mechanisms were found.

A study conducted by Galagt al 006 investigated the use of NSM FRP square or
rectangular bars. le NSM RP bars were placed in theertical direction and were not
anchored. Three failure mechanisms were exhibited during the test; debonding of the FRP
from the masonry, flexural failure of the wall, and shear failure of the wall. Debonding of the
FRP from themasonry occurred most often and this was attributed to the smoothness of the
rectangular bars, thus resulting in fAsliding

As shown, studies have been conducted on both circular and rectangular cross
sectioned NSM FRBars. Though both produce similar failure mechanisms, rectangular bars
seem to produce more ductility than circular bars, however, debonding of the FRP occurs

more frequentFigure 27 shows thefailure of an NSM FRP strip likely due to DI debonding
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Figure 27: Failure Mechanism of NSM FRP Sii{Provided by Dr. Rudolf Seracipo

2.4. Quantification of Failure Mechanisms

2.4.1. Compression Failure

Commonly referred to as masonry crushing, compression failure occurs when the
compressive strength of thmasonry unit is exceeded. By focusing on clay brick, the
measured compressive strength of clay brick can vary fr@®01to 35,000 psi (12 to 24
MPa) with a mean value of 11,000 psi (76 MPa), depending on such factors as the
constituents of the plastiday, firing conditions, coring pattern, and the size and shape of

units (Drysdalel994).
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Compression failure is an ideal failure mechanism foradyglane loading situations.
In other words, the tension force that can be resisted by the FRP is greatethéh
compressive force in the masonry, thus making the masonry units the weak link. During an
out-of-plane test, the FRP is applied to the tension side of the wall, thus transferring the
forces after first cracking. Due to the FRP ability to transfgyelatresses on the tension face,
compressive stresses become more critical, resulting in compressive ddithee masonry

unit.

2.4.2 FRP Debonding

Regardless of the type of FRP strengthening technique used, the mechanics behind
debondingis similar. Initially, flexural cracks form in the mortar joints due to the-ofit
plane loading. Though iplane loadings could contribute to the flexural cracks, this study is
focusing on oubf-plane loadings. Since the tensile stresses across the crack are téhen by
FRP, a redistribution of stresses occurs. As a result, the cracks developed may follow the
interface between the epoxy and masonry interface causing debonding.

For BB FRP sheets, FRP debonding is sometiaesompanied with ampressive
failure of themasonry Like EB FRP sheetdRP debonding of EB FRP strips is similar.
Studies have found (Mosallam, 2Q08hat this cohesive failure typically will occur at the
edges of the sheets, typically at locations where maximum deflection has occurred. FRP
deborling does not necessarily have to fail at the edges of the sheet, FRP debonding can

occur anywhere on the sheets; however, this debonding is usually influenced by additional
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factors such as improper construction and application of the shamds anchorage

Additionally, crack patterns and boundary conditions can infleehe FRP debonding.

2.4.3. Intermediate Crack Debonding

Intermediate cracking (IC) debonding has shown to be an important and critical
debonding mechanism. Interface debonding cradkselop and propagate along the
adhesivemasonry interface originating from the discontinuity at the location of a flexural
crack in the masonry. Originating from the discontinuity at the location of a flexural crack in
the masonry, IC debonding occurs wheracks develop and spread along the epoxy adhesive
and masonry interface. The tensile stresses developed in the FRP are transferred to the
masonry. As the flexural cracks between the epwoagonry interfacewiden, the cracks
unite and then spread towatee ends of the FRP. When this occurs, the FRP detaches from
the masonry surface. IC debonding is considered to be a critical debonding mechanism
because it governs the increase in the moment capacity and ductility of the strengthened

URM wall. IC debondig s illustrated in Figure B
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Figure 28: IC DebondingProvided by Dr. Rudolf Seraciho

2.4.4. Displacement Induced Debonding

Displacenent induced (DI) debonding is considered to be identified as a new failure
mechaism. Preious stdies (Willis et al 200pobservedDIl debonding, however was not
able to quantify the failure mechanisfuring a wall test, debonding originated at the
intersection of a major prexisting diagonal crack and FRP strip caused a differentiadfout
plane dsplacement of adjacent wall segments resulting in displacement incompatibility along
the crack line. The failure was characterized by the FRP strip debonding in-afptarte
manner. In other words, the debonding was perpendicular to the directiorats$eath IC

debonding.
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In another study (Willis et al 2009DI debonding was identified as a primary failure
mode for masonry retrofitted with horizontal NSM CFRP strips. During testing of one of the
wall specimens, a brick near one of the loadingssliwas pushed off, causing detachment of

the brick where the FRP strip wdsgure 29 shows an example of DI debonding.

