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ABSTRACT

The use of Fiber Reinforced Polymer (FRP) materids has proved to be one of the
most exciting and effective technologies for external srengthening of masonry Sructures.
The present study, part of the collaboration project between the University of Missouri —
Ralla and Univerdty of Pedua, invedigates in-plane and out-of-plane load conditions
gpplied to different congtructive typologies of FRP strengthened masonry panels.

From an intereding invedigation on an in fidd application new ideas emerged to
improve the dructurd effectiveness and appearance of FRP based reinforcement
goproaches.  The successve laboratory experimenta program includes a preiminary
materia  characterization, bonding invedigations and coupon wal teding.  Diagond
compresson and flexurd tests are performed on clay and concrete masonry wallettes in
order to identify the influence of different combinations of FRP reinforcement systems.
Parameters such as drengthening set-up, anchoring detalls, indalation and srip width
are evauated.

Origind falure mechaniams are modified, increesng noticegbly ultimate capacities
and introducing semi-ductile behaviors. Some specimens subjected to shear load cycles
present high leves of energy-disspation and remarkable post-damage load bearing

capacity.

A new technology consiging in embedding compodste rods into mortar joints
following a specific procedure, caled FRP “Structura Repointing”, introduces aesthetic
and rapid gpplication advantages. Proposed as a reinforcement system to solve sheer,
flexurd, and creegp problems, suitable for load bearing wadls as wel as facades, this
technology can be combined with FRP laminates when hybrid sysems are required on
particular surfaces.

Detaled finite dement modds ae implemented: from the materid characterization
non linearity and frictiond behaviors are introduced to describe fallure mechanisms,
stress and dtrain redistributions and predict ultimate capacities.

Asresult of the present work, design guiddlines are proposed for gpplications of FRP-
Structurd Repointing in flexura and shear strengthening of masonry.
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1 PRESENTATION

1.1 PREFACE

Unreinforced masonry walls often present inadequacies of ultimate capacities
andlor sarvicesbility peformances, resulting from deficiencies due to laterd load
variation, occupancy change, deterioration, construction or design errors. Load bearing
walls are sendtive to latera cyclic actions, which may cause sudden loss of capacity and
brittle falure due to indability; infill pands ae dso susceptible to pulling gart from
floors or sngp through during earthquakes or blasting shocks. For these reasons,
srengthening of masonry walls is of importance during building retrofitting operations.

In order to restore the origind sructurd function of dready damaged masonry
members, rehabilitation techniques usudly require ddicate retrofit that could even be
detrimentd if a disturbing process is involved. Low-impact approaches based on nor+
intrusve and non-destructive methods of rehabilitation are in demand when induced or
potentid damages are fundamental issues.

Structura  and  architecturd maintenance are preventive countermeasures taken to
avoid any cause of degradation on higtoricaly or architecturdly remarkable buildings.
Masonry walls are the main focus of this concern. Current techniques hardly reconcile
drengthening with agppearance, and often tend to periodicaly replace deteriorated
materids indead of preventing moidure infiltration and corrosion.  Preservation, instead,
might involve reversble inddlations that have to be removable once certain conditions
change, for this reason many traditiond strengthening methods cannot be consdered for

this purpose.

Repointing is the common name for a technique involving the application of short sed
rods across cracks caused by creep of the masonry assemblage under long-term high-
level dead loads (Binda et d., 1999). Thaose rods are anchored by cementitious injections.
This technology ams to solve circumscribed problems and does not have a globd
gructurd function.

FRP maerids exhibit severd properties, such as high tendle drength and corroson
ingengtivity, which make them suitable for use as dructurd reinforcement.  While design
procedures have been edablished specificdly for the use of FRP as concrete
reinforcement, the outline of masonry strengthening with composites is dill in a phase of
andytica and experimenta basic research.

Previous works based on fied experimentations (Tumidan et d., 2000) indicated that
in caxe of out of plan cycdic loads, FRP laminates are not suitable to provide boundary
anchoring to prevent pulling apat and neither can be externdly applied as facade
reinforcement.



It is in this contest that, with the use of advanced materids a new technology is
introduced in order to offer a vadid atenatlive to traditiond masonry strengthening

systems.

1.2 DESCRIPTION OF THE PROJECT

1.2.1 Background
A fidd evaduation of URM wadls drengthened with FRP composites was

peformed a the Old City Hospitd complex in &. Louis, Missouri, which has been
decommissioned and scheduled for demolition (Tumidan e d., 2000. [49]). Before the
demolition tekes place, one of the buildings within the complex, the Macolm Bliss
Hospitd, was selected as a research test bed (see Figure 1.1).

City Hospital complex 1“?I*ﬂ*’?ﬂ MR B et Ly balldng
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Administration | Ward building Commissioners building (:nmrrm.ary niildhi Clinic Iladlr.lint

Fig.1.1: City Hospital Complex overview and picture of the Malcolm Bliss Hospital
addition.

The building of interest, a five-story reinforced concrete frame addition built in
1964, offered a unique opportunity for performing fiedd experimentaion on masonry
wadlls drengthened with Glass, Aramid, and Carbon Fiber Reinforced Polymers (GFRP,
AFRP and CFRP, respectively), as well as Glass Rods. The walls belonging to the field
experimental program were strengthened on the inner sde and subjected to out-of-plane



loading cycles and up to falure. Parameters such as the type of composte system, gtrip
width, and FRP ingdlaion methods were evduated. A mechanism of fallure caused by a
shear-compresson effect lead to the fracture of either the upper or lower boundary
masonry units.  Due to this fallure mode, the walls were not able to deveop a higher
capacity compared to the control specimen. As this mechanism is not commonly
obsarved in tests peformed in a laboratory environment, where smply supported
boundary conditions are condgdered, it is not usudly conddered in the quantification of
upgraded wall capacities, which can dangeroudy lead to overestimate the wal response
during asaismic event.

1.2.2 Theproject

It was in this context that the present project of “Assessment Of Technologies Of
Masonry Retrofitting With FRP’ was thought.  Evidently, it was necessary to conduct a
materid characterization experimental program on the hospitd wadls in order to later
relae their properties into a modd describing the mechanism of failure and predicting the
flexurd capacity (see Appendix A); but it was dso clear tha new reinforcement
approaches were needed to provide a globd strengthening againgt dynamic loads and an
overdl anchorage preventing pulling apart. In fact the demand of new technologies to
retrofit exigting buildings to cope earthquakes and tornadoes hazard is becoming insistent
dl over the United States (see Figure 1.2). Additiondly, dl that had to be done
respecting the origind externd look of the facades and consdering applicability and
durability issues.

Figure 1.2: Distribution of seismic hazard on the United Sates.



It was this |atter part of the research job that gradudly led to the development of the new
“FRP Structural Repointing” System (see Sections 1.3).

Thefirgt ideawasimmediady followed by an experimenta evauation program and
modeling andysis (see Sections 4 and 5).

This project represents the beginning of the officia collaboration between University of
Missouri — Rolla (UMR) and University of Padua, Italy. Phases of the project were a
preliminary overview of the main issues related with FRP strengthening, Started in June
1999 in Padova, followed by the experimenta and andytica program, between August
1999 and January 2000, performed at the Center for Infrastructure Engineering Studies
(CIES) & UMR and afind numerica andyss, February and March 2000, conducted in
Italy with the support of Co-FORCE - Itdy.

1.3 DESCRIPTION OF THE FRP STRUCTURAL REPOINING
TECHNOLOGY

This technology conssts of embedding with suitable paste, continuous FRP rods
in the horizontd joints of a wal previoudy grooved, reproducing the origind form of the
masonry. Color of mortar and workmanship of the joints can be accurately reproduced.

The masonry texture has to present continuous horizontd joints, with ether running
courses or stack bond. Obvioudy, in the latter case continuous embedded rods can be
verticdly gpplied, as wdl. The FRP Structurd Repointing sysem includes dso specidly
shaped FRP dements to mechanicdly connect running-courses with each other and tie
multi-wythe walls together. Particular splicing and anchoring issues are addressed using
FRP mechanica connections.

Before gpplication, typical materia characterization tests are recommended in order to
determine the basic mechanicdl masonry properties to identify the best gpproach of
ingalation and detailing design.

Except for specid cases, functiond collaboration between masonry and strengthening
is based on the bond properties of the filling paste. Pog falure behavior can adso be
entrusted to the paste-masonry interface friction in order to introduce energy dissipation
mechanisms.

The paste has to peform an important role in bonding, anchoring and gress
transferring, but workability, surface agppearance and easiness of inddlation ae dso
important issues to be consdered. After a materia characterization and a bond test
program, a designed mix of epoxy resn, quartz sand and coloring pigments was selected
as best auitable paste for the conddered agpplication. This “epoxy mortar”, perfectly
compatible with FRP materids, presented a very low ratio of void inclusons and when
tested resulted to comply with the design requirements.

Preparation of the specimens for drengthening is a quick procedure congsting in
removing with a grinder the outer part of the mortar joints to obtain grooves, whose depth



has to be related to the rod diameter as indicated in previous work on bonding
characterization (De Lorenzis, 2000). Application on the specimens is peformed
injecting the epoxy mortar with a gun (see Figure 1.3); once the rods are embedded,
making sure that no voids are left in the grooves, the profile of the joints is shgped using
mason’ s tools and reproducing the original appearance of the wall texture.

Especidly for rehabilitation application or pod-damage repar, some injection or
reconditution of the subsirate may be necessary. Also, a preiminary primer gpplication
can be considered when interface bonding needs to be improved.

Fig. 1.3: Operations of installation of the FRP Sructural Repointing on masonry
specimens for shear and flexural laboratory testing.



2. LITERATURE REVIEW

21 FRPOVERVIEW

Fiber reinforced polymers are a particular typology of composite materias, made of high
resi stance fibers impregnated with polymeric resins (see Fig. 2.1).

High tensle drength, lightness and corroson insengtivity are the characterigtics that
make these materids particularly suitable for sructurd gpplications, especidly in support
or subdtitution of sted. Their function usudly conggs in adsorbing tendle sress due to
shear and flexurd actions. Often, among the reachable advantages are dso the increase of
the overdl diffness and ductility. When usng FRP for confining increment of the load
bearing capacity is obtainable, aswell.

Figure 2.1: micro structure of FRP composite. Fibers and metrix are
failed under high tensile stress

Due to ther eéevated cost of production and the non complete knowledge of their
mechanica behavior, & the moment the use of FRP materids is limited to particular
gtuations were stedl gpplications are inadequate.

FRP gpplications are compatible with dl the exiding dructurd materids the most
investigated are the applications with concrete, but dso masonry and wood have been
combined with FRP. Sted dructures are ill excluded from this new drengthening
gpproach, as at the moment it is easier to use a sted-ged combination instead of applying
and hybrid system. In the next future is not excluded the some more confidence with FRP
may lead to retrofitting application on stedl structures.



New prospective are opened by the use of composites in both new congtructions and
retrofitting gpplications. For ingtance, the drength-lightness ratio of FRP raises the sted-
bridges span theoretical barrier from 45 km to 115 km. But less sensationd fied
gpplications have dready demondrated the effectiveness of these products. In fact, FRP
retrofitting is increesing  sendtivdy, involving adso higoricdly and  architecturdly
remarkable buildings.

Without underlining the importance of a lower inddlaion cod, the use of FRP
composites possesses some advantages compared to traditiona retrofitting methods.  As
an example, the disurbance of the occupants of the facility is minima and there is no
loss of vdudble space. In addition, from the dructurd point of view, the dynamic
properties of the structure remain unchanging because there is no addition of weight that
would lead to increasesin seismic forces.

FRP products are commercidized in different shapes rods, tendons, laminates and three-
dimensiona components (see Figure 2.2).

Figure 2.2: Different FRP products

Nowadays, a few countries have proposed design guiddines for FRP gructurd

use; Canada and Japan have already adopted codes referring to reinforced concrete with
FRP rods, while the United States are in a preparatory phase (ACI committee 440, 1999.
[53]).
Except for that, any other sructurd applicatiion involves an experimentd approach,
involving a prdiminary materia characterization and concluding with the identification
of appropriste models and safety factors. These later coefficients have to take into
account particular phenomena and consider the possbility of brittle failure modes due to
the typical linear dastic behavior of these materids.



The mog important limit to the FRP use diffuson in Civil Engineering is represented by
the high cost of production. Neverthdess it must be noticed that in the structurd
grengthening fidd the materids affect only 20% of the totd amount, while dl the rest is
related with design, transportation and labor cogts. Furthermore, if in the cogt of the work
dso dte equipment and maintenance are included, FRP products may sometimes
represent the most suitable dternative.

Another problem relative to the use of these products is the abisence of standardization of
a manufacturing level, which has, as conseguence, that experimenta results, prdiminary
to a cetan applicaion, obtaned with a certan product cannot be automaticaly
congdered vaid for other amilar products from other manufacturers.

Durability issues are nowadays assuming relevant importance in many applications and
epecidly for new materids as FRP it represent a fundamenta requirement that cannot be
ignored. Unfortunately, due to the rdative short life of this technology and the
complexity of the interfacing problems with other bonding materids, the rdiability of
available data on durability is not completely certain.

2.2 FRPBARS

Fiber-reinforced polymer bars are manufactured usng different techniques, such
as pultruson, braiding and weaving. FRP rods are anisotropic, with the longitudina axis
being the mgor axis Ther mechanicd propertties can vary dSgnificantly from one
manufacturer to another and within the same product. Factors, such as fiber volume, type
of fiber, type of resn, fiber orientation, dimensond effects and manufacturing methods
play a mgor role in establishing product characteristics. The redive volume of fibers
and resn in the product affects the properties of FRP rods. A usud fiber volume is
between 05 and 0.7. Furthermore, the mechanica properties of FRP bars, like dl
dructurd materids, ae affected by such factors as loading history and duration,
temperature and moisture.

FRP bars have a dengty ranging from four to Sx times smdler than that of sed. The
reduced weight leads to lower transportation costs and decreased handling and
ingallation time per bar on the job site.

Codfficient of thermd expandon. The coefficients of thermd expangon of FRP bars
vay in the longitudind and transverse directions depending on the types of fiber, resn
and volume fraction fiber.

Table 21 ligs the longitudind and transverse coefficients of therma expanson for
typica FRP bars and stedl bars.
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Table 2.1: Typical coefficient of thermal expansion of reinforcing FRP bars (x10°°/C°).

Direction Sted| GFRP CFRP AFRP
Long., a 11.7 610 10 -1t00 -2t06
Trans, ar 11.7 21to 23 221023 60 to 80

Tendle behavior. Ultimate tendle drength of FRP bars is reached without exhibiting
any plagtic yidding. The reationship between dress and strain of FRP bars consgting of
one type of fiber materid can be represented as a draight line up to the point of
maximum gress.  Because the manufacturer can vary the volume fraction of fibers
drength variaion is noted, even in identicaly appearing bars with the same types of
condituents. The rae of curing, the manufacturing process and its quaity control aso
affect the mechanical characterigtics of the bar.

Unlike sted bars, some FRP bars exhibit a substantia Sze effect. Due to shear lag,
fibers located near the center of the bar cross section are not subjected to as much stress
as those fibers that are near the outer surface. This phenomenon results in reduced
drength and efficiency in large diameter bars.

Determination of FRP bar strength is complicated because stress concentrations in the
anchoring sysem during testing may lead to premature falure.  Tendle properties of
some commonly used FRP bars are summarized in Table 2.2,

Table 2.2: Typical tensile properties of reinforcing bars.

Sted GFRP CFRP AFRP
Strength (Mpa) 483-690 483-1035  600-2900  1000-1400
(yidd 276-414)

Strength of bent FRP bars. FRP reinforcing bars can be made using one of two types
of resns, thermosetting or thermoplastic. Cured FRP bars made of thermoplastic resins
can be bent by applying heat and pressure. In this case, a strength reduction of 40 to 50%
can occur due to fiber bending and stress concentration, compared to the axia tensle
drength of a draight bar.  The reduction depends on the bending technique and
condtituent materid types.

Compressive behavior. Tests on FRP bars have shown that compressve srength is
lower than tensle drength, and precisdy of 0.55f,, 0.78f;, and 0.2f;, for GFRP, CFRP
and AFRP, respectively.

Compressve strengths are expected to be higher for bars with higher tengle strengths,
except in the case of aramid FRP, where the fibers undergo ;yidd-like behavior a a
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rdaively low dress.  Unlike tensle modulus of dadticity, the FRP compressve modulus
of dadicity varies with bar Sze, type, qudity control in manufacturing and length-to-
diameter ratio of the specimens. It is usudly smdler than the correspondent tendle
modulus of eadticity. According to reports, the compressve modulus of dadicity is
approximately 80% for GFRP and 100% for AFRP of the tensle modulus of dadticity for
the same product.

Shear behavior. The shear strength of FRP composites is low because it depends
primarily on resin properties.  This shortcoming can be overcome by orienting the FRP
bars s0 that they resst the applied loads through axid tension. Orientation of the fibers
in an off-axis direction will increase the shear resstance, depending upon the degree of
offset. The strength in the main direction, however, will be reduced by the fiber offst.

Creep. The orientaion and volume fraction of fibers in the compodte have a
ggnificant influence on the creep peformance of FRP bars. Sudies report that the
additiond dtrain of a GFRP reinforcing bar caused by creegp was estimated to be only 3%
of theinitid dadtic grain.

Under adverse environmentd conditions, FRP reinforcing bars subjected to the action
of a congant load can suddenly fal after a time, referred to as the endurance time. This
phenomenon, known as creep rupture, exists for amogt dl Sructurd materids. As the
raio of the sustained tendile dress to the short-term srength of the FRP bar increases,
endurance time decreases. Results of some tests indicated that a linear relationship exists
between creep rupture strength and the logarithm of time for al load levels. The ratios of
load level a rupture to the static strength of the GFRP, AFRP and CFRP bars after about
50 years were 0.3, 0.47 and 0.91, respectively. Environmenta factors, such as moisture
and temperature, can impar creep peformance and result in shorter endurance time.
Carbon fibers are least susceptible to creep rupture.

Fatigue. Of al types of current FRP compostes for infrastructure gpplications, carbon
FRP is generdly thought to be the least prone to faigue loading. An endurance limit of
60-60% of the initid datic ultimate strength of CFRP in typicd. For GFRP rods, more
difficultly clear faigue limit can be defined, as environmentd factors can play an
important role in the faigue behavior of glass fibers due to ther susceptibility to
moisture, dkdine ad acid solutions. In cases where fatigue of FRP bars in the
longitudind or transverse directions is likdy, such as boned bas the life-limiting
mechanisms tend to shift from the fiber to the resn and possbly to the fiber-resn
interface.  Generdlized comments on endurance limits are difficult to make due to the
wide variation of results reported for different loadings modes and different materia
gystems.

Bond behavior. Bond performance of an FRP bar is dependent on the design,
manufacturing process, mechanica properties of the bar itsdlf.
The bond force of an embedded FRP bar can be transferred by:
Adhesion resstance of the interface, also known as chemica bond;
Frictiona resstance of the interface againgt dip;
Mechanica interlock dueto irregularities of the interface.

12



In order to improve the bond performance through mechanica interlock, the rods are
produced by manufecturers in various types and with different deformation systems,
including exterior wound fibers, sand coatings and separately formed deformations (see
Figure 2.3).

Sand blasted
Deformed -~ CFRProds
GFRProds
Deformed __ |
CFRProd
Fig. 2.3: Different superficial manufacturing of FRP bars.
Durability.  Durability tests are conducted to determine the drength and diffness

reduction due to natura agng of FRP bars under service environments over 50 to 100
years of service life. Many researchers are edtablishing these reduction factors. These
factors differ for each product, depending on the type of fiber, type of resn and bar sze.
In addition, the factors are affected by the environmenta condition, such as surrounding
solution media, temperature, pH, moisture and freeze-thaw cycles.

Fire resstance. The use of FRP reinforcement is not recommended for structures
under high temperatures and for structures in which fire resstance is essentid in order to
maintain sructurd integrity. Because FRP reinforcement is embedded, the composite
cannot burn due to the lack of oxygen; however, the polymers will soften. Locdly, the
effect of high temperature can result in increased crack widths and deflections. If the end
regions of FRP reinforcing bars are kept cool and protected, the structure's safety should
not be sgnificantly affected. The temperature beyond which the dastic modulus of the
polymers is sgnificantly reduced is known as the glass trandtion temperature, Tq. The
dructure can collgpse if the temperature rises well above Ty and the fibers dtart to
degrade.

(Bars characteristics in Section 2.2 FRP are referenced from ACI committee 440 working
document, 2000. [53]. The document is under discussion and upgrading process).
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2.3 PREVIOUSWORKSON FRP RODS

2.3.1 Introduction

Externdly bonded FRP laminates have been successfully used to incresse the
flexurd and/or the shear capacity (sometimes aso the siffness) of RC beams, to provide
confinement to RC columns, to srengthen masonry walls subjected to out-of-plane as
wel as in-plane loading. A remarkable amount of experimenta research has been carried
out and is currently ongoing towards the characterization of RC and masonry dructures
drengthened with this technique. At the same time, many successful inddlations have
covered the indudrid, commercid, and public markets dl over the world, so that
drengthening with externally bonded FRP laminates can be consdered close to achieve
the status of mainstream technology.

A new FRP-based drengthening technique is now emerging as a vdid dternative
to externdly bonded laminates. It conssts in embedding FRP rods into grooves cut near
the surface of the member to be reinforced. Embedment of the rods is achieved by
grooving the surface of the member to be strengthened adong the desired direction (De
Lorenzis, 2000 [47]). The groove is filled hdf way with epoxy paste. The FRP rod is
then placed in the groove and lightly pressed, so forcing the paste to flow around the bar
and fill completely between the bar and the sdes of the groove. The groove is then filled
with more paste and the surface isleveled (see Figure 2.1).

FRP Rod

Groove

Epoxy Paste

Figure2.1: FRP rod insertion

In case of the Structurd Repointing technique, the procedure involves a resin
based mix with additives, as pigments, and fillers, as sand. Shaping of the pagte profile is
adso required, while the exposed subdtrate surface is cleaned from paste stains when
masking is not adopted.

The use of FRP rods is an atractive method for increesing the flexurd and the

shear drength of deficient RC members and masonry wals and, in certain cases, can be
more convenient than using FRP laminates (De Lorenzis, 2000 [47]).
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Due to the novdty of this technique, very limited literature is currently avalable
on the use of externd drengthening with rods.  Although only a few experimentd Sudies
are documented to date, some dgnificant field gpplications have been dready carried out
in the United States during the past two years. Laboratory studies and field projects are
outlined in the fallowing

2.3.2 Laboratory projects

In order of time, the last experimental work on the use of FRP bars as externd
post-reinforcement, caled in that occason Near Surface Mounted Rods (NSM) focused
on RC shear and flexurd strengthening (De Lorenzis, 2000 [47]). In that project bonding
tests, involving dso masonry concrete blocks, reveded different mechanisms of falure
gplitting of the epoxy cover, cracking of the concrete surrounding the groove and pull-out
of the FRP rod. In some cases, a combined failure mode (pull-out with some damage in
the epoxy cover) was registered. It was also possible to derive the following observations.

The surface condition of the FRP rods influences the bond srength. Deformed
rods appear to be more efficient than sandblasted rods from the standpoint of the bond
peformance; increesng the groove size, and thus the cover thickness, leads to higher
bond srength when failure is controlled by splitting of the epoxy cover. Conversdy, it
does not have any effect when pull-out falure occurs. In the deformed-rod specimen
with the largest vadue of the ratio cover thickness to rod diameter the plitting falure
shifted from the bonding paste to the concrete surrounding the groove. When failure
occurs by splitting of the epoxy cover or by pull-out of the rod, the ultimate load is
expected to be independent from the concrete tendle strength. However, if the groove is
deep enough to cause falure occur in te concrete, the concrete tendle strength becomes
a dgnificant parameter; from the experimentd results involving different groove dzes
the optimum groove sizes gppear to be 3/4 in. and 1 in. for embedment of NSM rods No.
and No. 4, respectively. The didribution of bond dresses a ultimate is not uniform,
except for the case of specimens with CFRP No. 3 deformed rods. Therefore, the
development length has to be cdculated by solving the differentid equation of bond with
the locad bond stress — dip rdationship of the NSM rods. The same falure modes were
experienced during the bond tests of NSM rods in concrete masonry blocks: splitting for
the specimens with GFRP deformed rods and pull-out for those with CFRP sandblasted
rods, unlike in the case of NSM rods in concrete, a noticesble level of damage was
induced in the portion of block surrounding the groove aong with splitting of the epoxy
cover, due to the lower tengle strength of the concrete masonry materid.

The overdl project alowed to characterize the tendle properties of the FRP
materials and the bond behavior of NSM FRP rods embedded in concrete or in masonry
units, usng coupon-Sze specimens (sub-system leve); invedigate the sructurd behavior
of RC beams drengthened in shear with NSM FRP rods usng full-sze specimens
(structurd  member levd); findly, deveop a dmplified desgn goproach for shear
grengthening of RC beams with NSM rods.

Experimental data on the bond between Carbon FRP (CFRP) rods and epoxy

paste is reported in the Navy Specid Publication SP-2046-SHR (Warren, 1998.[62]).
Direct pull-out tests were conducted using smooth CFRP rods No. 3 (nomind diameter
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3/8 in) The surface of some of the rods was dightly sanded to improve the bond
characteristics.  The rods were embedded 4 in. (corresponding to 11 times the diameter).
The test parameters were surface condition of the rods, type of epoxy and addition of
sand to extend the epoxy volume. The addition of sand was found to provide less
vaidion in results but dso to dightly reduce the bond strength and the wetability of the

epoxy.

Yan et d. (1999) [63] dso performed experimentad tests to characterize the bond
grength of NSM FRP rods. The specimen used for this test conssted of two concrete
blocks, two CFRP bars, and epoxy paste. The concrete strength was 5000 ps. The
smooth CFRP rods had a diameter of 7/16 in. and were sandblasted prior to the test to
improve the bond characteristics. The epoxy paste used was Concresive Paste LPL by
Mader Builders Technologiess The specimens differed for the vaue of the bonded
length, which was equa to 2 in. (4.6 diameters), 4 in. (9.2 diameters) and 6 in. (13.7
diameters). The specimens were prepared by filling the groove with the epoxy paste and
then placing the bar in the paste. The paste was alowed to cure for 14 days a room
temperature before testing. The type of test performed was direct pull-out of the NSM
FRP rods. Two types of falure mode occurred: the specimens with the two shorter
bonded lengths failed by rupture of the concrete at the edge of the block, those with the 6
in. bonded length experienced failure a the rod-epoxy interface (pull-out). Load a onset
of dip, ultimate load and free-end dip at ultimate were recorded.

Crasto et a. (1999) conducted experimental research on flexura strengthening of
RC beams with NSM FRP rods. The materiads used were CFRP rods manufactured by
DFl Pultruded Composites, Inc. and a two-part epoxy by Dexter Hysol, Inc. The
experimental program included the evduation of the technique on 8.5-ft. RC beams, the
scde-up to full-sze (28-ft.) beams and the fina application to deteriorated 34-ft. RC
beams removed from a vehicular bridge after more than 80 years of service,

A number of tests was conducted on keams with varying ratios of sted/composite
cross-sectiond area. Rectangular grooves were machined into the tendle face of the
beams to various depths, cleaned and dried. The CFRP rods were sanded, wiped clean
with acetone and embedded in the epoxy within the grooves. The adhesve was then
dlowed to cure overnight under ambient conditions before the beams were tested under
four-point bending.

All tests showed that the NSM composite reinforcement improved the flexura
diffness, the value of bending moment a which the sed yieds and the ultimate moment
of the beams.

2.3.3 Fidd projects

A drengthening project was caried out a the dructurd dreet leve floor of
Myriad Convention Center, Oklahoma City, OK (USA) in the summer of 1998 (Hogue et
a., 1999[65]). The floor required strengthening in order to increase its live load bearing
cgpacity. The drengthening sysem implemented incdluded a combination of externdly
bonded stedl plates, CFRP sheets and NSM CFRP rods. The strengthening system sought
to address both flexurd and shear deficienciess. NSM rods were used in this case for
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shear drengthening of one of the RC joigs. Verticd grooves 1/2-in. wide and 3/4-in.
deep with a total length of 20 in. were saw-cut along the side surfaces of the joigt a such
positions that existing stirrups were avoided (see Figure 2.2). CFRP No. 3 rods were then
inserted in the epoxy-filled grooves.

Figure 2.2. Vertical Grooves for Shear Strengthening with NSM FRP Rods

NSM CFRP rods were used for srengthening of two RC circular_structures in the
United States in 1998. Longitudind and transverse grooves 1/2-in. wide and 1/2-in. deep
were cut on the surface of the structures (see Figure 2.3) and CFRP rods with a nomina
diameter of 5/16 in. were embedded in the epoxy-filled grooves (see Figure 2.4).

Figure 2.3. Grooves on the Surface of the Structure
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Figure 2.4: Filling of
Grooves with Epoxy Paste

Pier 12 a the Naval Station San Diego, CA (USA) wes strengthened in November
1998 to meet demand of operational changes accompanied by higher verticd loads
(Warren, 1998. [62]). NSM CFRP rods were used to increase the capacity of the deck
dab in the negative moment regions. The surface area was primed with penetrating
epoxy seder/primer and alowed to cure overnight. Sots were saw-cut in the deck in the
range of 7/8-in. deep and 5/8-in. to 3/4-in. wide. The dots were abrasve blasted to
roughen the surface, air blasted to clean the concrete and primed before filling with
epoxy encapsulate.

Carbon pultruded No. 3 rods were placed in sequence into the epoxy-filled dots
and pressed to the bottom (see Figure 2.5). The dots were then filled up to within % in.
of the origind concrete surface. After the epoxy was cured, the surface was abrasive

blasted and a UV protective layer was added to the top of the dot. The surface was ready
for use 24 hours after the ingtalation.
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Figure 2.5: Embedding CFRP Rodsin the Top Surface of the Deck

After completion of the upgrade, some spans of the deck were tested using
samulated outrigger loads. Strain gages atached to the CFRP rods alowed to monitor the
performance of the drengthening system, which proved to be saisfactory. Haf scae
tests of the upgrade sysems were dso conducted. RC dabs strengthened with NSM
CFRP rods were tested under three-point bending. The srengthened dabs showed
dggnificant gains in drength and ductility over the basdine dab, the falure mode being
punching shear. Prior to ultimate load, some rods had begun to separate from the dab
surface. Therewere no rod failures prior to ultimate load.

Bridge 3857 was located on Route 72 in Phelps County, MO (USA). It conssted
of three solid RC decks smply supported by two bents. Each bent conssted of two piers
connected at the top by an RC cap beam. Due to the redignment of Route 72, the bridge
was decommissioned and scheduled for demolition. Therefore, it presented an excellent
opportunity for in-gtu tesing to failure &fter drengthening with FRP compodtes
(Alkhrdaji et a., 1999.[66]).

The bridge was drengthened in August of 1998 while in service. Two of the three
decks were drengthened usng two different FRP systems, namdy, externaly bonded
FRP laminates and NSM FRP rods, while the third deck was left as a benchmark. The
NSM reinforcement conssted of CFRP rods with 7/16-in. diameter and surface
roughened by sandblasting to improve bond properties. Strengthening to about 30% of
the nomind moment capacity was dedrable to upgrade the bridge decks for HS20-
modified truck load. The design called for 20 NSM CFRP rods spaced a 15 in. on+
center. The rods were embedded in 20-ft long, 3/4-in. deep, and 9/16-in. wide grooves
cut onto the offit of the bridge deck pardld to its longitudind axis, as shown in Figure
2.6. The grooves were sand blasted to remove dust and any loose materias that could
interfere with the bond between epoxy paste and concrete.  Strain gages and fiber optics
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sensors were gpplied to concrete, sted reinforcement and FRP reinforcement to monitor
drain during testing.

Each of the three decks was tested to falure by applying quas-static load cycles.
For the deck with NSM rods, failure was initiated by the rupture of some CFRP rods at
the location of the widest crack. This deck showed the highest capacity with a falure
load of 596 kips, corresponding to an increase in the moment capacity of 27% over the
ungdrengthened deck. At sarvice leveds (i.e, before the vyidding of the ded
reinforcement), both decks srengthened with FRP composites had higher stiffness than
the unstrengthened deck.

Two columns were dso drengthened with NSM CFRP rods to increase their
flexurd capacity (see Figure 2.7). The intended levels of flexurd srengthening were
such that two different failure modes would be achieved, one controlled by rupture of the
CFRP reinforcement (6 rods, 3 on each face of the column) and one by crushing of
concrete (14 rods, 7 on each face of the column). The rods were mounted on two
opposte faces of the columns and fully anchored (minimum 15 in.) into the footings to
ensure that the full capacity of the strengthened section is atained a the base of the
column. The grooves and the drilled holes were filled with a viscous epoxy grot.

Figure 2.6. Installation of NSM CFRP Rodsin the Bridge Deck
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Figure 2.7: Columns Strengthened with NSM Rods

A drengthening and load-testing program & the decommissoned Macom Bliss
Hospital in St. Louis, MO (USA) was conducted in 1999 (Tumidan et d., 1999.[49)]).
The building, a five-story RC-frame addition built in 1964, offered a unique opportunity
for performing in-Stu experimentation. Static load tests up to failure were carried out n
order to vaidate strengthening of masonry walls and RC joiss usng externdly bonded
FRP laminates and NSM FRP rods.

The program on masonry wals drengthened with FRP  compostes included
tesing of unreinforced masonry walls subjected to out-of-plane loading and reinforced
masonry walls under in-plane loading. Parameters such as the type of composte system,
grip width, and FRP inddlation methods were evauated. Figure 2.8 shows the
ingalation of NSM FRP rods on a masonry wal to be srengthened for out-of-plane
loading.

Figure 2.8: Installation of NSVl FRP Rods on Masonry Walls
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2.4 DIAGONAL TEST STRESSDISTRIBUTION

As demondrated by many experimenta invedtigations (see Bernardini e d.,
1979.[42]), the diagond compressve test is an easy and reiable method to obtain
different parameters on the shear behavior of masonry assemblages. This test, performed
on square pands, can be represented by a amplified scheme including two opposite
externd forces gpplied to the loaded corners and acting on the same direction coinciding
with adiagond.

Each of these forces can be decomposed in a verticd and a horizonta component (see
Figure 2.9).

P\ by,

PD H
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Figure 2.9: External forces on the diagonal test panel

The mentioned components are intended to smulate respectively the axid load and the
shear force to which a gsructurd member may be subjected. Clearly, limits of this shear
test typology are due to the fact that both those actions are necessary didtributed on the

same surface area and have equd intensity.
Once the depth t of the pane is known, it is possible to define average vaues of shear
and axia stresses generated:

Shear stress: t’ = Ppo/ (b*t)
Axial stress: sy = Ppy / (b*t)



In order to provide a quditative description of the dress didribution into an
unreinforced pandl subject to diagonad compresson, the masonry non-eastic orthotropic
behavior is smplified with alinear dadtic isotropic modd.

The dress dadic didribution in a square plate diagondly loaded was caculated by
Frocht, which found consstence of his results with the observations from a photoelagtic
modd. Frocht smplified his equations assuming a Poisson ratio equd to zero.

In figure 210 the Frocht solution is compared with a Finite Element Andyss
performed with different Poisson ratios  The influence of this latter parameter does not
seem to affect remarkably the amplitude and stress digtribution.  In figure 2.10 axes refer
to non-dimensiond parameters and the following conventions are used:

S 1= Principd tensle stressin the plane of the wal (dong the diagona not loaded).
S 2= Principd tendle stress orthogond the wall (it is assumed equa zero).
S 3= Principa compressive stressin the plane of the wall (dong the loaded diagond).

Tensile stress is assumed as positive and compressive as negative, t’ is
positive.

t' =0.707Po/ bt
s/t
5 |
4 -s:/t Compression
3 .
. Frocht solution —_—
s/t — Finite Element Analysis:
2 o N=02 —---
s./t Tension n=03 ——-
1 =
T T T | —vy/h

02 04 06 08 1

Figure 2.10: Diagonal test internal principal stress distribution



Frocht cdculated the principa stressesin the middie of the pand of figure 2.10 as.
s1=0.7336 t’
s3=-2.381’

Representing the Frocht solution with the Mohr circleit is possible to find the non
principa stress components in the middle of the panel (see Figure 2.11).
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Figure 2.11: Diagonal test internal non-principal stress distribution

The vaue of shear stress equd to 1.556t " is the maximum reached dong ahorizontd

section, dong which it is feasible to assume a parabolic digtribution of shear diress; thus
the average vaue is caculated as.

t= 2 1.556t’
3

Thistheoretical vaue of the shear stress on a centrd bed joint plane of the masonry pand
can be compared with the shear strength internd the joint. This latter can be cdculated as
friction gressin the brick-mortar interface by the Coulomb equation.

Obvioudy, at failure for diding dong amortar joint shear stress and shear strength

should be equd. This equaity would be a vdidation of the approximation introduced by
many codes, in which the shear capacity of unreinforced masonry panelsis caculated as
maximum friction force dong a horizontal mortar joint.
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From the experimentd result, Wall 1 isthe only specimen presenting fallure due to
diding of the bed joint and its ultimate |oad was dmost the same as the reference panels
collgpsed for diagond joint diding dong a stepped pattern (see Section 4.4).
Thus, referring to Wall 1:

Po=72 kN

t’ = Ppo / (b*t)=0.707* 72kN / 542 cm? = 939 kPa

N

t= — 1.556t'= 974 kPa shear stress

w

From Friction Test on mortar joints (see Section 4.2):
When's <200 ps (1.379 Mpa):
t =to+ ns =407.6+0.6797s = 1045.8 kpa shear strength
asinthediagond test: s = Ppy / (b*t) = 939 kPa
The shear stress and strength, corresponding to diding fallure and cdculated by the
described smplified modds, result to be acceptably smilar and vaidate followed
gpproach. The experimenta results though reved that the experimentd shear strength

obtained from tests tripletsis dightly higher than the correspondent found from the test
on the pandls (see Appendix B, B3).
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2.5 ROD-SUBSTRATE BOND FAILURE MECHANISMS

2.5.1 Background on Bond of Steel Rebarsto Concrete

The importance of bond is that it is the means for the transfer of stress between
the concrete and the reinforcement in order to develop composite action.  The bond
behavior has influence on the ultimate capacity of the reinforced dement as well as on
serviceability aspects such as crack width and crack spacing. Many researchers have
dudied the characteristics of bond between sted bars and concrete, which resulted in a
full understanding of the related modes of failure,

In genera, a smooth bar embedded in concrete develops bond with concrete through
two mechanisms, adhesion between the concrete and the bar, and a smal amount of
fricion. Both mechaniams are logt a higher levels of tenson loads, particularly, because
of the dight decrease in the cross sectiona area due to Poisson’sratio.

Smilar bond transfer mechanisms of adheson and friction are present when deformed
stedd bars are loaded with smdl loads. As the load increases, these bond transfer
mechanisms are logt, leaving the bond to be transferred through bearing stresses between
concrete and the deformations on the bar.