Figure 29: DI Debonding(Provided by Dr. Rudolf Seracino
To date, DI debonding has not be quantified in any publication. Buibies
conducted by Willis suggest that further research into this matter is recommended, due to the
fact that this may be a failure mode associated with the NSM technique.
2.5. Pull Tests

To simulate the IC debonding mechanism, simple fughtests (fom herein

referred to as pull tests) were developed. Pull tests involve subjecting the FRP, whether it is
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EB or NSM, to a direct tensile force. There are a variety of methodsntolate this
mechanismbut all share the same ideology. One common metheal bond the FRP to a
masonry prism and subject the FRP to direct tensile force. From pull tests, the fundamental
interface shear stresdip behavior of the FRP to masonry joint can be determined.

The concept behind IC debonding can be illustratédarfollowing figures(Willis et

al, 2009. Figure 210llustrates theypical IC debonding mechanism.

applied load

FRP interface intermediate

plate crack propagation  crack

Figure 210: IC Debonding in a BendinBeam Tes{Willis et al 2009

Figures 211 and 212 represent a typa pull test seup. Figure 211 simulates a
vertically orientated FRFstrip and Figure A2 simulates a horizontally orientated FRP strip.
Again, though there argeveral of variations of the pull test, tparticular setup shownis

used most frequently.
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In addition to determining the fundamental interface shear sthpsbehavior, pull

tests are also used to experimentally determine the igffeleingth of the bonded FRP to
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masonry interface. Effective length is the minimum length required to achieve the maximum
IC debonding resistance. Secondly, pull tests can provide a lower bound to the IC debonding
resistance (Teng, 2002). It is a lower bduof the IC debonding resistance due to the
combination of the interaction of interface shear stresses at the bonded FRP to masonry

interface between flexural cracks, and the curvature due to thed-pletne bending.

2.5.1. Shear Stress-Slip Relationship

The shear stressip relationship (from herein referred to as batig) is determined
experimentally from pull tests. Through the use of strain gauges on the FRP, axial strain is
measured along the bonded length. The typical {slipdmodel is idealize as a biinear

curve, as sbw in Figue 213,

Uwax, wmaxU

Shear Stress

Slip

Figure 213: Typical BondSlip Relationship
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The bondslip relationship is used in the development of analytical models describing
the complete behavior of suadhesively bonded joints (Yuan et al, 2004). In addition, the
definition of interface elements in numerical finite element mod&sgrsen, 2009

In the typical boneklip relationship,there is an initial elastic region until the
maximum shear streséax is reached at slifi;, which is followed by a softening region up to
slip Umax Where interface micro cracking is developing. Beydingl, visible macro cracks
form representing the debonding region. Théirtar nature of the borslip curve gives ta
effective length, beyond which there is no further increase in IC debonding resistance.

Equation 21 shows the IC debonding resistan@éliis et al, 2009.

Pe =Vt max Roc/ Loer(EA Equation 21

Wheret maxdmax iS equivalent to twice the fracture energy, which is the area under the
bord-slip relationship shown in Figure-P4, L is the length of the debonding failure plane
surrounding the plate crosgctiondefinedby the dashed lines in Figurel12, and(EA), is
the axial rigidity of theFRP plate. The uniqueness of Equatieh i2 that itunifies EB and

NSM techniques in one formulation.
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Figure 214: Definition of IC Debonding Failure PlarigVillis et al 2009
Figure 214 shows the enhanced effic@nof NSM FRP strips compared with the EB
FRP technique by the improved confinement of the debonding failure by the surrounding
masonry. Within the parameters considered experimentally,for NSM FRP may be as

much as double that for EB FRP, whigax can be oran order of magnitude greater.