The bond gtress acting as shear between the reinforcing bar and the concrete gives rise
to principd tendle and compressve dresses in the concrete.  The lowest of the shear,
principa tendle, or principd compressve drengths will be exceeded fird, resulting in
changesin the bond conditions. Three types of falure can be digtinguished:

1. Shear falure dong the perimeter of the bar. If the shear drength is the lowed, this
will fal and result in bond falure dong the perimeter of the bar which will be pulled
out. Thistype of fallure occursin the case of smooth bars of large diameters.

2. Concrete cover gplitting falure.  If the shear drength is high enough so that the
principd tendle stress exceeds firs the tendle strength of the concrete, then cracks
will gppear transverse to the principd tensle stresses.  These conclusons ae
supported by the findings of Goto (1971), Lutz and Gergely (1967), and Lutz (1970).
The bond forces which radiate out from the reinforcing bar must be resisted by the
surrounding concrete if immediate falure is to be avoided. Otherwise, the concrete
will be split away by the pressure exerted by the anchored reinforcing bar. This type
of bond action and failure is the most common in concrete structures reinforced with
deformed bars.

3. Shear falure in concrete dong the lugs of the bar. If the Splitting resistance of the
surrounding concrete is high enough, then bond falure in the case of a deformed bar
aso will occur as shear failure dong the perimeter of the bar lugs. This bond strength
is the maximum possible and is seldom reached.

Action of Splitting Forces on Concrete. The bond action between concrete and
deformed sted bars has been experimentaly shown by Goto (1971). The test specimens
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were axidly loaded tendle specimens, each a sngle bar embedded concentricdly in a
long concrete prism.

Cracks in the concrete were penetrated by ink from specia injection holes. Afterwards
the prisms were cut axially and the cracks colored by the ink became visible. The dopes
of the internd cracks, from 45° to 80°, indicate the trgectories adong which the
compressive forces leave the ribs of the deformed bar and spread out into the concrete
(see Figure 2.12).

Longitudinal section of axially loaded specimen Cross  section
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Figure 2.12. Internal Cracks Around Steel Deformed Bars (From Goto, 1971)

As dtated before, when the bad increases the bond is transferred through bearing
stresses between the concrete and the deformations on the bar. When the principd tensle
dress reaches the tensle drength of the concrete, it drops to zero. Therefore, after the
formation of the principa tensle stress cracks, the bond forces between the concrete and
a deformed reinforcing bar subtend an angle, a, with the bar axis. These bond forces or

dresses can be resolved into radid and tangentid components, the radia component
being:

f, =t,tana

The radid dress, fy,,, due to bond action on the concrete, can be regarded as a
hydraulic pressure acting on a thick-wdled concrete ring.  This concrete ring
gpproximately represents the effect of the surrounding concrete.  The wall thickness of
the ring is determined by the smdlest possble dimenson, tha is, the least of the concrete
covers. For norma concrete covers, the vaue of the bond stress a which the concrete
over the bar cracks can be obtained as the average of the vaues gpplicable to the plagtic
and partly cracked dagtic stages (Tepfers, 1979).
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The radiad components of the anchorage forces will be bdanced by circumferentid
tensle dresses in the concrete cylinder (see Figure 2.12). When the cylinder is stressed
to rupture, it fals at this point, and longitudina cracks appear. The splitting cracks tend
to develop dong the shortest distance between the bar and the concrete surface (Orangun
et a., 1977 and Jrsa e d. 1979). However, these cracks may dsat as internd
longitudind cracks which cannot be seen on the surface of the concrete before the
ultimate load capacity of thering isreached.

3
17
W

l“/

%A

P

Figure 2.13. Schematic Representation of How the Radial Components of the Bond
Forces are Balanced Against Tensile Sress Rings in the Concrete in an Anchorage Zone
(From Tepfers, 1973)

When a longitudind crack appears, displacement between the bar and the
concrete increases condderably in comparison with that before cracking and leads to
evenly distributed bond stresses aong the cover cracked anchorage length.

The radia components of the anchorage force then impose a load on the concrete
cantilevers (which are the remnants of the cracked concrete ring) surrounding the
reinforcing bar. When these cantilevers are stressed to ther ultimate capacity, they fail
according to the minimum dressed surface falure pattern.  This falure is explosve, and
normally occurs without any warning of prior ductile deformation.

As a result of the mechanics of slitting falure, the load a which it develops is a
function of:

the minimum distance from the bar to the surface of the concrete or to the next bar.
The smdler this digtance, the smdler the splitting load.

the tensile strength of the concrete.

the average bond stress. Asthisincreases, the splitting forces increase.
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2.5.2 Background on Bond of FRP Rebarsto Concrete

When characterizing the mechanics of load transfer between FRP rods and
concrete, the anisotropic nature of the FRP materids makes it necessary to account for
the mechanica and physcd properties in the longitudina and transverse direction. The
FRP rods are conddered to be transversedly isotropic materid. Ther transverse eadic
congtants are largely dependent on the properties of the resin materid.

Many researchers such as Al-Zahrani (1996) and Tighiouart et d. (1998)
confirmed lower bond strength in FRP bars to concrete, which in turn was dependent on
the diameter of the bar. Bakis et a. (1998) concluded that the bond between FRP bars
and concrete is controlled by the properties of FRP bars. They investigated two types of
bars, smooth and deformed. In the case of smooth FRP bars, they concluded that friction
is the dominant bond mechanisn and that the mgor factors that affect it are the
longitudina gtiffness, transverse giffness, and the magor Poisson’s ratio of the bar.  For
the case of lugged FRP bars, they observed that bond is governed by the sequentia
shearing of the FRP lugs and that the strength of concrete is of much less influence on the
bond behavior.

Sted rebars, independent of type, have practicdly the same modulus of eadticity
and surface hardness. This is not the case for FRP bars. The great variety of the FRP
bargrods results in many possbilities for bond ressance. In the following, bond
influencing factors for FRP rods are outlined (Tepfers, 1998).

Form of the transverse section. Round, flat rectangular or specidly shaped — has
importance for bond and anchorage of the rod.

Surface condition. The sSze and type of lugs or surface deformations congtituting the
roughness of FRP rod are important for bond. Smal dense surface deformations give
a very intense bond trandfer a low loads. However, for higher loads, when the rod
becomes thinner due to Poisson effect or a splitting crack develops in concrete cover
adong the reinforcing rod, these smal deformations may lose ther grip in concrete
very suddenly with bond falure as a result, while bigger ribs may ill be active.
Furthermore, it has importance for bond resisance if the rod lugs or surface
deformations are made up of only resn, of resn mixed with specid drengthening
fiber reinforcement in the lugs or of resn contaning some longitudind continuous
fibers in the surface deformations. This latter is achieved by braiding the fibers or by
winding the rod by a sepaate fiber filament. When the longitudind fibers are
brought out of the direction of the bar axis by brading or by press-deforming the
longitudind fibers (by winding a fiber bundle around) the axid modulus of dadticity
of the rod decreases. If the shear resstance of the FRP rod lugs determines the
ultimate load, an increase of the thickness of the lugs should raise the bond strength.
The distance between the lugs can dso influence the failure load.

In the case of plain bars, the bond usudly fals dong the perimeter of the rod and
the rod is pulled out from the concrete. The shear drength of the glue between the
bar and the concrete or between the surface layer and the FRP bar is decisive.
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Poisson’s ratio.  The Poisson contraction of the rod, when tensioned, has influence on
the bond. The Poisson’s ratio is for most FRP materids about the same as for sted.

However, as the modulus of eadticity is lower than for sted, the strain becomes
bigger and consequently the transverse deformation.

Elagtic modulus. The modulus of dadicity of the bar has influence on the ultimate
bond load. It has been observed that certain types of FRP bar with lugs give higher
cover cracking resstance than corresponding stedl rebars does. The cause for this is
probably the fact that bars with modulus of eadticity magnitude like that of concrete
at anchorage by lugs do not creste as much stress concentrations in concrete as sted
rebars do, because sted is much harder than concrete.  This means that anchorage of
ded reinforcement by lugs give locd dress concentretions in concrete from which
cracks develop.

Coefficent of thermd expangon. Differences in thermd expansion between the FRP
unit and concrete, especidly in the transverse direction to the axis of the rod, might
influence the bond. Too high transverse theemd eongation of the rod might give rise
to splitting cracks in concrete surrounding the rod. However there are indications that
the FRP rods are enough soft not to cause splitting off the concrete cover, when trying
to expand.

Environmentd  effects. Environmentd influence on bond should be taken in
consderation. Absorption of water leading to strength and modulus deterioration as
well as expangion of the rod might influence the bond.

Failure Modes. Three different failure modes were experienced during the experimenta
tests (De Lorenzis, 2000.[47]):

gplitting of the epoxy cover (see Figure 2.14);
cracking of the concrete surrounding the groove (see Figure 2.15);
pull-out of the FRP rod (see Figure 2.16).

In some cases, a combined failure mode (pull-out with some damage in the epoxy cover)
was registered.

The falure mode by solitting of the epoxy cover is dmilar in its mechanics to
solitting of the concrete cover for reinforcing rods embedded in concrete.  As dready
outlined in the previous background sections, bond sresses have a longitudind and a
radid component, with the latter causng circumferentia tensle dresses in the maerid
aound the bar. When the maximum tendle sress reeches the tendile drength of the
materid, the cover slits pardle to the rod. The load a which splitting falure develops
is influenced by the suface characteristics of the rods, the tensle strength of the cover
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materia and the thickness of the cover. Also the rod diameter has an influence on the
splitting falure load: according to the modd of the thick-walled cylinder for concrete, the
donificant parameter for the splitting strength is actudly the ratio cover thickness to bar
diameter (Tepfers, 1979). The cover thickness of NSM rods depends in turn on the depth
of the groove in which the rods are embedded.

Epoxy hes typicdly a much higher tensle strength than the concrete. However,
the cover thickness of NSM reinforcement is very low compared to that of reinforcing
bars in concrete, which makes thismodd of failure critical for NSM reinforcement.

Figure 2.14: Bond failure due to splitting of epoxy paste

Must be noticed the complete correspondence between the cracks patterns of the epoxy
paste in Figure 2.14 and the theoretical description represented in Figure 2.12.

In Figure 2.15 isdso clearly visble the superficid crack due to the tengle failure of the
epoxy paste ring, as previoudy described in Figure 2.13. The inclined cracks propagated
aso into concrete and the typical sudden splitting in this case involved aso the substrate,
asit presented the lowest tensle strength.

Figure 2.16 shows pull out failure of adeformed FRP rod; it is quite an unusud asthe
lags have to be sheared completely, asvisblein the picture. This phenomenon isdueto
the absence of fiber reinforcement into small lugs, as curvature involved would be too
sharp. Some manufacturers of deformed rods abandoned for this reason this kind of
profile derived from stedl rebars, to adopt different configurations based on longer pitch
with curvature alowing introduction of fibers.
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Figure 2.15: Bond failure due to cracking of the concrete substrate

Figure 2.15: Bond failure due to pull out of the rod with shearing of lugs.
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3 EXPERIMENTAL PROGRAM

3.1 MATERIALSUSED IN THE EXPERIMENTAL PROGRAM
3.1.1 Introduction

This section deds with the properties of the materids used in the experimentd
program. These materids included mortar, clay bricks, concrete blocks, reinforcing
GFRP rods and epoxy mixes. Units and assemblages behavior, bonding properties and
interface interaction are investigated.

In order to represent in the tests some of the most typical masonry congtructions of the
Mid-America, hollow concrete blocks and two kinds of cored clay bricks were selected.
Tesdts were peformed to characterize epoxy paste and epoxy mortar mixes. For the
composite rebars, the manufacturer provided the whole set of materia properties.

A summay of the materid characterization tests conducted on units and assemblages
is here reported. The most relevant materid properties are listed in Section 4.2. For a
detailed description and further information see Appendix B.

3.1.2 Material Characterization Tests

Mortar used is avalable in bags in a dry premixed compostion of masonry
cement and sand, and is classified as Type N according to the standard ASTM C270 (see
Appendix A). Standard tests on mortar samples revealed a compressive strength of 5.3
MPa and atendle strength on the mortar-brick interface of 0.56 MPa.

Clay unit properties were controlled and the two different types of clay bricks
presented properties as given below:

Compressive strength Tengle srength
Type1l 28.1 MPa 4.9 MPa
Type?2 22.3 MPa 3.7 MPa

Stock prism and RILEM compressive tests were performed on the three different
masonry assemblages with the following results:

Compressive strength Modulus of Eladticity
Concrete Masonry 6.67 MPa 6.9 GPa
Clay Masonry Type 1 17.2 MPa 11.0 GPa
Clay Masonry Type 2 14.1 MPa 11.0 GPa

In order to identify the Coulomb friction equation related to the brick-mortar
interface, twelve triplet tests were performed, conddering different levels of orthogond
stress applied on the bed joints.
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Epoxy mortar, obtained from a mixture of epoxy paste and pure quartz sand, was
sdected as the workable material with strong bond properties suitable to anchor GFRP
rods. The <dient propertties of the epoxy mortar are obtained by friction tests on
couplets, compressive and splitting tests on cylinders.  Compressve and tensile srength
were 21.5 and 4.7 MPa, respectively.

Bond characterization of GFRP rods embedded with epoxy paste into grooves cut
in concrete blocks were conducted in previous works (De Lorenzis, 2000 [47]) and
confirmed in the present experimentation. Those results indicate that a stable bond is
achieved for anchoring lengths over 12 times the rod diameter, when the average bond
strength on the anchoring surface settles at around 5 MPa.

The materid characterization tests provided dl the necessary data to compare the
experimenta  results with the exigting literature and to find andyticd models describing
the new mechanisms introduced.

32 FRPFLEXURAL STRENGTHENING

The flexurd testing program conssted in four coupon masonry beams and three
concrete block walls.

3.2.1 Concreteblock walls

Concrete hollow blocks are typicdly used as both infill and load bearing masonry
wdls  Unfortunately in most gpplications they have not been renforced during they
condruction and therefore they may result inadequate for mutated conditions involving
elevate out-of-plane loads. In the case of infill wals into RC frames it is even impossible
to perform grouting and reinforcing operation during their congtruction.

In dl the mentioned cases it is necessay to introduce a retrofitting technique
gructuraly effective and presenting unproblematic application, especidly when the
produced disturbance of the occupantsis a fundamentd issue.

From the experience of previous works on RC (De Lorenzis, 2000. [47]), a vdid
strengthening approach matching dl the described requirements gppeared to be the use of
FRP Near Surface Mounted rods (NSM), and three specimen were prepared as following
described.

The nomina dimensions of the three concrete walls were 60 x 120 x 19 cm, which
resulted from a stack of six courses, one and a haf block each course (see Figure 3.1).

One gpecimen was mantained unreinforced as control wadl, while the other two
concrete block wals were reinforced respectively with one and two 10-mm GFRP rods
perpendicular to the bed joints, and were subjected to atypica four point flexural test.

The rods were postioned in the middle or on the thirds of the width respectivey,
embedded with epoxy paste into grooves cut on the surface of the blocks. During the
congtruction, the bottom block row of both the reinforced walls was grouted with mortar,
in order to control the effect of the grout on the cracks propagation (see Section 4.3.1).



Figure 3.1: Four point flexura test. Concrete wall with
grooves for FRP rods embedding.

During the test (standard ASTM C 1390, [24]), concrete and mortar strain on the
compressed sde of the mid-span section, dip and drain in the rods and mid span
deflection were measured.

3.2.2 Clay masonry beams

In order to invedtigate the potentidity of the FRP-“Structurd Repointing” (SR) to
be gpplied as flexurd drengthening of masonry walls subjected to out-of-plane actions,
and to explore the posshility of goplying on those wals horizonta reinforcement, the
following specimens were included in the test program.

Two masonry beams were 90 x 125 x 9 cm (see Figure 3.1) and built with running
bond (i.e, discontinuous head joints) providing interlocking (see Figure 3.2); one of
beams was reinforced with one 6-mmGFRP rod. In order to isolate the effect of
interlocking on the flexura drength, two additiond masonry beams were built 10 cm
longer dlowing in this way a stack bond (i.e, continuous head joints). Agan, one of
them was strengthened with one 6-mm GFRP rod. As comparison, another interlocked
beam was built and reinforced with a 6 mm threaded sted rod. In al cases, the coupon
beams reinforcement was longitudinaly embedded with epoxy mortar into the continuous
bed joint between the two brick courses, according with the newly introduced technique
of FRP SR (see Section 1.3).

Bricks used in this test are typicaly used as veneer on concrete block infill pands in
both the typologies of barier and cavity wals. As the block wals, dso the masonry
beams were subjected to a typica 4-point flexura test (standard ASTM C 1390, [24]),
ensuring that the hinge supports did not provoke uncontrolled restraint of the rods. A
reection frame with a hydraulic jack and a load-controlled press were used to apply the
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load during the tests (see Figure 3.3). During load-unload cycdes mid-span deflection
was recorded by means of an LVDT.

FRProd
OF— gbmm | —N

Figure 3.1: Masonry beams section.

Continuous head joints

Embedded
GFRProds w [ [ [ [ g
| | | | [
N\
Y [ [ [ )
| [ [ [ [y,
Figure 3.2: Masonry beams textures. Discontinuous head joints

Figure 3.3: Detail of the SR reinforcement look. Flexural test set up.
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33 FRPSHEAR STRENGTHENING

Different |aboratory test methods are used to determine the shear resistance of a
masonry wall, each of them offers characteristics that can result suitable to investigate
particular aspects of the complex phenomenon (Bernardini et d., [42]). In this project, the
diagona compression test (standard ASTM E519, [23]) was considered to be the most
auitable for pands reinforced with FRP-Structurd Repointing, as the fird experimentd
invedtigation was thought to be as conservaive as possble  In fact, this new
drengthening system in most cases rdies on friction developed into the brick-paste
interface (see Section 4.4), and the proposed shear test presents a relatively very locdized
and limited load component orthogona to the mentioned friction interface. Vice versa,
when FRP Structurd Repointing is gpplied to a full-scae wall subjected at least to its
own weight, friction increases and therefore the effectiveness of the reinforcement raises
(see Section 5.3). Obvioudy, for consstency the same procedure was maintained to test
the pands drengthened with laminates, even though the presence of axid load does not
exert any influence on the reinforcement performance.

During the ted, condsting in quas-datiic load-unload cycles, deformations and
displacements were recorded dong the loaded and the splitting diagonals on both sides.
Speciad supports were designed to avoid crushing of the loaded corners (see Figure 3.4).

- L

Figure 3.4: Designed corner supports: fixed
part and removable base (gray color).
Compressive diagonal test set up (aside).
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The nomina dimensions of the clay masonry panels were 60 x 59 x 9 (or 19) cm; 11 of
them were sngle-wythe (or lesf) and the remaining three were double-wythe ( see Figure
3.5). One double-leaf and two sngle-lesf unreinforced walettes were the reference. The
rex of the specimens were drengthened applying different configurations of GFRP
laminates and rods on the fagade and, in some cases, on the back (see Figure 3.6).
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Figure 3.5: Clay masonry wallettes geometry.

Figure 3.6: Some of the FRP strengthening configurations. vertical narrow strips
(with additional mechanical anchoring), crossed large strips, vertical large strips,
vertical rods and FRP-Structural Repointing (each joint).
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As on the coupon masonry beams tested for flexurd andyss, dso with some of
these shear wallettes the SR method for strengthening was introduced.

Sx dgngle-wythe wadlettes were reinforced only on one sde and the different
strengthening approaches involved the following configurations of rods and laminates
SR each second bed joint, SR each joint (see Figure 3.7), verticd rods into grooves,
vertica grips, vertical and horizontal crossed grips (see Figure 3.8). On three additiond
sngle-wythe pands, SR was used in the facade, while on the back vertica rods, large
drips and narrow gtrips, respectively, were gpplied (see Figure 3.9). Findly, a double-
wythe wall was reinforced with SR on both sdes and the last one with SR and strips on
the opposite sides (see Figure 3.10).

WALL 1

L

NN\ \ N N N N\ A
60 cm

Iﬁﬁﬁﬁ — R

24"

6|r¢;‘ Embedded FRP rod

— — — —— —— —— —— —— —

Figure 3.7: Sructural Repointing on the facade: each second bed joint and each bed
joint.
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Figure 3.9: FRP strengthening on both sides. On the fagcade SR and on the back-side:
vertical rods into grooves, large vertical strips and narrow vertical strips (two plies).
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Figure 3.10: FRP strengthening on both sides of double-wythe walls. SR on both sides,
narrow vertical strips (two plies) and SR.

Dimensons of the described wallettes are a haf of the requirements from the
dandard guiddines.  These dimensons were chosen conddering the problems of
handling bigger specimens in the laboratory but dso consdering the limited detrimentd
effect that the reduced scale could have provoked on the find results  Fortunaiely this
choice reveded to be adequate as the limited confinement effect at the corners due to the
test setup did not affect the quality of the research program.
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For what concerns the SR, the criterion gpplied to design the reinforcing amount was
imposed by geometricd redrictions.  In fact, from the test result on Wal 1 (see Section
4.4) it was clear the necessity of gpplying SR in each joint and, in order to embed arod in
a one-centimeter groove it was necessary to use the smdlest FRP rod avallable on the
market: a GFRP six-millimeter rod.

When using laminates it was decided to mantan the same mechanicd amount of
reinforcement as the one provided by the rods, hence the product of the reinforcement
ratio by the ultimate tensle strength was congtant for both the systems:

I rods ffu,rods: r strips ffu,strips

Only, for each application, the digtribution d factor is changing (see Table 4.1). The
digribution factor is the parameter that indicates the impaect, in terms of area, of the
drengthening system over the face of the wallette consdered. It is cadculated as amount
of the area covered by the reinforcement divided by the area of the side of the pand on
which the mentioned reinforcement is applied.

In the anchoring areas of some configurations excessve dress levels were
expected, so the following solution were introduced. In order to prevent debonding of the
drips, a mechanicd anchor was provided in turning the sheet up around a GFRP rod
embedded into a groove (Gose, Nanni, 2000. [57]) (see Figure 3.11). In another instance,
FRP bent rebars subdtituted the straight ones to avoid pull out or when a confinement
effect was required (see Figure 3.12).

FRP |aminate Masonry substrate
P
Figure 3.11: Masonry
“U-anchoring”
into a grooved joint. FRP rod / ™~ Epoxy mortar

Figure 3.12: Mechanical anchoring.
Laminate “ U-anchoring” and bent FRP rods.




In order to evduate the capacity of FRP reinforced wals to resist cyclic actions
even if highly damaging, some specimens were subjected to load-unload cycles on both
diagonds, smply overturning the pand of ninety degrees.

Thus, the same sat up and procedure was planned to be used to test up to failure the
second diagona of Walls 7,8 and 9, once the first one was falled. During this second turn
of shear tests dso the levd of damage introduced was controlled by limiting the splitting
displacement, in order to related at a later date this latter parameter with the residua load
bearing capacity under axid loading test.

3.4 AXIAL LOADING TEST

Walls reinforced with the am to be able to survive a seismic event must have as
basc requiste the cagpacity of maintain an adequate level of load bearing capacity, even
after some damage has been provoked by the necessary presence of energy disspative
mechanisms. In fact, this post-failure behavior is the second performance required to load
bearing masonry walls, once they have adsorbed part of the dynamic energy by internd
plastic deformations of the materids or of the overdl system.

In order to evaduate the confining effect of the FRP drengthening methods used on

damaged masonry under axid load, further test, as described below, were planned on
some clay brick wallettes.

A load-controlled press was used to find the residua load bearing capecity of Walls
7,89 and 11. These walls were subjected to monotonic or cyclic axia load, after being
cracked under cyclic shear actions during the preliminary diagona tests (see Figure 3.13).

L oad- displacement relations were recorded and compared with the undamaged condition.

Figure 3.13: FRP-Sructural Repointing reinforced double-wythe wall subjected to
diagonal and axial load testing.



4. TEST RESULTS

41 ABSTRACT

From the envelopes of the flexurd teds the dramatic increese of the flexurd
capacity and the ultimate deformation is evident. Load cycles on both kinds of masonry
assemblage reveded an dadtic behavior until debonding of the reinforcement occurred.

Compressve diagonad teds have demondrated how FRP  drengthening
completdly changes the falure mode of shear walls, preventing any detrimentd diding of
the mortar joints and forcing tendle splitting. Progresson and width of the cracks are
limited by the reinforcement effect, which causes a spread-out cracking peattern; obtaining
higher capacity, damage progression control, ductile behaviors and energy disspation.

Axid load tests were caried out on pands previoudy submitted to up to falure
load cyces in both diagonds, revedling excelent resdud load bearing capacity; which
suggests the validity of this retrofitting gpproach for seismic strengthening.

42 MATERIAL PROPERTIESLIST

A summary of the fundamenta structura properties of the materias is reported.

Assemblages:

Compressivetests on concrete block prisms:
fm=967ps (6.67Mpa) (grossarea)

fm=1934psi (13.33Mpa) (mortared area)

Modulus of Eladticity: En= 1000 ks (6.9 Gpa) (estimated)

Compressive testson brick prisms:

Type 1(light bricks): fy, =2500 ps (17.2 Mpa)

Type 2 (dark bricks): f, = 2050 psi (14.1 Mpa) Ratio: 82%
Modulus of Eladticity: E,,= 1600 ks (11 Gpa)

Poisson Ratio = 0.18 (from reference)

Blocks:

Percent 0lid: ~ 50%

f m = 1600 psi (11.03 Mpa) (gross area)
f m = 3200 psi (22.06 Mpa) (net area)
Ex=1760 ks (12.14 Gpa) (reference)
Poisson Ratio  n=0.28 (reference)



Bricks:

Compressive tests:

Type 1(light bricks): ~ f = 4070 psi (28.06 Mpa)
Type 2 (dark bricks): 1, = 3239 psi (22.27 Mpa)
E=1380 ks (9.52 Gpa)

PoisonRatio  n=0.14 (typica 0.15)

Tensile:

Type 1(light bricks): ;=716 ps (4.9 Mpa)

Type 2 (dark bricks): ;=536 ps (3.7 Mpa) Ratio: 75%
Mortar

Compressive tests (mortar type N>750 ps):
f mor= 768 psi (5.3 Mpa)

Emor= 247 ks (1.7 Gpa) (from reference)
Poisson Ratio n=0.21  (from reference)

Tensile:

fi=465ps (3.2Mpa) (mortar prism)
fi=81.6 ps (0.56 Mpa) (mortar-brick interface)

GFRP rods#2 (6 mm):

Cross sectiond area A=0.054in? (34.84 mm)
Tensle grength: fru=130ks (900 Mpa)
Tenglemodulus of dadicity: E =5920ks (40.8 Gpa)
Ultimate srain: e u=22%

GFRP laminates:

Thickness: 0.0139 in (0.353 mm)

Tendle grength (ultimete): fiu=251ks (1730 Mpa)
Tensle modulus of dadticity: E = 10500 ks (72.4 Gpa)
Ultimate grain: e u=24%

LPL epoxy paste:

fep=2548 psi (17.57Mpa)  (cylinder)
fi= 699 ps (4.82 Mpa) (cylinder)
bond strength ~ >577 psi (3.98 Mpa)



manufecturer dete:

f ep = 8000 psi (55.2 Mpa)

Eep= 400 ksi (2.8 Gpa)

fi= 2000ps (13.8 Mpa)

bond strength 1500 psi (10.3 Mpa)
Epoxy mortar (epoxy paste, quartz sand, pigments):

fen=3125ps (21,55Mpa)  (cylinder)

fi= 675 ps (4.65 Mpa) (cylinder)
Friction Test on mortar joint:

When's <200 psi (1.379 Mpa):

t =to+ns = 50+0.6797s ps (407.6+0.6797s kpa)

Friction Test on epoxy paste joint:

t =to+ns =116.4+0.4932s ps (802.6+0.4932s kpa)



43 FLEXURAL PERFORMANCE
43.1 ConcreteBlock Walls

On the concrete block wals reinforced with FRP NSM, the improvement of the
nomind flexurd cgpacity with the one-rod and two-rods srengthening is respectively 7
times and 15.7 times the capacity of the unreinforced case (see Figure 4.1).

The mechanism of falure of both specimens conggsed in splitting of the epoxy cover,
which presents andogies with splitting of the concrete cover of reinforcing rods
embedded in concrete (see Section 2.4).

L oad FLEXURAL TEST
(KN) Concrete Block Walls Reinforced with FRP rods

30

E Reinforcement 2 st 2045 KN
20+— V.
¢1rod (linearized)
/— 13.39KN
10
Unreinforced Wall 187KN ~ GFRProds /O ©
0 T T T T T T 1
0 1 2 3 4 5 6 7

Mid Span Deflection (mm)

Figure 4.1: (above) Load vs. mid-span
deflection of block walls strengthened
with FRP rods. (aside) Flexural test set up.
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This typology of falure dearly indicaes a deficency of tendle drength in the epoxy
paste, while, as some resdud paste remained on the rod, bonding between the two
materials resulted to be adequate (see Figure 4.2, a and b).

a b

Figure 4.2 Splitting section and residual adhesion of paste on the rod surface.

However, between the two specimens there were some difference on the point of onset of
gplitting and the modality this failure propagated.

In the one-rod reinforced wall, flexural cracks opened in @rrespondence of each joint,
thus portions of rebar crossing those crack were subjected to hi levels of tensile tresses.
When the principa tensle stress reached the tengle strength of the paste and of concrete,
inclined cracks opened. After that, bonding forces relied on the sdlitting tensle strength
of the paste (see Section 2.4). Increasing the load, the splitting crack appeared on the
surface of the paste or on the concrete-paste interface (see cracks 3 of Figure 4.3),
depending on which, in the specific postion, presented the lowest tensle strength and the
shortest distance from the rod. Once splitting was triggered in correspondence of the mid
gpan section, it suddenly spread dong the groove toward the support a the non-grouted
end (see Section 3.2.1) and the collapse was immediate. Before the tota expulsion of the
rod happened, it was observed that concrete on the bottom of the groove was aready
cracked (see Figure 4.4), and the collgpse indicated dso the longitudind divison of the
part of wal involved by splitting (see Figure 4.5). Supposedly, this latter phenomenon
should be absent with mortar-grouted blocks.

In the block wal reinforced with two FRP rods the same flexurd cracks appeared at
the opening of each joint, but splitting was triggered in a different point in each rebar. In
fact, while a rod was complete expd from the mid-span joint to the grouted end,
following the same pattern as the previous case; in the second rod paste splitting occurred
in the bed joint close to the support at the non-grouted end (see Figure 4.6). The rod was
completdy expulsed for exactly the length of a block. A wide crack immediady
connected trough some mortar joints the two points of onset of the falure (see Figure
4.7), but the total collapse of the wall did not occur as each section of the wall ill had a
least one rebar collaborating.



Figure 4.3: Mid-span joint with flexural cracks (1), crack due to principle tensile stress
in the paste and in concrete (2), splitting cracks due to tensile failure of the paste or of
the concrete-paste interface (3).

Cone-shaped strut
mechanism

Fig. 4.4: Concrete splitting failure. Fig. 4.5: Collapsed wall.

End joint

End joint
A

Mid-span joint oo s

Fig. 4.6. Splitting at the end of the rod. Fig. 4.7: Joint crack at failure.



Fig.4.8: Concrete block plitting crack. Fig. 4.9: Compressive crushing.

Also in this case splitting of concrete anticipated the expulsion of the rod. In fact, due
to its lower tendle srength and the same layer thickness as the paste, concrete necessary
reaches earlier tensle failure (see Figure 4.8).

At failure, as the rod was debonded, the block over the support was free to rotate; as a
consequence, two adjacent blocks and the included bed joint crushed (see Figure 4.9).

From the exposed failure modes, appears that splitting can start a any bed joint of a
masonry wall subjected to the described test set up (see Section 3.2.1). Shear, and
consequently the dowe action of the rebar was subjected to, may play ad important role
in triggering splitting in a laterd joint ingead of a mid-gpan joint. Further considerations
could be dlowed only having the availability of a larger number of samples that the
encouraging results of the present experimentation suggest.

4.3.2 Clay Masonry Beams

The masonry beams with running bond and stack bond texture, reinforced with
one GFRP rod, recorded a flexura capacity 5 and 7 times higher than the respective
reference specimens (see Figure 4.10). Falure was due to the loss of bonding between
masonry and epoxy mortar. In fact, once shear transferred in the masonry-reinforcement
interface reached the typica shear drength characterizing the couple of materids, diding
occurred.  This mechanism does not involve brittle failure, as sudden and complete loss
of collaboration is prevented by friction in the interface (see Figures 4.14 and 4.15). As a
consequence, mid-span displacement increased with load, and as the phenomenon is
related aso to locd interlock due to the roughness between masonry and epoxy mortar,
the progression of the displacement was irregular.

The reference masonry beam with stack bond (i.e, continuous head joints) recorded
the poorest capacity, as the mid-span joint opened suddenly once it tensle strength was
reached. The correspondent reinforced beam showed the highest capacity because of the
indentation crested a each joint on both sdes of the diding epoxy mortar; in fact those



irregularities may cause the epoxy mortar prism to be forced to dide through a dightly
gmdler section. This observation was confirmed by the fact that, after some diding, the
reinforcement remained locked into the groove (touching only the corners of a joint) until
of masonry crushed in the compressed side of the beam. At this point dso a certain shear
diding occurred aong the head joint (see Figure 4.11). Load dropped to a lower vaue
where it remained congant as digplacement increased till complete failure occurred (see
Figure 4.10).

Must be noticed that in the experimentd diagram of the stack bond reinforced beam,
the firs pat of the curve corresponding to the uncracked range is missng. In fact, this
pat of the curve should present a higher steep, as the section is not reduced yet.
Unfortunately, most likey due to inaccurate handling operations on the beam, pre-
cracking of the mid-span section was provoked before the testing session.

The unreinforced running bond (i.e, discontinuous head joints) masonry beam
presented a higher capacity than the ureinforced stack bond beam. This was due to the
interlocking effect of the texture, as discussed in section 511 The falure mode
condgted in rotation of the mid-gpan section and the consequent opening of a crack
through head and bed joints (see Figure 4.12).

In the reinforced case, cracking of the mid-gpan section a a higher level of load, as the
brick modulus of rupture had to be overcome. The opening of the crack was
accompanied by a sudden noise (see Figure 4.13) and identifies of the graph aremarkable
decrease of stiffness (see Figure 4.10).

Load FLEXURAL TEST
(KN) Brick Coupon Beams Reinforced with FRP Structural Repointing
7
STACK BOND
| s . 6.09 KN

6 T )
I“'n"’n"’u"’uﬁ /1 Ay
51 X
RUNNING BOND I ="
/q 423KN

4 // N
//i -4— STACK BOND (UNRREINF)

<1—RUNNING BOND (UNREINF.)

2_ —

O\ oF <>— STACK BOND+ GFRP rod
1
0.85 KN \ GERP rod -O— RUNNING BOND+GFRP rod
0.46 KN
O T T T T T 1
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Mid Span Deflection (mm)

Fig. 4.10: Load vs. mid-span deflection of masonry beams strengthened with FRP rods.
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Fig. 4.12: Unreinforced beam failure Fig. 4.13: Reinforced beamfailure

Fig. 4.14: Siding in stack bond texture. Fig. 4.15: Siding in running bond texture.



Load cycles on both kinds of masonry beams reveded an dagtic behavior until the diding
of the reinforcement into the grooves occurred. After this limit, an indastic range began
and energy dissipation was developed by friction accompanying the larger deformations
of the beams. For the proposed anadyticd modes see also Section 5.1. For further
details on the experimental results see also Appendix C.

44 SHEAR PERFORMANCE

Shear wadlettes results ae summarized in Table 4.1, while dgrengthening
configurations are presented in Section 3.3.

The falue mode characterizing the sudden collgpse of the unreinforced panels
conssted of the joint diding aong the compressed diagond, following a stepped pattern
(see Figure 4.16). Similarly, but less brittle than the reference cases, the diding in Wall 1
was forced to occur dl dong a centrd bed joint, dthough benefit for the shear capacity
was not significant (see Figure 4.17).

Differently, Wal 2 and Wadl 3 reached a mean shear capacity 45% higher than the
reference walls.  The falure mode was changed as joint diding was prevented and shear
capacity improved. Diagond splitting of the panel triggered the criss, but once cracks
crossed a rod any propagation was prevented and new cracks were forced to open in a
different pogtion; their spreading on the compressed diagonal direction (see Figure 4.18)
leed to a progressve degradation of the diffness, accompanied by increase of
deformations. The limit of this phenomenon was the diding of the masonry-paste
interface (see Figure 4.19) occurring once the anchoring length of the rod was shorter
than the minima development length associated to the force carried by the rod.  As result
of that was the loss of collaboration between masonry and reinforcement. This post pesk
different mechanian dlowed larger deformations and disspation of energy due to
friction between the paste and bricks. Tota collapse eventudly occurred once the leve
of friction gradualy decreased, due to the interface becoming smoother, and diding of
the mortar-brick interface took place along one of the central bed joints (see Figure 4.20).

This latter phenomenon could be avoided if reinforcement was placed in the direction
orthogona to the bed joints. For this reason Wall 4 was strengthened, only in one side,
with Near Surface Mounted Rods (De Lorenzis, 2000. [47]). It was expected that the
provided dowe action could improve dso the shear performance and not only to prevent
find collapse. The test result reveded ingtead the same shear capacity as the average of
Wals 2 and 3, reinforced with SR.  This result means that the controlling mechanism is
only the debonding of the reinforcement, without any reaion with the pin action of
vetica reinforcement.  Debonding occurs when the shear trandferred through the
masonry-epoxy mortar interface reaches the ultimate strength. Therefore, provided a
aufficient bond of the reinforcement, the effectiveness of drengthening inddled in the
bed joint direction is the same as when operating in the orthogond direction. This latter
result is completdly new respect the traditional strengthening approaches based on
vertica or sub-vertical sted rebars anchored by cemetitius mixes.



Wadl 4 reveded a diagond splitting dong the origind joints and the grooves, showing
less effectiveness in spreading the damage (see Figure 4.21). However, as foreseesble,
complete loss of capacity was achieved at smaler splitting deformation than the SR case.
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Fig 4.17: Wall reinforced with Sructural
Repointing each second joint. Siding is forced
along an unreinforced bed joint.

Fig. 4.16: Unreinforceswall. Typical
stepped-diding failure.

Fig. 4.19: Advanced phase of diding of the
reinforcement into the grooves.

Fig. 4.18:FRP Sructural Repointing
reinforcement forces the spreading of
the cracks.



Fig. 4.20: Post-failure final collapse, Fig. 4.21: Splitting pattern of the
due to loss of the original friction in the wallette reinforced with rods
masonry-reinforcement interface. orthogonal to the bed joints.

Unfortunately some specimens were built using a weeker type of bricks and, in order
to compare the test result excluding this inconsstence, a method of homogenizaion of
the wadlettes peformances had to be found. Bricks with the superior mechanica
properties are called Type 1, while the other are Type 2. Those latter are distinguishable
in the pictures astheir color is darker.