2.6. Conclusions

Since the material properties of concrete and masonry are similar, some research
related to FRP retrofitted reinforced concrete (RC) is transferable to FRP retrofitted URM.
However, many characteristics are also unique to URM structures. The strengtitarf mo
compared to that of a brick unit is considered weak. Due to this weak link, the URM wall is
more susceptible to owtf-plane loading, unlike a RC structure, where the steel takes the load

after the concrete has cracked.
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Throughout this literature resw, the behavior of URM walls subject to eaftplane
loading along with methods to retrofit them using FRE been investigated. Retrofitting
methods using FRP include EB sheets or plates and NSM strips or rods/bars. Though the
fundamental failure mech&ms are being identified and investigated through experimental
and analytical research, additione¢search needs to be undertaken with NSM FRP. Limited
research has been conducted with the NSM technique, but the theory and psaappairs
to be a god alternativeompared to othéfRP techniques.

Studies have shown that EB FRP has proven tnbeffective and efficienneans of
reinforcement. The increase in strength and ductility is proven to be promising, however,
especially with historic URM tsuctures, aesthetics cannot be compromised. Surface
preparation can be considered problematic with respect to time and cost. Additionally, to
adequately achievsufficientload resistance, the amount of FRP needed to cover large areas
may prove to be cagtwith respect to laor and time. NSM FRP offers an alternate solution
for URM structure. NSM FRP has shown to offer the same amount of strength and ductility
increase with the use of less FRP material. With this, labor and timeasestsduced, in
addtion to preserving the aesthetics of the URM structure.

NSM FRP offers more than just a unique way to hide the FRP within the URM
structure. Though many studies have been done with FRP rods or bars, these studies have not
explored in great detail the us€FRP strips as a NSM method. Typically, NSM FRP bars or
rods are inserted into the mortar joints. In some of these studies, NSM FRP bars or rods have

shown an increase in ductility and strength, however, the failure mechanisms associated with
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thesetechi ques prove discouraging. Many ti mes,
the epoxy matrix, thus resulting in a low resistance failure mechanism.

With respect to rectangular or square bars, a larger groove is needed to accommodate
the FRP. Thoughhte cross section of the FRP is similar in shape to that of the groove, the
actual confinement area is less. This is a result of the width of the groove being as deep as the
groove. With respect to circular bars, the aspect ratio is smaller. As a resulgrdbars tend
to move or slide out of the epoxy matrix more often. Particularly iroéplane bending, if
the ends of the NSM FRP are not anchored, DI debonding can occur. This is linked to the
epoxy matrix; however, the aspect ratio of the FRP witfenepoxy is critical.

Using NSV FRP strips seems to be a viabtdution to increase the confinement area,
and in addition, supply supplementastrength and ductility t&JRM walls. The ease of
application is the samas for other NSM techniques; hower the stripshave additional
cover and preserve the aesthetic appearance of the URM structure. Unlike the EB
countepart, surface preparation is less of an issue.

Previous studies have shown that vertical and horizontal orientated NSM FRP has
increasedthe strength and ductilty oURM walls. Therefore, it is believed that an
orthogonal grid would prove to be even more effective. By combining the vertical and
horizontal bending resistance into one system, there is a strong possibility that the orthogonal
system would be effective. During eof-plane loading, cracks may from solely in the
horizontal bed joints, thus, not engaging horizontally inserted FRP. Likewise, vertical cracks

may form in head joints and propagate through brick units, never iniagsertically
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inserted FRP strips. However, if an orthogonal system is implemented, the cracks would have
to intersect the FRP. Similar to that of steel in a RC wall, the FRP would be engaged, thus
resulting in an increase in strength and ductility.

Thus, the main focus of the thesis is to experimentally explore in detail the behavior
and failure mechanisms of NSM FRP systefrom the literature review, EB FRsystems
have shown to be effectiva strengthenindJRM walls. However, this systemannot be
implemented in aresawhere preserving aestheticyigl. Additionally, EB FRP systems are
exposed to the possibility of damage from environmental conditions or other means. NSM
FRP systems seem to solve these problems by being inserted into the URMhwusall,
protecting it from damage and preserving aetits, in additionto adding the required
strengthening and ductility. The research being conducted will include horizontal strips,
vertical strips, and strips in amthogonal grid pattern. Alternativesll be considered fothe

intersection othe orthogonal grid for use in the field.

32



3. Experimental Program

3.1. Introduction

The following chapter describes the experimental testing program conducted at the
Constructed Facilities Lab (CFL) of North Carolina State University in Raleigh, NC, USA.
Detailed information regarding the experimental program, design and construction of
specimens, material properties, instrumentation, testugetnd testing procedures is

presented.