As the falure of the reinforced panels is triggered by the tensle splitting of masonry,
which in turn is affected by the tendle srength of the bricks, the shear capacity of panels
built with bricks Type 2 is increased by the modulus of rupture ratio of the two kinds of
bricks (see vaues into brackets in table 4.1). This amplification is necessary dso to
formulate an andyticd modd predicting the behavior of the strengthened walettes (see
Section 5.2.2).

In order to compare the different effect of a laminate-based reinforcement respect the
previoudy tested rod sysems, Wadl 5 was drengthened with verticd large drips (see
Section 3.3). The rectified result reported in Table 4.1 into brackets, attests that a better
increase of capacity is obtainable usng sysems involving a larger portion of the pand
aurface; that is obvioudy due to the fact that sresses are lower since are better
redigributed. On the reinforced side, cracks were very limited in number and Sze (see
Figure 4.22), while on the opposite side the absence of any reinforcement provoked the
developing of a deep crack pattern caused by both shear splitting and flexurd cracks (see
Figure 4.23). In fact, the remarkable difference of iffness on the opposte faces of the
pand caused on the unreinforced sde much more splitting than on the other; provoking
the bending of the pand on the horizontd plane in which the splitting diagond lies (see
Figure 4.24). At falure, spliting of the reinforced sde increased, as drips were
delaminating from the pand (see Figure 4.25).



Fig. 4.22: Crack on the reinforce side of Wall 5

Fig. 4.23:(right) Wall 5, unreinforced side.

Fig. 4.24: Bending of Wall 5 under shear test. Fig. 4.25: Splitting and delamination.

In order to further invedigate the bending behavior due to asymmetricd laminate
reinforcement, in Wal 6 was doubled the reinforcement amount and divided dong the
direction pardld to the bed joints and dong the orthogona one(see Figure 4.26). In this
pand the phenomena previoudy observed were amplified: a higher shear capacity was
obtained with few narrow cracks on the reinforced side, while a wide crack pattern on the
opposite sde caused, greater than before, bending deformation (see Figure 4.27).



Fig. 4.26: Wall 6 crossed strips configuration Fig. 4.27: Crack pattern of Wall 6

In this case, presence of further reinforcement distributed dong orthogona directions

caused dso bending in the verticad plane, and as the lower support could no move, this
deformation was traduced in eccentricity of the load. This particular behavior, due to
reinforcement asymmetry, had encouraged to further investigate the phenomena as it had
never been assessed in previous researches.
In red agpplications the bending effect may represent a satic problem; particularly in case
of load bearing wals even if the bending could be limited by the pand condrans it
would represent a detrimental event as smdl eccentricities easly cause ingabilities non
counterbalanced by any reinforcement. In this way, a limited bending on the vertica
plane would lead the member to collgpse.

In order to evaduate the effect of symmetrica reinforcement another specimen with
rods on both sides was prepared. As the previous tests demondtrated that vertica or
horizontal rods reinforcement have the same effect and as the number of specimen had to
be limited, in Wal 7 was congdering the insertion of rods in two orthogond directions,
one each dde (see Section 3.3). Accompanied with a remarkable shear capacity, a
diffused crack pettern tedtified the effectiveness of this strengthening configuration (see
Figure 4.28).

A typicd use of the FRP grengthening on masonry walls would expectedly consgt in
SR on the outer pat and laminate reinforcement in the inner part, where mogt likdy a
plaster layer can cover the gpplication. Wall 8 was designed to represent this gpproach,
and can aso shows the effect of combining the reinforcement used in Walls 2 and 5.

The shear capacity recorded was the higher of the one-with walls while the number of
diagona crackswas limited by the effect of the FRP strips (see Figure 4.29).
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Fig. 4.28: SRand NSM rods are applied on opposite sides of Wall 7.
Crack patterns after both diagonal have failed under alternate shear actions.

Fig. 4.29: Wall 8 diagonal cracks

A varidaion respect the last case was introduced in Wall 9, where the same amount of
FRP laminate was digtributed in two plies, therefore the strips were narrower.  In order to
prevent delamination due to the inferior area of bonding, a specid mechanicd anchoring
system was introduced (see Section 3.3). The ultimate shear capacity was dightly lower
than the previous case and the crack patterns on the two sides were very amilar each
other, demondrating that the same amount of reinforcement distributed on a lower area
diminishes effectiveness. Therefore, it is dso proved that when drips are narrow,



relatively the reinforced pand dimension, their advantage over embedded rods is reduced
and can be even inferior if debonding is not prevented (see Figure 4.30).

Fig. 4.30: Wall 9 after failure along one
diagonal. A strip delaminated from masonry
and the mechanical anchoring almost failed.

e g i R ——

In order to smulate the damage provoked by bi-directiona shear actions such a
seigmic event, after falure of the first diagond, Wadl 7, Wdl 8 and Wadl 9 were subjected
to the same shear test dso on the opposite diagond (see Figure 4.28, 4.29 and 4.30), with
load cycles up to falure. During this second series of tests shear capacities a least ill
over 60% of the reference value were recorded (see Table 4.1).

Two wythes wadls were built with the scope of invedtigating the effect of different
agpect ratios. In fact, while the depth of these wals has doubled, the amount of
reinforcement, the grooves depth and the number of laminate plies have remained the
same as in previous tests on one-wythe walls.

Wal 10, with gructurd repointing on both Sdes, demondrated an overal behavior
gmilar to Wals 2 and 3. shear capacity improvement, cracks diffusion, diding into the
grooves of the reinforcement and find mortar joint diding dong a centrd course of
bricks (see Figure 4.31). The fact that the number of crack was limited once diding
occurred, reveds that Wall 10 encountered premature failure before the compressive
masonry resstance could be completdy exploited.  Definitdy, horizonta reinforcement
provided noticeable benefits but ill the presence of verticd drengthening, as waell,
could have limited splitting displacements that provoked the premature failure.

In order to avoid splitting in the middle plane between the two wythes of the pand,
bent rods were used for the SR. In this way, on each sde, a short piece of rod was
embedded in the bed joint in the depth direction of the wallette.
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Wadl 11 was reinforced with SR and narrow strips on the opposite sides and in
orthogona directions. Strips were mechanicdly anchored at the end parts. This set up
was chosen as narrow gtrips dlow a crack pattern similar to embedded rods and, in the
same time, due to the specid anchoring they provide reinforcement effectiveness beyond
the diding of the SR on the opposite Sde.

This lagt effect could aso be redized by means of specialy anchored vertica rods, as
bent rods, but the grooving operation would have been too onerous. Instead, bent rods
were used in the SR reinforcement and for the mechanica anchoring of the drips; the fact
that those rods were inserted into mortar joints did not present any gpplication difficulty.
The reason of using bent rods in Wdl 11 conssed on providing confinement on the
depth direction of the wallette, to avoid separation of the two wythes due to splitting in
the plane of the pandl.

Performance of Wal 11 was extraordinary, as a remarkable shear capacity increase
was obtained exploiting completely the compressve masonry potentid aong the loaded
diagonadl. That was due to the fact that cracks were maintained narrow and splitting was
contained by the laminate reinforcement, which was maintained active by the mechanica
anchoring beyond delamination of the strips (see Figure 4.32).

Wadl 10 and Wal 11 did not seem to suffer from the unfavorable geometrica condition
of the renforcement. In fact, even if SR and FRP dgrips are superficid renforcement
gystems, their effectiveness has been proved aso in double-wythe pands. Especidly for
SR, there is the opportunity of embedding the rods deeper in the joint, and it is dso
possble doubling the rods. In this way the SR drengthening system, combined with
laminates or not, can be effective dso in multi-layered walls. In fact, as gpplications of
steel-based repointing in multi-layered walls have dready been successfully performed
(Binda et d., 1999. [46]), it is feasible to aspect the same development dso for the FRP
R

Load — gplitting displacement graphs of dl the pands are reported below (see
Figure 4.33, 4.34 and 4.35). As for some pands splitting was remarkably different on the
opposte ddes, both the displacements are recorded and digtinguished.  Different
parenthesis symbols help to identify which sde of each pand was reinforced and which
sdeisrepresented by acurve. Thekind of reinforcement is also specified.



Fig. 4.31: Wall 10. Siding of the central
mortar joint determined the final collapse.
Detail of the embedded rods slid along
the grooves (above).

Fig. 4.32: Wall 11. Cracks concentration due to
compressive failure of the loaded diagonal.
Mechanical anchoring maintains delaminated
strips effective
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Comparison of the load-splitting displacement curves
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Comparision of the Load-Splitting curves
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Comparison of the load-spitting displacement curves
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Figure 4.35.

During the diagona shear tests, dtrain in the FRP reinforcement, was recorder by
means of drain gauges attached directly on both srips and rods. Data from those
messurements alowed to better understand the stress redigtribution ingde the pand in the
elagic range. In addition, in the inelagtic range once a crack crossed a rod in
correspondence of the gauge, it was possble to see the locad dretching of the
reinforcement reacting.

On this concern, it is interesting to notice that during the diagond test, in the dadtic
range, the reinforcement on the verticd and horizontal directions is in compresson. In
fact, only the not loaded diagond is interested by the tendle stress.  As explained in
Section 2.4, the diagonds ae the directions of the principa dresses, which are
compressve and tensle stresses in the loaded and not loaded diagond, respectively.
Therefore, the presence of reinforcement gpplied on the non-principa direction became
effective only when the plagtic range occur, which coincide with the appearing of the first
splitting crack.

Strain gauges applied to the rods of Wall 2, reinforced with SR, demonsirate, respect
the middle horizontal axes, a symmetric srain didribution in the rods. Paticularly, gtrain
increased in the rods closer to the middle of the pand, and in each rod the point of
maximum dran was on the golitting diagond. After cracking, the point of maximum
grain on each rod depended on where the crack crossed the rod. In Figure 4.39 are



represented the load-dtrain curves of the upper four rods of Wal 2; drains in the graph
were recorded aong the splitting diagonal. The numeration of the rods gtarts from the
upper rod toward the middle of the pandl.

Stran measurements were dso useful to obsarve the maximum drain the laminate
could bear before debonding occurred; but after that limit, strain measurement revesled
the contribution of mechanica anchoring at the ends of the FRP dirip.
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Fig 4.39: Load-strain relations of FRP rods applied to Wall 2.

45 POST DAMAGE PERFORMANCE

A fundamentd characterigic of load bearing wdls is to sufficdently maintain ther
function even after a damaging event, especidly when the cause of damage is a short-
term action as a seismic event.

Evduation of the post-damage load bearing capacity could be done on the available
gpoecimens by means of axid loading tests, once shear falure was dready occurred on
one or both diagonas. The resdua capacity obtained from the tests was compared with
the theoretical capacity of the unreinforced wal obtained from the compressve strength
the RILEM and stack bond prisms reached (see Section B3).

Ohbvioudy the level of damage introduced by the shear tests can be described in terms
of cracks progresson and therefore can be associated to the diagond Splitting
displacement. Therefore, the level of shear capacity recorded by a specimen is not
directly connected to the level of resdud load bearing capacity, as most depend on how
much during the diagond test the cracks were dlowed to extend. In fact, in order to



obtain graphs showing the semi-ductile behavior of the reinforced pands, during some
diagond tests the load was maintained to incresse the splitting deformation.  For this
reason a the moment it is not possble to reate the result of the axid tests with the
specific reinforcement configuration (see Figure 4.36). Certanly, the fact that large
dripes of laminate limited the cracks width and diffuson during shear testing, granted
those walls a better sarting condition for the successve compressive tedts.

After fallure of the second diagona, Wadls 7,8 and 9 were tested under monotonic
axid force to determine the residua load bearing capacity (see Figure 4.37). Recorded
vaues, dill noticesble, were related to the damage introduced in terms of splitting
deformation during the previous shear tests.

Wadl 11 was subjected to compressive test after shear falure of only one diagond.
The peformance in tems of load bearing cepacity was encouraging, especialy
condgdering the eevate level of damage previoudy introduced by the shear test. During
the compression phase rods confined the facade of the wall, therefore compressive cracks
opened on the opposite side were FRP gtrips were dready delaminated (see Figure 4.38)
and in the plane between the two wythes.

Load bearing capacity after two-way shear failure
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Fig. 4.36: Comparison of the original and the post-damage load bearing capacity.



Fig. 4.37: Wall 7 and Wall 8 under axial load. Both panels already failed under
shear test.

Fig. 4.38: Wall 11. Compressive crack between two anchoring rods and two strips (left)
Strips of laminate completely detached from the diagonal failure (right).
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Table 4.1:

Shear Wallettes Results

Diagonal compression test (ASTM E519) on clay masonry wallettes

Reinfarcement set u
S 2 Tests performed & max load (KN)
Identifier el Ty )
P=AerplAp,
: : : 2nd diagonal Axial compression
Tetside 2nd side. 1=k giadoral (1st diag. failed) (bath diagonals failed)
REFERENCE One wythe Linreinfionoad 73.2
Averagg_"_i’-ﬂ.ﬂ KN
0%
REFEREMCE One wythe Linreinfonced 68.5
Repointing (each 2nd joint) ) Percentile referred
WALL1 Onewythe  a=0257% Unrairfarcad 72 +1.59
’ 3 @=6.26% e t ta the uncracked
theoretical
Repointing compressive
WALL 2 Onewythe  p=0514% Unreinforced 112.2
iz Average 102.4 KN capacity
— +45%,
WALL 3 One wythe  p=0514% ;:102 m';“ Unreirforced 92.6
WALL 4 Onewythe  a=0514% Wﬂr_ﬁ,f;gé':s Unreinforced 103.7 +4 6%
Vertical strips jane ply} +31%
WALL 5 B T Unreinforeed 93 (116.3) #64%)
Yertical and horizontal strips
WALL 6 {one ply) Unrairfarcad 127.6 +E0%
d=08.9%
Vertical rods : 124.6 +76% 113.4 +60% 21%
WALL 7 d=12.6% Repolnting a=128% (155.7) (+120%) (141.2 +100%) 168.9 (26%)
One wythe Vertical strips {one plyh
WALL 8 o=0.775% 5T Repointing d=12.5% 174.3 +146% 135.5 +91% 540.7 6B
One wythe Vertical narrow strips )
WALL 8 =0.779% Usanchored d=295% Repointing d=12 6% 159.3 +125% 127.7 +80% 533.8 67°%
REFERENCE Livrainforcadd 734 04
Repointing Repointing 95.8 +30%
WALL 10 d=125% =125% {119.8) (Hi2%)
Vertical 2" strips Repointing 186 +152% 65%
WALL 11 U-anchored d=295% d=12.5% (232.5) (+215%) 1034.2 (79%)

Cross Sections:

Av=hst= 542 em?

Acrrpsiip =0.3587 cm®
Agrre roa (¢ 6)=0.3484 cm”
Material properties
Egrre stnp=72400 Mpa
Ecrre roq=40800 Mpa
Egrre roa/Ecrre seips=1.77
d=distridution factor
which is calculated as:
area covered by the

reinforcement divided

by the panel face area

Values into brachets

take into account that

type 2 briks have a 25%

lowrer modulus of rupture
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5. ANALYTICAL STUDY
5.1 DESIGN APPROACH FOR FRP-STRUCTURAL REPOINTING

FLEXURAL STRENGTHENING OF MASONRY COUPON BEAMS

Test Scheme And Cross Sectional Area:
Following the four point flexura scheme, the cross sectiond areaand the principa
characterigtics of the reinforced masonry beams are represented (see Figure 1).

|
L=81cm L L
|I=10cm

L

b=127mm 5

h=90mm

Am=b x h=11430mm? ‘ 127mm 7
As=34.84mn"?
r =0.00305
En=11Gpa h d
E~=40.8Gpa
n=E¢/Ep=3.7 90mm
f'm=17.2Mpa
f=0.56Mpa —
f; v=900Mpa Or— #6mm ‘
d=83mm

83mm

Figure 5.1: Beam cross sectional area.

5.1.1 UNREINFORCED BEAMS

Freejoints beam

The theoretical capacity of the free-joints unreinforced beam can be calculated assuming
a linear dadic didribution of dress. Introducing the tensile drength obtained from the
materia characterization, the ultimate moment in the section is:

My tot =f b h?/6 = 0.56* 127*90%/6 = 96012 Nmm

In order to find the maximum load that can be gpplied under a four point flexurd test, the
contribution of the dead load has to be teken into account removing the moment
generated by dead loads from the ultimate moment calculated. The dead load is assumed
to be 150N.

Muy,LL = My1oT - MypL = 96012 — 15000 = 81012 Nmm
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Therefore this moment is generated by a load of 0.456 kN; this vaue is very close to the
load of 0.460 kN experimentally found (see Figure 5.4).

I nterlockedjoints beam

Falure condgts in rotation of the mid-span bed joint portion included between two brick
haves The effect of friction in the brick-mortar interfaces is opposed to that rotation.
This mechanisn was described by Royen and the andyticd form is obtaned by the
membrane anadogy (Sven Sahlin,1971[1]). Assuming that the shear stress over the area
d x z (see Fig.5.2) never exceeds the friction stress t (in this case it IS to, as normal stress
is not applied to the bed joint), the maximum moment carried by such areais:

Mot = (to d?/2) (z-d/3)
Z
Where: z=9.5cm d ] [
d=90m .,Z"'="3'-=-C*-°- = = N~~~ e
tema0756kpa . [ I [ I [} =~>
| [ [ || C U Y

Figure 5.2: Interlocking area in running bond texure.
Otaining:
Mot =107.29kNmm
Taking off the dead load contribution as shown before, the live load obtained is 520N,
which is consderably lower than 850N experimentaly found (see Figure 5.4).
A reason for this discrepancy is due to the fact that the introduced model does not

consder the oppostion action of verticd mortar joints againgt rotation, and therefore the
friction area results over stressed.

5.1.2 REINFORCED BEAMS

Freejoints beam
The typicd assumptions of RC members, plus some related to FRP materid, ae
proposed:

- Plane sections before loading remain plane after loading.

- Perfect bond exist between concrete and FRP reinforcement.

- Tendle grength of concrete (in the specific case is mortar) isignored.

- The maximum usable drain a the extreme concrete compression fiber is assumed

to be 0.003 mm/mm, provided that the specified FRP ultimate design strain does

not occur firs.
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- The compressve dress digribution in the concrete a ultimate is represented by
the equivalent rectangular compressve gress block, provided that the dtrain at the
extreme concrete compression fiber reaches a vaue of 0.003.

- The dress drain curve of FRP is linear dadic up to falure, with the maximum
gress equd to the pecified ultimate design strength.

The cracking moment correspondent to a the tensle falure of the mid-span mortar joint
can be cdculated asin a RC section, using the tensile strength from the materid tests

_(bh/2)+ A, (n- 1d
~ bh+A (n-1)

=45.67/mm

ly=bh3/12+bh(h/2 — c)*+ A¢(n-1)(d-c)*>=835.95cm*
Mcr= ft Itr/ (h'C) = 1056 kN mm

Subtracting the dead load contribution as done before, the load causing the cracking of
the section is:

Cracking Load=510.4N

The mid-span immediate deflection reached at this point can be approximated using the
eadicity theory:

Dg=Mg L%/12 Eq ly= 0.063mm

As the FRP rods do not present any yieding phenomena, the failure mode controlled by
the rupture of FRP bars is brittle and therefore undesirable. For this reason, members
reinforced with FRP should be proportioned to ensure a compresson falure. It is
recommended (Nanni, 1993. [55]) for FRP reinforced concrete members to refer to a
fallure mode based on crushing of concrete. The proposed ratio of FRP reinforcement in
tengonis r¢ >1.33 r¢p (AClI committee 440, 1999. [53]). The immediate deflection under
sarvicesble loads has to be particulaly controlled when designing FRP reinforced
members, for this reason a reasonable reinforcement ratio is included between 2 and 4
times the bdanced vdue. In order to evduate the ultimate capacity of sted reinforced
masonry beams, many authors (Drysdde et d., 1994 [3]) refer to the same Whitney dtress
block introduced for RC sections, where the coefficient b1 is assumed to be equd to 085
(see Figure 5.3). From these consderations it is now possible to caculate the balanced
condition of the examined case is.
f15=085b; m =18 650,
ff Efecu + ff,u

u

The actud reinforcement retio is;
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ri=As/ An=0.305%; r¢=21.85r¢p; r{>1.33r¢p issatidied.