3.2. Overview

A series of five large scale unreinforced masonry walls (URM) were fabricated and
tested to examine the behavior of the URM walls strengthesitéxdcarbon fiber reinforced
polymer (CFRP) using the near surface mounted (NSM) method and subjectedofe out
plane bending. Three different reinforcement configurations were used: horizontal only,
vertical only, and orthogonal grid. Two different canstion methods were considered to
apply the orthogonal grid configuration. Method one consisted of notching both the
horizontal and vertical FRP strips at the intersection. The second method consisted of a

continuous vertical FRP strip and roantinuoushorizontal strips at the intersection.
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3.3. Full Scale Masonry Walls

3.3.1. Test Specimens

The five URM wall specimens evaluated in the experimental program were identical
in all respects except for the orientation of the FRP and the amount of FRP eseth wall.
Each wall had two return walls, one at each end to supply the wall with stability during
moving and testing. The purpose of the return walls are to simulate realistic behavior and
provide translational reaction. The walls were supported @mnérced concrete (RC) slab.

An isometric representation of the URM wall specimen is shown in Figare 3

Right Return
Wall

Back Side \

Left Return
Wall

Front Side

Figure 31: Sketch of URM wall and slab
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57.15 x 85.73 mm). A front view of a typical test specimen showing the dimensions of the

URM wall and RC slab is given in FigureZ3
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A side view of a typical test spinen showing the dimensions of the URM wall and

RC slab is given in Figure-3.
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Figure 33: Side View of Typical Test Specimen

Each URM wall was constructed to behave like a wall under realistic circumstances.

The return walls helped simulatealistic behavior by acting as @erpendicular supporting

wall in an actual structure. In addition to this, the return

walls helpedatuiliz¢ the

specimen duringransportation. The RC slab acted not only as a device for transporting the

specimen from outsidéhe lab to inside the lab, but assisted in simulating realistic behavior
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as well. The RC slab was designed so that the specimens could be constructed on a flat clean
surface. In addition, the slab was designed so that there were no additional strasgesacti
the wall during the transportation process. The RC slab represents a foundation that can be

found in actual structures.

3.3.1.1. FRP Reinforcement

Of the five wall specimens constructed for the experimental program, four of them
were strengthenedithh FRP. Table3-1 below describes the orientation of the FRP for each
wall and the notation used to identify the wall.

Table 31: Wall Notation

Wall Name Wall Notation FRP Orientation
Control wcC None
Horizontal WH Horizontal
Vertical wv Vertical
Orthogonal Notch WOc Orthogonal Grid
Orthogonal Discontinuous WOn Orthogonal Grid

The four strengthened walls were strengthened with CFRP strips supplied by the Fyfe
Company LLC. The FRP supplied was the Tyfo UC Composite Laminate Strip System using
Tyfo Type S epoxy. Tables-3 and 3-3 show the manufacturers material properties of the

FRP.
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Table 32: FRP Composite Properties

ASTM Typical Test Design

Method Value Value
Ultimate tensile s_tren_gth in primary fiber D-3039 405,000 psi 354,000 psi
direction (2.79 GPa) (2.51 GPa)

Elongation at break D-3039 1.80% 1.67%
Tensile Modulus D-3039 232;?;55' 2?1'25‘18;;)5'

Layer Thickness Varies Varies

Table 33: Epoxy Material Properties

Property ASTM Method

Typical Test Value

Tensile Strength

ASTM D-638 Type 1

7250 psi (50.0 MPa)

Tensile Modulus

ASTM D-638 Type 1

461,000 psi (3.18 GPa)

Elongation Percent

ASTM D-638 Type 1

5.00%

Flexural Strength

ASTM D-790

17,900 psi (123.4 MPa)

Flexural Modulus

ASTM D-790

452,000 psi (3.12 GPa)

The FRP stripsvere a high modulus, high tenssé&rength,pultruded epoxycarbon
composite adhered to theirped substrate by a layer of Tyfo T@axy. The FRP delivered

to the CFL was measur ed 0.0/ thickg762 1@ ® mmx h.9

mm) and was cut

|l ongitudinally

t

0]

a Wi

by
dt h

dependent on their intended orientation on the wall. The variation in length was due to the

FRP being placed on the front face of thelwhBhe horizontal strips were cut to a length of

7 2(&.83 m)and the vertical strips were cut to a lengtif & 0

FRP being cut using a wet tile saw.
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Figure 34: Cutting Process of FRP

3.3.2. Construction of Test Specimens

Wooden forms were used to construct the RC slabs. Once the wooden forms were in
place, they were treated with a form release agent to aid in stripping. The upper and lower
layers of steel reinforcement were tied in place using plastic bolsters antihgesoncrete
clear cover was Jo (19 mm) on the top and
supplier with a specified strength of 3000 psi. The concrete was allowed to cure for 28 days
prior to building the walls.

The construction of the URM Wa was done by a local contractor and took place

over a period of three days. The contractor used a mortar niixLa@f (cement:lime:sand)
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and mixed on site using a motorized mixing barrel. The URM walls were constructed using

the running bond method, aBown in Figure 5.

Figure 35: Running Bond Method

Two masons were used to construct each wall. Each mason started on appuissite
of the URM wall and met near the middle for each cauf$e nominal thickness of each
mortar joint \garg a®taltheght®9 .45 Jmm)( 120. 7 mm) for
Figure 36 shows the layout of the URM walls dne slab. Figures-3 and3-8 show the

construction of a URM wall on the RC slab
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Figure 37: Construction of URM Wa
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Figure 38: Construction of URM Wall with Slab

Each URM wall was left outdoors to cure and gain sufficient strength for 28 days.
Plastic sheeting was used to cover the URM walls for the first 7 days to prevent exposure to
cold weather and rain. Exegive moisture and extreme exposure to cold weather could
weaken the mortar, contributing to the loss of initial strength in the URM wall
Unfortunately, during construction of URM walls, severe weather was present in the area
which potentially affected #h mortar quality of the URM walls. Prisms used for jmult
testing and compression testing were constructed at the same time.

A rotating cutting saw equipped with a masonry blade was used to cut the grooves

into the URM walls. Since the thickness of th#tting blade was not sufficientwo passes
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were needed with the saw to achieve an approximate width of three times the thickness of the
FRP strip. The depth of the cut was 10 (25.
the cutting saw could nacut the required length near the return walls, an electric grinder
equipped with a masonry cutting bladas needed to achieve the maximgroove length

for the horizontalFRP stris. Figures 39 and 310 show the cutting of the grooves into the

URM wall.

Figure 39: Cutting ofVertical Grooves into URM Wall
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Figure 310: Cutting ofHorizontalGrooves into URM Wall

Groove spacing and thickness for all of the strengthened URM walls were identical in

all aspects. Figure-B1 shows the groove spacing for an orthogonal strengthened URM wall.
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Figure 311: Groove Spacing for FRP Strips

Empty caulking tubes were filledith the epoxy and used to inject the epoxy into the

groove. Figure 32 shows a groove being filled with epoxy.
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Figure 312: Filling Groove with Epoxy

Prior to filling the grooves with epoxy, duct tape was used to outline the grooves to assist in
giving a clean and neat exterior view once the epoxy had cured. As soon as the grooves were
partially filled with epoxy, the FRP was inserted and completely filled with epoxy. A flat
spatula was used to finish the surface and ensure there were no air pocketpoXrwas
allowed to cure outdoors for a minimum of seven days before testing of the strengthened
URM wals. Figures 313 and 314 show the insertion of the FRP strips and the finishing of

the surface.
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Figure 313: Insertion of FRP Strip

Figure 314: Finishing of Epoxy
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3.3.3. Test Set-up

Each URM wall was uniformly loaded from the back side of the wall using an airbag
reacting against a strong wall. The 806 by 8¢
the edges of the wall, but during testiit was confirmed that the inflated airbag did not add
any additional stresses or constraints to the edges of the walls. Air supply lines from the lab
were connected to the airbag and were manually controlled through an air regulator. A
pressure transdec was used to regulate the outflow from the airbag, in addition to assisting
in the control of the inflow. As the airbag was narrower than the gap between the strong wall

and the URM wall, a stiff false wall was constructed, as illustrated in Figlite 3

URM Wall
AIRBAG
[-BEAMS
I\ v
STRONG WALL
WOODEN
Wall

Figure 315. Plan View of Test Saip
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The stiff false wall was constructed to act against the pressure of the airbag and to
hold the airbag in place prior to testing. The distance between the stiff false wall and the
URM wall was 50 (127 mm). The maxi @286 t hi c Kk
mm), therefore the maximum oeaf-plane displacement of the URM wallas4 6 (1 01. 6
mm), which is greater than the brick thickness and therefore sufficient to cause collapse of
the wall.