Note: in presence of a steel rod of the same diameter, the section would be even more over-
reinforced.

Therefore, unless different mechanisms occur, crushing of the mortar joint
controls the falure mode of the free-joint masonry beam. Following the aforementioned
studies the mode proposed for the mid-span cross sectioniis:

e.,=0.003
T A A 1
01 a:blci < 0.85fnba
N.A
d

At

[ ) v y Arfr

b er<€ruy

[« q

Figure 5.3: Sress and strain distribution of FRP-reinforced sections at ultimate strength

Based on equilibrium of forces and strain compatibility shown in Fg5.3, the following
can be written:

(1) Asfi= 0.85f.ba
) Mn= A f; (d-a/2)
©) fi= Ereq (b1d-a)/a

Subdituting a from Eq. 1 into Eg. 2 and taking As = r b d results in the following
expresson:

(4) Mp=r f; (1-059r fi/ ) bd?

Subdituting a from Eq. 1 into Eq. 3 and solving for f; resultsin:

E.e.)’ '
©) fy :\/( f4CU) * 2850 L E €. - 0.5E e,
Iy

Introducing the correspondent vaues into equation (5) and (4) the following results are
obtained:
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fr=647.6Mpa (72% of ultimate; e = 1.59%)
Mp=1610.9 kN mm

Subtracting the dead load contribution as done before, the ultimate load causng the
crushing of the mortar joint is:

Ultimate Load= 8.991 kN
The mid-span immediate deflection corresponding to the ultimate condition can be

goproximated udng the dadticity theory and the effective moment of inetia (ACI
committee 440, 1999. [53]):

[N

3 3
o) c ou
|e:%¢ bl +él- EEM“ U, £,
M a @ @ M a @ H
Where M, isthe gpplied moment and b isareduction coefficient estimated as:
éE; u
b=a & +13;=0.602
eEs 0
The coefficient a depends on the characteristics of bond between rods and substrate.
Avalable results from experimentations on GFRP rods embedded into concrete, found
this vaue to be equd to 05. Cetanly this subject needs further experimenta
invedtigation and must be trested conddering the uncertainties, especidly as in the
andlyzed case the critical bonding interface is between masonry and epoxy mortar.
Cdculating the other factors.
lg=bh*12= 771.5 cm*

lo=bd*/3 k3>+ nArd ?(1-k)*>= 88.9 cm*

with: k = \/Zr o+ Pern, is obtained:
=89 cm®

Assuming that the cracked masonry beam deflection could be gpproximated as deding
with a cracked equivdent concrete beam subjected to a locdized load a mid-span, at
ultimate load condiition:

Du=Mp L%/12 Eq le= 9mm
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Comparing the theoreticd andyss described above with the experimental results appears
that the ultimate displacement D, is over edimated;, in fact the |oad-displacement
theoretical curve in the cracked range would result to have a smdler indination than the
experimenta case. This discrepancy is due to the fact that the deflection of the masonry
beam is due to rotation of only joint sections, while the model consdered refers to
concrete beams where each section is subject to rotation. Assuming then for the
theoreticd diagran the same indlination as the experimenta case the digplacement
obtained is.

D' ,=6.78mm

It is now possble to obtan a curve that better represents the free-joint reinforced
masonry beam behavior in absence of premature failure modes. (see Figure 5.4).

Must be noticed that in the stack bond reinforced beam experimenta diagram the firgt
part of the curve corresponding to the uncracked range is missng. As described in
Section 4.3.2, this is due to a pre-cracking of the mid-span section before the testing
session; that could be due to inaccurate handling operations on the beam.

The theoreticd curve gives a benchmark of the increese of capacity that could be
obtained if diding of the reinforcement is prevented. Certainly, the theoreticd modd is
based on assumption related to RC that should be confirmed from experimentations when
applied to masonry assemblages.

In the theoretical approach above described, the assumptions introduced refer to the UBC
guidelines. When referring to the European Code for Masonry Structures, the EC6, some
assumptions change, as a different ductility philosophy is involved. Here are reported
different values associated to some parameters from the two codes (see Table 5.1).

Table5.1
Whitney stress block:
Code Ultimate masonry strain Reduction factor Sress
EC6 €y =0.0035 bi=0.8 0.59 f'm
UBC €cy =0.003 b.=0.85 0.85f'm

Clearly, the nomina peformances of a dructurd member are dightly affected from these
differences.

fr (UBC)=647.6Mpa f (EC6)=548.3Mpa (-15.2%)

M,(UBC)=1610.9 kN mm Mn(EC6)=1378.9kNmm  (-14.4%)
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I nterlockedjoints beam

The presence of reinforcement prevents the fallure due to rotation into the bed joint, as
decribed in the unreinforced case.  Similarly to the free-joints beam, a cracking of the
mid-span section appears when the its maximum tensle strength value is reached. The
cross sectiona area & mid-gpan condsts of brick, for a hdf, and of a head joint for the
red. Excluding the tendle contribution of mortar and assuming the whole section
composed of brick, the cracking moment can be approximated as:

Mcr: ft’brick |tr/ (h‘C) :924 kN mm
Where fi yrick 1Sequa to 4.9Mpa, asfound in the materia characterization.

This approximated value, once the contribution of the sdf-weight is removed, gives a
cracking load of 2.56 kN, which is very dose to the vaue experimentaly found of 2.27
kN.

After the crack of the section occurs, snce the diding of reinforcement tekes place
immediatdly, the behavior of the reinforced beam is smilar to the previous case with
open joints (see Figure 5.4).

FLEXURAL TEST

L oad Brick Coupon Beams Reinforced with FRP Structural Repointing

(KN)

10 T Theoretical STACK BOND
freejoint+GFRP rod

-A—STACK BOND (UNRREINF)
-3—RUNNING BOND (UNREINF.)

<—~STACK BOND+GFRP rod
-O—RUNNING BOND+ GFRProd

1 0:85kN ) . :
0.51kN — §_046 KN GFRProd ——STACK BOND+GFRP (theoretical)

10 ) 15 20 25
Mid Span Deflection (mm)

Figure 5.4: Load-deflection graph of the FRP reinforced masonry beams, experimental
and theoretical curves.
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NOTE: The described theory, applied to the reinforced masonry beams, has the basic
assumption of complete collaboration, up to falure, between masonry and
reinforcement. The discrepancy with the experimental results is due to the fact
that this collaboraion is log once bond falure, in the specific case due to
diding, occurs. Therefore, is fundamentd to peform a prdiminay
characterization of the bond properties with a successve identification of the
bond failure mode expected (see Section 2.4), obtained by computing the stress
in each cross section a different load levels, and compaing it with the
maximum drength of materials and interfaces involved.  In this procedure, on
the ends of the rod a proper length has to be accounted as necessary anchoring.

For detaled cdculations on the bond faillure mechanisms between FRP rods and
embedding paste see the methods proposed on section 5.3.5.
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5.2 General Analitical Model for Shear Strengthening of
Masonry Walls

521 VALIDATION OF THE EXPERIMENTAL PROGRAM

Some previous experimentations involving FRP laminates on masonry, caried
out a& Universties of Misouri-Rolla and Padua, demondrated that delamination,
conggting in falure of the outer part of the masonry support, is the controlling factor that
dill need to be addressed in new analyticd modds and prevented in gpplications. Related
to this aspect is obvioudy the width of the gtrips and their anchoring length. Evidently,
debonding phenomena like the mentioned ddlamination or the peding-off due to interface
falure, are the result of a geometrica reinforcement digtribution that affects not only the
failure mode but dso, and firgt of dl, determines the shear capacity.

The limits of the exising andytical gpproaches are due to the fact that they refer to
desgn of new dructures, hence specific issues introduced by retrofitting applications, as
eccentric reinforcement, are not contemplated. On the other hand, it is clear that different
redrictions can prevent from the use of a symmetrical drengthening, and in order to
decribe the influence on shear capacity of the reinforcement pogtion, a fird digtinction
has to be done between double or Sngle sde retrofitting.

On this concern, previous works (Marchetti, 1999. [45]) demonstrated the detrimental
effect of reinforcement eccentricities on shear capacity of masonry panes, and the
discrepancy with nomind  shear drength cdculaed through modds not induding
parameters connected with reinforcement distribution.

Also congrain boundary conditions have a decisve impact on the effect of eccentric
reinforcement. That can be described with a common sStuation: on the edges of an irfill
wal under horizontd action into a giff frame, a tota restrain condition can be gpplied; on
the contrary, only two corners are congdrained if the frame is deformable and the result
would be an amplification of the eccentricity effect, as the unloaded diagond is free to
bend. After these consderations, the choice of the shear testing method to be used was
amplified: the diagond test smulates the worst condition, as the supports can provide
localized confinement only on the loaded corners of the pandl.

522 ANALYTICAL MODEL PROPOSAL FOR MASONRY SHEAR
STRENGTHENING WITH FRP LAMINATES AND RODS.

In order to obtain a qualitative modd describing the shear test results, they need
to be preiminary homogenized in terms of masonry properties. In this way the subdrate
materid is not dffecting the modd, thus other parameters connected with the
reinforcement can be easly isolated. As the falure of the reinforced panels is triggered
by the tensle splitting of masonry, which in turn is affected by the tendle strength of the
bricks, the shear capacity of pands built with bricks type 2 is increased by the modulus of
rupture ratio of the two kinds of bricks (see values into brackets in table 5.2). Therefore,
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as the mentioned ratio is equa to 75% (see section 4.2), the shear capacity of the panels
made of brickstype 2 are to be increased of a 25%.

Referring to the corrected vaues (without a the moment discuss if the most suitable
method has been used) is now possble to introduce a firds modd that consders the
drengthening didribution factor. It is based on superpostion of masonry and
reinforcement contributions (see section 5.3.2).

Vn:Vm + VF

Vo= 1 An (fudgu) + Am K Si(r i fruilgere,)

Where:

r reduction coefficient that should include the irregular friction distribution caused
by rdevant bending moments

Anm Masonry cross sectiona area

fuk masonry shear strength, which can be calculated referring to the mortar-brick
interfacefriction, asfy = (fuko + N8 )

OMm materid safety factor for masonry

ri reinforcement retio of the FRP materid typei (different types can be present)
If appropriate bonding is provided, both vertical and horizonta reinforced are
included

fri  dedgn ultimate tendle strength of the FRP materid typei

Orp; Materid safety factor for the FRP materid typei

K srengthening configuration factor. It is defined as:

K= 0.07d + 0.15 in case of double sde reinforcement
K= 0.11d + 0.11 in case of angle side reinforcement with d<0.667
K=-0.31d + 0.39 in case of Sngle Sde reinforcement with d® 0.667

Where d is the digtribution factor, caculated as area covered by the reinforcement on
the consdered face, divided by the total area of the face.

The drengthening configuration factor is obtained by interpolating the experimenta
results (see Figure 5.5).  The introduced model perfectly predict the shear capacity of
the test results of the present research and offers an acceptabl e approximations of the
results obtained from previous works (Marchetti, 1999. [45]).
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Strengthening Configuration Factor K

0.25

K=0.14d+0.15
0.2 -

li/i/ A:'031d+039
) 0.15
Reinforcement
effect ratio K=0.11d+0.11
Vorest/AmS(r if i)

0.1
@ SINGLE SIDE
0.05 REINFORCEMENT —
DOUBLE SIDE
REINFORCEMENT
0 T T ,
0 0.2 0.4 0.6 0.8 1

Distribution Factor d

Figureb.5: Experimental over theoretical reinforcement effect vs.
distribution factor.

The graph offers a quditative idea of the effect of eccentricity and of the reinforcement
digtribution: for contained vaues of d, increasing the area covered by the reinforcement

both sngle-side and double-Sde strengthening have proportiona benefits. When the

sngle-sde reinforcement covers amgjor part of a pand, the stiffness difference between

the two opposite faces determines a dramatic increase of the crack width in the

unreinforced face. Asresult a capacity lower than the equivaent double-sde

strengthening case is obtained.

Certainly, the tests performed cover a vast range of FRP reinforcing systems that cannot
be precisdy described with a few data Presumably each technique presents its own curve
for dngle or double-sde application, which may adso depend on the degree of
eccentricity. Never the less, the foreseeable tendency indicated from the graph of figure
55 gives a rough representation of a phenomenon tha is usudly underestimated and
therefore dangeroudy ignored by code provisions, andytical models and designers.

In order to obtain a more precise mode a wider experimental program is necessary.
Hopefully, a more accurae andyticd invedtigation should didinguish among the
different failure modes of the FRP reinforcement systems.
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Table 5.2: Diagonal test results

Reinforcement set up

d :Areinf/Aface

Diagonal Test

- Wall Type
Identifier P ASTM E519
I =Arrp/An
(kN)
1st side 2nd side
REFERENCE One wythe Unreinforced 73.2
Average 70.8 KN
0%
REFERENCE One wythe Unreinforced 68.5
One wythe Repointing (each 2nd :
WALL 1 ' =0257% joint) d=6.25% Unreinforced 72 +1.5%
WALL 2 One wythe Repointing Unreinforced 1122
r=0.514% d=12.5% !
Average 102.4 KN
] th Repointi +45%
ne wythe epointing X
WALL 3 I =0514% d=12.5% Unreinforced 92.6
One wythe Vertical rods .
WALL 4 [ =0514% d=12.5% Unreinforced 103.7 +46%
One wythe . .
. Vertical strips (one _ 93 +31%
WALL 5 (dark bricks) _ Unreinforced
20,2650 ply) d=66.7% (116.3) (+64%)
One wythe Vertical and horizontal
WALL 6 4 strips (one ply) Unreinforced 127.6 +80%
r=0.530% d=88.9%
it i Vertical rods Repointing 124.6 +76%
WALL 7 (dark bricks) oo 15 o o
r=1.028% d=12.5% d=12.5% (155.7) (+120%)
One wythe Vertical strips (one Repointing 0
WALL 8 r=0.779% ply) d=66.7% d=12.5% 174.3 +146%
One wythe Vertical 2" strips Repointing o
WALL 9 r=0.779% U-anchored d=29.5% d=12.5% 159.3 +125%
REFERENCE Two wythes Unreinforced 73.4 0%
(dark bricks)
jUnolwyihes Repointing Repointing 95.8 +30%
WALL 10 (dark bricks) d=12.5% d=12.5% o
r=0.514% TReN =125% (119.8) (+62%)
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5.3 Design Approach For FRP-Structural Repointing Shear
Strengthening Of Masonry Walls

5.3.1 INTRODUCTORY CONSIDERATIONS

Investigations of FRP near surface mounted rods (NSM) on RC members were
caried out in previous works (De Lorenzis, 2000. [47]), but a little is avalable on
masonry gpplications. The present work represents the first attempt of technica approach
to the use of rods for masonry strengthening, and aso introduces for the firg time the
FRP Structurd Repointing technique.

Due to the novety of both the mentioned technologies, the experimental background is
not sufficient to precisdly identify the numerica vaues of coefficients introduced, but

gl the experience acquired dlows isolating the most sgnificant parameters affecting the
test results.

When masonry walls, retrofitted according with the sructura repointing method, are
subjected to in-plane loading, three controlling fallure mechanism are possble.  The firg
mechaniam of falure is rdaed to locd crushing of the masonry assemblage. The second
one is associated with rupture of the rod. Findly, the bond failure can occur causing the
loss of collaboration between masonry and reinforcement.

532 BACKGROUND

Either in codes or research proposals, the current approaches to caculate the shear
capacity of reinforced masonry wals are based on the superposition of the contributions
from the unreinforced masonry and the effect of reinforcement. Therefore the andytica
models proposed are basically expressed as.

V=Vi1+V>

As the typicd falure mode of unreinforced wals under shear action conssts in diding
of the joints following a diagond or sub-horizontd step pattern, the contribution of the
unreinforced  condition is consarvatively evduated dating from  the friction
characterigtics of the mortar joints. No condderations are related to the fact that, ones the
pand is reinforced, the falure mode tends to change and plitting becomes the
contralling factor better than a diding mechanism. Due to the difficulties of predicting
these combined phenomena, the aforementioned approach attributes the increased shear
capacity consequent the reinforcement to the physical properties (typically cross sectiond
area and tendle drength) of the reinforcement itsdf; the find result is eventudly adjusted
with some reduction factor obtained from experimental experience.

Obvioudy this modd represants a quick solution for the problem of managing
masonry, a composte materid itsdf, with some kind of reinforcement included. In fact
the varigble parameters in reinforced masonry are to many to be introduced in a generd
modd; therefore aspects like bonding, anchoring and loca criss due to excessve dress
concentrations are supposedly included in materid safety factors and reduction factors.
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The biggest limit of this amplified gpproach is reated to the fact thet it is ingpired to
the traditiond srengthening based on the use of sted rods bonded with typica grouting
materials as mortar or concrete.

Ones new maerids with different conditutive law, diffness, srength and bonding
properties are introduced as reinforcement, aspects previoudy discarded from the
andyticad models need to be conddered. For example, the modulus of dadticity, never
introduced in the common models as the use of ded is assumed, may be taken into
account when non-standardized new materids are involved. Another factor that has to be
conddered is the didribution of the reinforcement. In fact, usng FRP laminates or rods
determine different redistributions of stresses close to the covered area: a drip causes a
dress goreading much more uniform than the localized effect due to a rod. To confirm
this the different crack peatterns of masonry pands reinforced with rods or laminates
subjected to shear tedts.

Another example of the limits of the current modes is the fact that only verticd
reinforcement is conddered when cdculating the capacity of a drengthened wall, as the
horizontal reinforcement is included into the bed joint courses and do not prevent diding
dong the brick-mortar interface.  On the contrary, the results of the present study
demongtrate how, ones materids offering a stronger bond are used, rods embedded into
bed joints can be as effective as vertica reinforcement systems.

5.3.3 EXISTING CODESPROVISIONS
Eurocode 6:

This code presents the discussed model approach, in which the determination of
the masonry contributions is based on the prediminary evauation of the unreinforced
masonry shear strength. This latter is related to the axid compressve dress through the
Coulomb Friction equation. The effectiveness of the renforcement, intended as Sted
rods, is relaed to the angle it forms with the horizontd, and it must to be included
between 0 and 45 degrees.

Also the digtribution of the reinforcement into the section is taken into account by the
gpacing factor s.

VRd= VRd1+VRd2

Vra=(fudgw) bd + 0.9 d (Asv/s) (fyid/gs) (1+cotga) sina fvk = (fyko + M8 n )

Uniform Building Code:

According to the basic equation presented in the 1997 UBC, aso thismode
presents the effects superposition pattern, but in this case the unreinforced masonry
contribution is defined from the compressive strength ', and depends also on a
geometrica coefficient Cy (see Figure 5.6 and 5.7). The reinforcement is taken into
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account only with horizontal configuration and its contribute is equd to the yidding
grength.

Vn=Vm+Vs

V= CqAmv «/ f.,  [Caisageometrical aspect factor, see Figure 5.6 and 5.7]

Vs: Amv In fy
Stesl | d I
Reinforcing Vv >
Rods W T
———————— ———*M_:_L/_h_‘___ —_—
—eeeeeeee. Flexurd reinforcement
""" Shear reinforcement TV _"FF"_ R R

Figure 5.6: Definition of aspect ratio M/Vd

241 - -

12

0.25 10
M/vd

Figure 5.7: Computation of Cy
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5.34 RESEARCH APPROACHES

Here are presented some models proposed by different authors as result of their
research works on masonry shear strengthening. The purpose of reporting those models is
to demondtrate how alternative approaches can be considered and devel oped.

M. Tomazevic Theory
This research approach introduces an dternative way to the Coulomb Friction to
calculate the unreinforced masonry contribution: it is more correctly inspired to splitting

indead of a diding mechanian. However the modd suffers of the fact that it is 4ill
designed for sted reinforcement.

Veer= 0.9% b [+ %0 1450 _ g gy s M0 o, Vear
b kaO 15 t* | * kaO

VRrd= VRd1+VRd2

Vidz = 0.4%A*fyy

T. Triantafillou Theory:

Introduced for FRP laminates shear reinforcement, it represents the first attempt
to adgpt the traditiond modds to dternative materids. Till now it has been scarcdy
supported from test vdidations. A generd efficiency factor of the reinforcement r is
introduced, but it is not sufficiently supported from consderations related to materid
properties and strengthening configurations.

In addition, the proposed mode introduce as limit the ultimate strain of the composite
multiplied by the modulus of dadticity; which is equivdent to introduce the FRP ultimate
tendle dress, assuming that any premaure falure is included in the factor r. From this
point of view it does not seem to go far from the mentioned codes where the bench mark
is represented from the yielding stress of stedl.

VRd= VRd1+VRd2
VRd1 = fyk*b*d fuk = (fvko + M8 )

VRd2 = T frpEfrp(réfrp,u / 9frp)00.9d d = 0.8



535 CONTRIBUTION OF FRP STRUCTURAL REPOINTING TO SHEAR
CAPACITY

In the aforementioned approaches the nomind shear strength is given by the sum
of the shear contributions of the masonry and the sted shear reinforcement. Previous
works on RC members (De Lorenzis, 2000. [47]) demongrated that when introducing
FRP rods to integrate the sted dirrups action, the nomind shear srength can be
quantified by adding a third teem to account for the contribution of the FRP
reinforcement:

V.=V, +Vs+ V¢

The design shear strength is obtained by applying a strength reduction factor, f, to the
nomina shear strength, as discussed later.

This design approach presents two equations that can be used to compute the
contribution of FRP horizonta reinforcement to the shear capacity, Ve. A consarvetive
criterion suggedts taking the lowest vaue.

Smilaly in the present case, a reinforcement contribution is added to the plain
masonry shear strength, dthough a different criterion to identify Ve hasto be introduced.

A fird vdue for FRP shear drength contribution, Vi, is computed when bond-
controlled shear falure is the governing mechanism. The second vaue of FRP shear
grength, Vor, is esimated basng on the assumption of full development of the rod tensle

capacity.

Calculation of V1

V1 isthe FRP shear strength contribution related to bond-controlled shear failure,

In case of mechanical anchoring, debonding can be prevented or, at leadt, the bond failure
do not conditute the find loss of collaboration; in this dtudtion a detaling investigation
focusng on the specific solution has to be carried out. When no speciad anchoring is
introduced, the bond failure of externdly applied rods embedded into grooves can occur
in different ways and locations. masonry or embedding paste can plit if the tensle dress
overcome their tendle srength; the rod can be pulled out from the paste; diding in the
paste-masonry interface can occur (see Section 24).  The moddity in which these
falures occur is dso different. In fact, splitting determines a sudden loss of collaboration
with the subgtrate, therefore is the most brittle fallure. Siding, once occurred, conserves a
ressing mechanism due to friction, and large digolacements can be reached in a semi-
ductile behavior. Pull out present intermediate characteristics. Related with that, different
safety factors could be gpplied to each mode on the nomind shear contributions.

The materids involved, the interface surfaces and the profile of the rods influence
these falure modes. The case of diding of the reinforcement into the grooves appears to
be the mogt probable: it is the less controllable due to the difficulty to obtain samples of
the origind masonry for laboratory tests. Pull out could be prevented choosng suitable
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paste and rod profile, while splitting could be avoided with an appropriated groove depth.
This later fallure mode is difficult to predict with a model, on the contrary the other two
mentioned mechanisms of bond falure could be eesly treated following the same
andyticd peattern.

Once bond properties of the masonry-paste interface and of the rod-paste interface are
known or assumed from comparisons with smilar assemblages, it is possble to identify
which of the two bonding fallure modes is expected to occur smply checking which of
the two terms ishbigger:

Pull out resisting force; Siding resisting force;
pdpts; ptz;
where:
dp = diameter of the rod
1 = max shear stress on the pull-out surface
p = peimeter of contact of the paste section with the masonry substrate (see
Figure 5.8).
t> = max shear sress on the diding surface

t

Figure 5.8: Section of two brick courses showing
the perimeter of contact of the paste p
with masonry and bed joint.

Thefollowing assumptions are considered:

1) There are not unreinforced or week horizontd layers that can determine shear
diding preventing development of diagona shear cracks.

2) Inclination angle of the shear cracks congtant and equal to 45° (see Figure 5.8).

3) Constant digtribution of bond stresses dong the diding interfaces.

4) At falure, the ultimate bond drength is reached contemporary in dl the rods
intersected by the crack.

5) Reinforcement is evenly distributed on one or both faces of the pand and spacing
between rods is constant.

86



[ T T T T T T 1
[ T T T T T 1
|||||||||||||||
[T TTTTT] —> - —>
I I L AN T T L L] 4
|||||| Illlﬁ\\llllllllll
[ YT T T T T 1 I I I I I I I
LN L T T ] T T ST T T
lll\llll IIIIIIII\I\IIIIII H
[T TS~L T 1 B N S |~ S—
[ T T T INL T 1 T T N T
|||||\|\| | | | | | [ S\ |
IIIIIIEE% B N N S S —
v
7T T -l'm-lm%w"nﬁwﬂw-rl'rm:
< B
Sender Wall Squat Wall

Figure 5.8: Potential shear cracks

The shear force ressted by the FRP can be quantified as the sum of the bond forces
ressted by the FRP rods intersected by a shear crack. Each rod intersected by a crack
may be idedly divided in two parts a the two Sdes of the crack. The force in each of
these rods can be cdculated as the product of the average bond strength and the surface
area of the shortest part, that from now on can be referred as effective length of the rod:

Leff .
Therefore, for each rod can be written:
Asfi=DbLgst

Where:
b and t, depending on the most probable failure mode, are:

in case of pull out: in case of diding:
b=pdptsy; b=ptz;
D t=t4 t=to=tg+ms

Due to therr different nature, it can be assumed that t1 is congtant in dl the postions
of the wal reinforcement, while t»is much more affected from the local conditions due to
podtion of the reinforcement. Obvioudy it would be onerous to cdculate t, in each
reinforced layer consdering the orthogonal compressive dress s due to the sdf-weight
and caried loads. Furthermore, under shear action the digtribution of verticd loads has
necessty to change to mantan the overal equilibrium. Here, a dmplified and
consarvative method is suggested:
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a) Non-loaded wall b) Loaded wall
Figure5.9

When the wall under shear action is subjected only to its own weight (see Figure 5.9a),
as the @ of infill wals, the vaue of t, to be consdered is the minimum, corresponding
to the value to. Actudly, this vaue is present only in the upper area of the wal, but has
to be conddered for the overal pand as the falure for diding would be triggered from
the top to the bottom once this friction strength is overcome.

When aload-bearing wall is subjected to a lateral force applied to an upper corner, for
equilibrium the axiad load tends to concentrate upon this corner (see Figure 5.9b). The
maximum shear drength t> to be applied to the overdl pand is the lower of the two
vaues cdculaed with the Coulomb formula (1) in the podtions 1 and 2. The
compressive dress s to be consdered in (1) is due to three quarters of totd axia load in
position 1 and only due to the own weight of the wall in postion 2.

The FRP renforcement contribution is caculated as:
o]
Vie =na A ff,i =nbtL,,

Where:
n = number of the strengthened sides of thewall (1 or 2)
As; = nomind cross-sectiona area of thei' rod
f;; = tensle stressin thei'" rod
t = bond stress

Lot = sum of the bonded Iengths of dl the rods crossed by the crack, cdculated in
the most unfavorable crack postion (minimum tota length).

The vaue of L depends on the geometry of the wal, height H and length at the base
B; and the spacing s of the rods (see Fig. 5.8).
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Defining n; as the number of reinforcement layers being crossed by a diagond shear
crack, which can be estimated as follows:

where: s=rod spacing
)

D = minimum dimension between H and B

Whenever the vaue computed using equation (2) is not an integer, it shal be rounded to
the immediate inferior integer. The number of rods crossed by the 45° shear crack is
estimated as.

r=n-1
If r isan odd number: If r isan even number:
r
é . S .
Lt=2s A | Lot=(C+ 1)s+2s Q |
i=1 i=1

Where C istheimmediate inferior integer of 12 .

Appling the above described formulas to the following example (see Figure 5.10), in
which asguare pand isisolated either from adender wal or asquat wall, it possibleto
obtain:

n=8, r=7, C=3 ad Lict=16S

as can be easlly checked from the geometrica proportions.

Sender Wall

(n

Squat Wall

Figure5.10

89



Calculation of Vo

In presence of strong bonding or particular locdized locking effects (see Section
4) and smdl rod sectiond aress, tendle falure of the FRP rods having longer effective
length may occur. Therefore, the shear contribution of the FRP reinforcement sometimes
relies upon both debonding and rupture of the rods. Vor can be caculated as sum of the
contribution related to bonding limit and another part depending on the tendle drength of
the rods. Thus two areas can be identified in a masonry pane (see Figure 5.11). This
phenomenon can be described removing assumption 4) from the previoudy proposed
model.

L~ Bond
________________________ < cControlled Region

I Rupture
Controlled Region

— Bond
Controlled Region

Figure 5.11: Controlling areas to calculate V,¢

L is defined as the length a which the rod lresks ingtead of being pulled-out, and can be
derived from Figure 5.12:

t

—

S g fru

— — — — — — — «—

L

Figure5.12.

By equilibrium:
Aff‘u = b L t

Fromwhich L isimmediately caculated.
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Nominal Shear in Bond Controlled Region (Vp)

The number of rods (1) in the bond controlled region can be quantified as.

Thevdueof L, iscdculated as:
&
Liot=2s a |
i=1
Shear in bond controlled regions now can be caculated smilarly as seen for Vig:

Vb= n bt Liot

Nominal Shear in Rupture Controlled Region (V1)
The number of rods (r;) in the rupture controlled region can be quantified as:
=r—rp
The shear force ressted by the FRP rods in this region can be caculated as.
V,=nr, A f,,

Where the design ultimate tendle drength f, is determined using the environmenta
reduction factor (see Table 5.3) for the appropriate fiber type and exposure condition:

ffu :CE fltu

Where f 1, is the guaranteed ultimate tensile strength of the FRP rod as reported by the
manufacturer.
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Table 5.3. Environmental Reduction Factor for various fibers and Exposure Conditions

Exposure Condition Fiber Type R edIlEJrczi(;(r)\nlg:ﬁ) 6: Ce

Carbon 1.00
Enclosed Conditioned Space Glass 0.80

Aramid 0.90

Carbon 0.90
Unenclosed or Unconditioned Space Glass 0.70

Aramid 0.80

The shear force resisted by the FRP rods in both regions can be estimated as.

Vor=Vp+ Vi

5.3.6 SHEAR STRENGTH DESIGN

The ultimate shear force must comply with:
V,EfV,

The 1997 UBC gpecifies that the reduction factor f is equd to 0.6. However,
whenever the nomind shear drength is larger than the shear corresponding to the
development of nomind flexurd drength, f can be equa to 0.8. For masonry structures
drengthened usng FRP rods, it is suggested to mantan the previoudy described
reduction factors for the masonry and sted contributions, and to apply a conservative
reduction factor f equa to 0.5 to the FRP contribution. The EC6 specifies different safety
factors for the sted and masonry contributions. Obvioudy, this later one is more
redricive and depends on the qudity of execution of the assemblage As the
effectiveness of FRP surface mounted reinforcement is intrindcally connected with the
datus of the masonry support, it is suggested to maintain aso for the FRP contribution
the masonry safety factor. Unfortunately, when deding with exising masonry
assemblages, codes often lack indications on how to estimate suitable safety factors.

5.3.7 FINAL CONSIDERATIONS

Mechanica anchoring can prevent debonding falure, forcing the bars reaching
their maximum gtrength.  In this case, the shear contribution of the FRP reinforcement is
based on the assumption that rupture of dl the rods occurs smultaneoudy. Obvioudy,
atention has to focus on detaling of anchoring to provide the necessary strength and

fixity.
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As for reinforced concrete, dso the contribution of masonry interlock dong the crack
faces should be taken into account in the evauation of the shear capacity. In this case, a
limit vaue for the drain in the reinforcing rods should be introduced. In fact, this limit
grain implies that narrow cracks are maintained, assuring in this way tha aggregate
interlock forces can gill be transmitted through the crack. The suggested maximum drain
for RC members is 4000 ne (Khdifa et d., 1998. [56]). This grain levd is confirmed in
masonry  assemblages by the tests performed during the current invedtigation, as it
corresponded to presence of interlock and noticeable crack width. If data reltive to the
contribution from rods dowe action were available that limitation could be reconsdered.
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6 CONCLUSIONSAND FUTURE RESEARCH

CONCLUSIONS
GENERAL

Unfortunately, many fied applications involving the use of FRP laminaes on
masonry members are carried out even if not supported from the necessary experimentd
background. Cause of that is the implicit assumption that the high performances of FRP
benefit in any case a compromised dructura Stuetion; over reinforcement is the logica
consequence of this diffuse gpproach. Also the advantage of the externa FRP
goplications to be removable is often used as incentive for designers to take non-
evauated risks. The present experimenta investigations demondrated the detrimenta
effect produced by inaccurate desgn and improper reinforcement didribution on the
gructural member.

FRP Structurd Repointing has the advantage of providing remarkable sructura
benefits maintaining the origind gppearance of the masonry wall.

In addition, usng FRP materids ingead of sed, the Structurad Repointing completely
complies with durgbility and mantenance issues. It represents an ided find
drengthening solution. Structural repair is reversble, as it could be removed and the
joints refilled with mortar once the causes of retrofitting may have changed or new
materids become avalable The new system introduced offers a vdid dternative wheb
dandard retrofitting sysems ae often ingpplicable because of the environmenta
exposure and aesthetic requirements.

The ease of gpplication of the FRP Structurd Repointing, added with the limited
equipment requirements, results in a time saving procedure. The lightweight materids
and “surgicd” operations do not require the use of many scaffolding or cranes for
goplications a higher leves.

Anchoring FRP reinforcement to adjacent structurd members (e.g. beams, columns,
dabs) makes this technology suitable for bearing and non load bearing wals, infill walls,
one or multi-layer walls.

From the laboratory tests, the FRP Structura Repointing has shown to dramaticaly
improve shear and bending moment capacities under datic or cyclic in-plane and out-of-
plane loads. Also the resdud load bearing capacity remains remarkable even after high
damage levels were introduced.

Aress of gpplications of the FRP SR can be identified as generd strengthening, saismic
retrofitting, structura rehabilitation, structurd and architectural maintenance,
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PARTICULAR

The dominaing falure mechanism causng the collgpse of the day brick flexurd
and shear specimens is reated to the diding of the epoxy mortar within the groove. The
ressing mechanism is based upon friction that depends on the condituent materials and
on the norma dress agoplied perpendicularly to ther interface.  Therefore, the
performance of the SR method in a full-scale wall subjected D its sdf-weight is expected
to be higher than for laboratory samples.

This mechanism determined energy disspation during cycles of load and presented
post-pesk semi ductile behavior till complete collapse occur.

Block masonry walls subjected to flexura tedting presented brittle falure due to
golitting of the epoxy paste. This mechaniam, involving the cracking of the embedding
paste, tend to provoke sudden collapse of the structure.

The diagond compressve test reveded to be effective for wha concern the
identyfication of fundamenta mechanisms governing the behavior of the renforced
panels.

Proposed desgn guidelines on the masonry strengthening with FRP rods, are the firg
attempt of andlitical approach to this subject. Obviowdy, as Structurd Repointing was
introduced in the present research, nothing is avaible as reference. The general modd to
evauate the shear capacity of the laminate and rod reniforced panels is a globa approach
to edimate the quditaive behavior of externdly FRP drengthened walls. Parameters
introduced in the generd model were sdected to fit the experimenta result of the present
research and, in case of laminate reinforcement, of previous works.

FURTHER RESEARCH

The ovedl objective of the present study was to cary out a prdiminary
investigation on FRP Structural Repointing as a drengthening sysem. Due to its novelty,
extensve experimenta and andyticd work is needed to characterize and predict the
gructurd behavior of masonry members externaly strengthened with this technique.  The
ultimate god is to develop design formulae and congruction Specifications, snce these
are the means through which an experimenta technology can become accepted fied
practice.

Experimentd  invedtigations on the flexurd drengthening of full-sze masonry pands
with FRP Structurd Repointing subjected to in-plane loading are currently ongoing a the
Univergty of Missouri — Rolla The use of different slandard shear tests is consdered in
order to isolate those factors inflluenced by the specific set up of each test.

As FRP Strructurd Repointing is a strengthening technique proposed with the am to
provide a product sysem able to solve, with aesthetic sengtivity, different structura
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problems of masonry members, further studies are dready oriented to increase the
potentidity of the sysem introducing specid dructurd eements providing a connection
between the horizontal/verticd masonry courses.  These connectors can be embedded
with the rods. They consgt of shaped FRP components, which provide verticd intra
courses collaboration to creste vertica resstant bands behaving as supports for the
horizontal drengthening.  In addition to that, dso layers connections for multi-wythe
walls are under invetigation. Specific solutions have been introduced using FRP specid
elements to solve dso anchoring and splicing problems.

As far as the reaults presented in this dissertation are concerned, dip and drain data
collected from the flexurd and shear tests on masonry needs to be andyzed, in order to
cdculate the effect of the development length of the rods in comparison with the design
predictions prospected.

Further laboratory tests and andytica investigations are needed to assess the validity
of the proposed design gpproach and to incorporate in the desgn formulae the influence
of dl the dgnificat varidbles Al in in-Stu test could reved the actud effect of the
one sde FRP Structurd Repointing under service load condition.

Even if a the moment some aspects of FRP Structura Repointing <ill need to be
submitted further invedtigation, fild gpplications of the technology could be performed
under appropriate supervison.

For wha concern the FRP laminate and hybrid laminate-rod reinforcing systems,

additionad experimentation on coupon and full scde walls could advance the knowledge
of mechanisms related to particular set up, anchoring and boundary conditions.
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APPENDIX A
In-field Experimental Project.

The Malcolm BlissHospital In St. Louis

Al BACKGROUND

Test Specimens. Seven URM walls, congdructed of clay units, were tested (Tumidan et
a., 2000. [49]). The nomina dimensions of these walls were 2.4 x 24 m. (8 x 8 ft); thar
overdl thickness, including the two wythes was 33 cm. (13 in). The upper and lower
boundaries for these wals were RC beams which were cast integradly with the floor
sysem beams. The tet wadls classfied as infill, bedong to a masonry typology
commonly used during a window time including the post-war years and the early 1960's.
A setion view of atypicd wall isillustrated in Figure 1.