To investigate the efficiency of an orthogonal FRP grid,-tvay bending was
necessary. Twavay bending was achieved by supporting all edges of the wall. In addition to
the two return wall s, two 40 by 30 by 10 (7
m) length was used at the top and bottom edges ofrisidel face of the wall to create
boundary conditions that prevent translation of the top and bottom.etgedottom angle
wasbolted o t he sl ab through the 30 (76.2mm) | eg
l ag screw shiel d&lmam)t Thatopdege rebted @ri toplof the dvall (vith
no physical connection to the URM wal/l. | ns
of l umber at a |l ength of 91060 (2.31 m) was
reaction frame. The lumbevas wedged between the angle and the reaction frame with no
mechanical connection because the lumber would act in compression during the test. The
connection between the top angle and lumber was created by cutting a square notch into the
bottom end of théumber and drilling holes through the top angle and lumber. The top angle
and | umber were connected through a 26 (50. ¢

shows an isometric view of the restraining system.
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Figure 316: Isometric View of Restraing System

To help resist the rotating or tipping of the URM wall about the bottore edging
testing, twodbeams 40 (1017 & mmRlondl &eeepseda @ridntated in the
weak axis direction, thebeams were placed vertically and fit tightigainst the free edge of
the return wall s. Again, two 40 by 40 (101.

back these vertical restraints to a reaction frame. The lumber was wedged inside-of the |
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beam and the reaction frame because the lumberdvamilin compression during the test;
therefore, there was no need #oomechanical connection. Figurel3 shows an URM wall

with the completed seip including the deflated airbag and reaction frame.

Figure 317: Reaction Elements with Reaction Frame

3.3.4. Instrumentation

A total of 14 channels weravailableto monitor the response of the URM walls.
Pressure, displacement, and strain data from all of the channels were electronically recorded

by an Optim Megadac data acquisition system.
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In addition, an Optotrak 3020 system was used to measu+efguiane displacements

and to obtain the displacement profile of the URM walls. The Optotrak 3020 is a three

dimensional motion measuring system using active marker technology (infrared sensors) to

preciely measure the displacement of an object in a ttireensional space.

Five string potentiometers (string pots) were attached to the front face of the URM

wall at locations shown in Figure®. The string pots were used to measure th@bplane

dispacement at predetermined locations on the URM walls and to compare the Optotrak

3020 data.

12.63"

| 20,00 20,00 18,63

22,007

20,00

20,007

[afantlig

Figure 318: Location of String Pots
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Axial strain in the FRP was measured with electrical resistance strain gauges of 120
ohm resistance and 6 mm gauge length. The horizontal and vertical strengthened URM walls
used four strain gauges, while both orthogonal strengthened URM walls usedteght s
gauges. Figures-B9 through 31 show the location of the strain gauges in the four

strengthened URM walls.
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Figure 319: WH Strain Gauge Location
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Figure 320: WV Strain Gauge Location
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Figure 321: WOc and WOn Strain Gauge Location
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Each straingauge was attached to the FRP strip and then protected with multiple
coatings of polyurethane. The wires were securely attached to the strips immediately adjacent
to the gauges. In order to capture the largest strain vajaeges were located near where
cracks in the URM were expected to for@are was taken during the insertion of the FRP
strips into the URM walls to not damage the strain gauges. FigiPesBows a typical strain

gauge being attached to an FRP strip.

Figure 322: Typical Strain Gaugen FRP Strip

An air regulator was used to measure and control the inflow pressure of air. The air

regulator was equipped with two valves, one to allow air into the regulator and the second to
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control the inflow rate from the regulator to the airbag. Base the assumption that the
inflow rate was equal to the outflow rate, a pressure transducer was used to measure the flow
rate into the airbag.

Infrared sensors from the Optotrak 3020 (herein referred to as Optotrak) were used to
measure oubf-plane diplacement on the front surface of the URM walls. The number of
infrared sensors used varied for each wall. Each infrared sensor was attached to the wall at a
predetermined location using hot glue adhesive. The wires were securely attached to the
surface ofthe wall with adhesive tape. Due to the location of a nearby reaction frame, the
Optotrak camera had to be set off to the side of the specimen and directed at an angle toward
the wall. Figure 23 shows a plan view of the URM wall, existing reaction fraerel the

Optotrak camera.

Figure 323: Plan View of URM Wall, Reaction Frame, and Optotrak
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