The wdls under investigation conssted of two wythes of masonry units spaced a 2 cm.
(0.75 in.), joined by header units placed at each fourth course, and a each fourth unit in
the course in mention. The outer wythe, corresponding to the veneer wadl, was built usng
cored units with the following actud dimensons, 9.5 cm. (3.75 in.) wide, 5.7 cm. (2.25
in.) high and 20 cm. (8 in.) long, the units had three cores of 3.75 cm. (1.5 in.) diameter.
The inner wythe or backup wal was primaily condructed using tile units The actud
dimensions of the tile units were 18.75 cm. (7.5 in.) wide, 18.75 cm. (7.5 in.) high by 30
cm. (12 in) long. Bricks were laid where brick headers were placed, their dimensions
were 10.6 cm. (4.25 in.) wide, 5.6 cm. (2.25 in.)) high and 21.25 cm. (85 in.) long (see
Figure 1). The wadls were finished with one-inch thick cementitious plagter, having a
two-directiond welded sted mesh a mid-depth. The welded stedd mesh was provided to
help control shrinkage of the cementitious plaster.

Two URM wals, dedgnated as Wal 1 and Wal 2, were used as control
gpecimens.  In Wall 1 the plaster remained on its surface; whereas, in Wal 2 the plagter
was removed to differentiate the impact of plagter. The remaning specimens were
drengthened with different composite materids, namey GFRP, AFRP, CFRP and
deformed glass rods. Thus, Wdl 3 was drengthened with three 50 cm. (20 in.) wide
GFRP drips atached to the plaster surface. The strengthening scheme for Wall 4 was
gmilar to that of Wal 3, the man difference was that the GFRP drips were applied
directly to the masonry, meaning without the presence of plaster. The purpose of testing
this group of wdls was to observe the difference in behavior, if any, in wadls
drengthened with FRP attached to plaster and to masonry under out-of-plane loading.
One of the advantages of usng composte materids is that little disruption is caused
during its inddlation. That was the purpose of dudying the behavior of wals
drengthened without the removd of plager.  Thus in the remaning wdls the
strengthening was carried out with the presence of plagter.

In Wdl 5 and Wl 6 the grengthening geometry was similar to Wal 3. In the
first case the URM wall was strengthened with AFRP, wheress, in the latter case CFRP
was used as the strengthening materid.
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The fact that the anchorage of near-surface-mounted rods into adjacent RC
members (i.e. dabs, columns and beams) is a feasble task, makes attractive their use for
increesing the flexurd srength of masonry walls. In that sense, Wall 7 was drengthened
with eght #3 glass rods spaced at 30 cm. (12 in.) o.c. A summary of the experimenta
program is documented in Table A1.

Table Al: Experimenta Program for Out-of-Plane Wadlls

. Strengthening . . Attache
Specimen System Reinforcing Scheme dto
wal 1 Control | = ------- Plaster
Wall 2 Control | = ------- Masonry
wadl 3 GFRP Sheets Three gtrips (width=20 in) Plaster
Wadl 4 GFRP Sheets Three gtrips (width=20 in) Masonry
wadl 5 CFRP Sheets Three grips (width=20 in) Plaster
wadl 6 AFRP Sheets Three gtrips (width=20 in) Plaster
Eight #3 near-surface

wal 7 Glass Rods mounted rods Paster

Test Setup. The masonry wals were tested under two out-of-plane loads, which were
digtributed by 30 x 30 x 1.25 cm. (12 x 12 x %2 in.) sted plates to the external face of the
wal. The loads were generated by means of a hydraulic jack usng a manuad pump. The
force created by this jack reacted againgt a five foot sted girder composed of two
C10x20, heredfter caled Beam A, and an 11 foot stedl girder composed of two C15x40,
hereafter referred as Beam B.  When loading, two reacting forces were crested on Beam
A. These forces were transmitted to the masonry wal using two high srength rods (see
Figure Al), which through of the ded plaes pulled the wdl from its exterior face. On
the reaction sde, the force generated by the hydraulic jack reacted againgt Beam B,
which transmitted the load to the upper and lower RC beams, and floor sysem. Beam B
erected into place usng an dectric hoist located a the roof leve. The hoist was
restrained by a metd frame located on the roof of the building. In this manner Beam B
could be raised or lowered, depending on what wal was being tested. A schematic
representation of the test rationdeisillustrated in Figure A2.

Fig. Al: Infill wall under testing
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Figure A2: Out-of-Plane Test Rationale

Test Results. For most of the test walls, the firg visble crack was observed running
above the centrd brick course, dong the bed joint. Following this, horizontal cracks
formed a a quarter height measured from the top or bottom of the wall. Once the pesk
load was reached the load decreased abruptly. A mechanism of falure caused by a shear-
compression effect lead to the fracture of clay tiles located either at the top or bottom

region of thewal (see Figure A3).
Out-of-Plane ‘ !
> ;

Load

Fig. A3: Out-of-pane mechanism of failure.



Due to this progressve mode of falure, the walls were not able to develop a higher
capacity compared to the control specimen (see Figure A4).
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Mechanism of failure. The falure of the URM walls was caused by the fracture of the
tile units a the uppermost or bottommost courses, caused by angular distortion due to
out-of-plane rotation, and manly by a force generated by a shear-compresson
combination effect. Flexura cracking occurred a the supports due to the negative
moment followed by flexurd cracking a mid-height due to the podtive moment, as a
result a three-hinged arch was formed. When the deflection increased due to out-of-plane
bending, the wal was restrained againgt the supports, a the upper and lower boundaries.

This action induced an in-plane compressive force (K, in Figure A3), which accompanied
by the shear force (Fy in Figure A3) in the support crested a resultant force that caused
the fracture of the tile (Fr in Figure A3). It is important to mention that normdly falure
caused by arching action is associated to the crushing of mortar joint; however, due to the
characterisics of the tile and its placement with the holes horizontaly oriented, the
falureis associated to this dement

A2 MATERIAL CHARACTERIZATION

One inherent difficulty when conducting a testing program in gStu is to characterize the
materids.  In order to obtain results that can be used to explan the Mdcom Bliss
Hospitd walls behavior, different materid characterization tests needed to be performed
on the Ste specimens.

There are dandard specifications from ASTM and RILEM codes tha must be
observed, but sometimes is not feasble comply with those standards when deding with
field applications. That is due to the limited dimensons of the avalable specimens, as
destructive removing operations are usudly prevented. In addition, some nonstandard
tests can be designed with the am of a specific application of the results, such is the case
of asuccessve numericd andyss.

From a demolished part of the wadls it was possible to remove only some bricks and
two smdl samples Cutting those samples, some regular specimens suitable for testing,
were obtained.

Brick tests. The cored clay bricks from St. Louis hospitd have been subjected to the
modulus of rupture test and the halves obtained were sngularly for compressive test.

Totaly five veneer bricks (facings) and three solid clay bricks (cutters) conditute the
datistical samples from the site walls (see Figure A5 and A6).
Although they have standard dimensions (see Figure A7), the facing bricks are no
longer under production; ther strong firing and the day mix without chips of crushed
bricks, coming from recycling of wadters, granted them properties tha presently are
difficult to reach with equivaent bricks.

Higtorica references from the Masonry Indtitute of St. Louis confirmed that the laying
of the hospita wals was popular during the fifties and later. Every three layers of runners
one of headers make the wythes collaborating together (see Figure A5).
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Gross Area 2764 in2 (17.100 mm2)
Net Area 2320in2 (14,215 mm?)
Percent Solid 84 % {83 %)

Moment of Inertia aboul x - axis

Gross Section 30.27in? (1154 x 10%mm?)
Net Section 29,75 in? (11.32 x 106mm4]
Ratio of Net to Gross  0.98 {0.98)

Fig.A7: standard dimensions.
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Usng the net nomind dimensons of the brick, in Table A2 the modulus of
rupture and the compressive strength are calculated and the average vaue is given.

Table A2
VENEER
MODULUS OF RUPTURE COMPRESSIVE TEST
Load (Ibs) Fr (psi) Fr (MPa) Load (Ibs) Fc(psi) Fc(MPa)
3550 2524 17.42 35200 3034 20.94
1475 1049 7.24 34500 2974 20.52
3100 2204 15.21 15200 1310 9.04
2125 1511 10.43 13900 1198 8.27
2400 1707 11.78 23000 1983 13.68
Average 2530 1799 12.41 24360 2100 14.49
RED BRICKS
MODULUS OF RUPTURE COMPRESSIVE TEST
Load (Ibs) Fr (psi) Fr (MPa) Load (Ibs) Fc(psi) Fc(MPa)
555 188 1.30 6800 378 2.61
360 122 0.84 4275 238 1.64
295 100 0.69 3275 182 1.26
Average 403 137 0.94 4783 266 1.83

Mortar tests. Snce it was impossble have sandard tests of the mortar from the

avalable specimens, the only way to characterize its properties was to exploit some

among the most regular cylinder shaped cores of mortar trapped into the hollow bricks.
Fortunately the geometric proportion of those mortar cylinders dlowed to have limited

local confinement at the ends. This can be seen in the failure mode (see Figure A8).

Test on mortar cylinder specimens as big as twice the present ones are indicated as field

test standard (The Brick Ingtitute of Cdifornia, 1986. [2]).

From the average compressve strength on three cylinders (see Table A4) and by
comparison with the standard requirements Gee Table A3 from standard ASTM C270), it
was possible to identify the mortar astype N

Only the kind of hydraulic binder used to obtain the type N mortar was till unknown.
References from The Masonry Inditute confirmed that ill during the sixties in most of
the cases, due to workability reasons, cement-lime mortar was used.
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Table A3

Proportions by volume {(cementitious materials)
Portland Aggregate ratio
Mortar Type | cement Masonry cement Hydrated lime | (Measured in damp, loose
or or conditions)
blended lime putty
cement M 3 N
Cement-lime M 1 - - - 1
S 1 - - - Over to+
N 1 - - - Over+tolZ |jNotlessthan 21andnot
0 1 - - - Over14to24 | morethan 3 times the sum
of the separate volumes of
Masonry M 1 - - 1 - cementitious materials
cement M - 1 - - -
5 + - 1 -
S - - —
N - - - 1 -
0 - - - 1 -
Table 4.10 Property Specification Requirement for Mortar®
(from Ref. 4.38)
Min. average compressive . . Aggregate ratio
Mortar Type strength at 28 days, Min. \:vate; Mix' :lfy {measured in damp, loose
pei (MPa) retention, % content, % com ditions)
Cement-lime M 2500 - (17.2) 75 12
s 1800  (312.4) 75 12
N 750 (5.2) 75 14" Not less than 2} and not
0o 350 {(2.4) 75 14 more than 3 times the sum
of the separate volumes of
Masonry cement M 2500 (17.2) 75 T cementitious materials.
5 1800 (12.4) 75 wf
N 750  (5.2) 75 F
0 350 (2.4) 75 Wt

Laboratory-prepared mortar only,
When struetural reinforcement is incorporated in cement-lime mortar, the maximum air content shall be 12%.

i When structural reinforcement is incorporated in masonry cement mortar, the maximum air content shall be 18%,

Table A4

MORTAR CHARACTERIZATION

SPECIMEN

N

average

CILINDER COMPRESSION

Load (Ibs)
1400
1112
1110

1207

Fc(psi)
943
749
748

814

Fc(MPa)

6.51
5.17
5.16

5.61
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Fig. A8: Failure mode of the specimens tested.
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The actud cement-lime ratio can be reveded only by a chemicd investigation on the
gypsum amount.
However, it is possble a comparison with reference graphs on the strength-compostion
rlaionship (see Figure A9). Compressive drength is greatly influenced by the amount
of cement present in the mix; dternaively, water retentivity and, therefore, workability
increese ggnificantly with increesing amount of lime.  Supposedly the lime-cement ratio
used in tested mortar was about two.

Unit-mortar interface tests
Tensle drength For tendle loading perpendicular to the bed joints, failure is generdly

caused by fallure of the rdatively low tensle bond strength between the bed joint and the
unit. (see Figure A10).

Ultimate | oad: 325 lbs
Areaof mortar: 2.95in?
Ultimate tensle strength: fi=110.2 ps (8.5% of f)

Fig. A10: Tensile test on a one-joint specimen obtained sampling the masonry
assemblage.

Shear test. An important aspect in the determination of the shear response of masonry

jointsisthe ability of the test set-up to generate auniform state of sressin thejoint.

In order to obtain as much specimens as possible from the same irregular sample from the

hospital walls, the use of couplets seemed to be the most rationd (see Figure A11).
Nevertheless, to avoid mgor secondary effects a particular configuration was used.

(see Figure A12)
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Fig. All: Stressdistribution in the couplets. Specimen tested.

Fig. A12: Test apparatus

The ded plates, glued by epoxy paste, dlowed shear transmisson and joint latera
deformation.
Having sx specimens it has been posshle to tesdts them under shear action and
contemporary applying different vaues of compressve dress a the joint; usng this
method, the coulomb friction law of the joint was obtained.

t=ns +to (typica vaue 0.5<nx0.7)

Applying dia gages for a sengtive manua reading the dress drain reationship were
found for each specimen. The behavior was linear for dl the latera compression levels.
At the two highest laterd loads an interlock mechanism was vishble after the opening of
the crack and a noticeable request of pressure of the pomp to avoid dilatation in the joint.
The profile of the crack in the joint was located in the brick-mortar interface.
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Masonry properties

Prisms tests. Compression tests of masonry prisms are used as the bass for assgning
Y oug modulus and design stress.

The standard ASTM E447-74 describes test equipment, procedures and reporting of
prism tests.
Two methods are dlowed each one with specific geometry limitations.

Method A: [...] height to thicknessratio not less than two.
Method B: [...] the height of the prism shdl be a least twice the thickness and a
minimum of 15 inches

Unfortunately, it was possble only obtan three two-layers and one three layers
goecimens (see Figure A13). However the crack at falure did not reveded inclined
patterns typicd of high influence of confinement a the ends. Therefore the only
foreseegble effect of having nondtandard specimens is a higher diffness due to the
limited number of verticd joints.

Fig. A13: Test set up of the prisms for compressive tests. Failure pattern.

The masonry prism characterigtics obtained are the following:

Compressive strength fm= 1300 ps

Modolus of eadticity En= 1100 ks En=846f,, (see Figure A15)
Compressve drain en= 0.0039 (typica vaue 0.0035)
Poisson ratio n= 0.16 (typicd vadue 0.15)

All the specimens had a smilar compressive stress, the average valueis 1303 psi.

The diffness ingtead varied noticeably among the different specimens.

As the specimens derived from the same part of the site wal, secondary effects due to
their geometry and the test set-up were, with the scarce sendtivity of the data acquigtion
system, most likdy the cause of that inconddency. The diffness vaue of the firg
pecimen was reputed the one mogt significant, because of accompanied with a close to
theoretical forecasts stress-dtrain relationship.
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A compressive grength reduction factor is usudly applied to take into account the
denderness of red walls compared with the test prism. ASTM code has a linear reduction
with the height to thickness factor between two and five. Extending this line to the hit
factor of the specimen tested it was possible obtain a precise reduction factor.

This procedure can be supported by the fact that other codes, as the Audrdian one,
dlowing inferior ratios, have awider range of reduction factors. (see Figure A16)

As a further vdidation of the peformed materid characterization, a comparison
with experimentd data provided by other authors (Sahlin, 1971. [1]) and rdative to
bricks used in the same period of time is proposed (see Figure Al7). The compressive
drength obtained from the prism tests can be reated to the one of the bricks and
compared with reference graphs showing the reation of the masonry-brick ratio with the
thickness of the joints. The average joint tickness of the specimens tested was hdf inch
and the experimenta ratio of prism drength to unit srength is 0.620. In the former graph
their intersection point fits with the solid brick curve. (The kind of cored brick tested
have a net cross sectiond area pardld to the bearing plane 84% of the gross area; so they
are regarded as solid bricks. In fact the reference where the graph comes from defines
perforated or hollow bricks the ones with the net-gross area ratio between 40% and 75%).

A3 ANALYTICAL MODEL

From the materid characterization data, usng formulas reaive the arching effect and
assuming the absence of tendle drength, it is possble to describe the unreinforced wal
behavior.

Arching mechanism.  An unreinforced wal resraned & the top and bottom and
subjected to out-of-plane load tends to crack in correspondence tensile stress
concentrations. Those cracked areas are located mid-height, on the side opposite to the
load, and close to the ends on the Sde of the acting load. Masorry in these regions do not
contribute to bear the latera load, hence there must be a compressed band crossing the
depth of the wal from one sde to the other and back, condituting an arch sructure
between the supports.  This phenomenon, called arching mechanism, provides further
flexura capacity; in fact, as an ach, the uncracked sections of the wal are working in
compresson. A smple mode to describe this phenomenon is three hinges arch, as
excduding the dead materid, the wal congds in two segments connected by a mid-height
hinge and rotating around the supports as rigid bodies (see Figure A18). The limit of this
rotational mechanism is the oppostion, offered by the restrains, to the verticad component
of the displacement.
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Fig. A18: Three hinges arch model

Shap through. An arching mechanism can only take place when the segment rotation is
andl enough so that an internd compresson drut can devdop.  When the loading
increases to the extent that the segment rotates beyond its limit, the wal will “shgp
through” if the compressive strain were less than which would result in crushing.

A deivation by Ange e d. (Drysdale, 1994 [3]) based on geometricd concepts and
materid drain offers criteria to edablish the limit denderness of the pand after which
snap-through is the governing fallure mode:

s 2
8@;9 =0.98], /—
el G € e

Excluded this mechanism in the case under investigation, its now possble to consider
different gpproaches to phenomena of crushing at the edges.

Crushing.  When a wal submitted to horizonta load and arching effect is uniform,
meaning that there are not different materias condtituting its wythes, and those different
layers collaborate as only one reacting section under bending action; then its the moment
capacity can be cdculated by eguations based on the equilibrium conditions that exist
when the wall snaps-through in two pieces.

h®> h
24— +—
Mmax= Su/4 (d-dsy /Een)?;  where en= d 4 2 (Cohenand Laing, 1956)
2
gz + 1
4
Or:
.2
Muo= Sud° 2 eh’§ (Sven Salin,1971. [1])
4 2d? 5

The configuration of the barrier wal with externd veneer usudly does not maich
the former assumptions, therefore other models are needed.
Consdering the specific case of Wall 2, the unreinforced wal without plaster, a Smple
approach based on equilibrium is here proposed:
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Fv Equilibrium:
Fr

vat:FHX(h/Z)

A
R= (FH Xh)/(ZXt)
Where Fy= Load/2
h/2
L oad F
=) 4
Fv
For control Wall 2 we had: h = 8
t =12
Load = 24 kips
Obtaining: Fv = 48kips
Fy = 12 kips

Dividing the support resction by the length of the wal we can compare it with the
component of the ultimate diagona compressive load from the tile test (see Figure A18):

Fu/96" = 1251bs/in T/O2 =190 Ibs/in
Therefore the crushing of the tile was mainly due to the vertical reaction of the support.

Theoreticdly this verticad component was concentrated only on a bearing width of (from
Angdl, et a.1994):

b@ni4)| 1+ OL-(emad2)(h1t)?] =5.90

Where: €max= €cy(0.73-0.016h/t)  (assuming that e.,=0.0035)

Assuming a liner dress didribution on the bearing width, the maximum compressve
dresson thetile€ sedgeis
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75" Fig. A18: Tile shear test
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This vaue of ultimate bearing dress, obtained with reasonable assumptions for a
quditative description of the phenomenon, is confirmed from the compressve test on the
tiles clearly, having the presence dso of a horizontd component, due to shear, it is
reasonable have:

Sc<Sn

Therefore equilibrium reations, gpplied to Wal 2, seem to explain the actud crushing
falure

For the other walls, he FRP reinforcement caused a gain of giffness that prevented a
clearly located mid-height hinge formation; but Hill the verticd compresson, due to the
wall bending, combined with contribute of the horizonta reaction are the reason of the
tiles crushing.
At higher load levels the proportions of the horizontal and verticad components of the
support reaction change. That happens because of different rotations at end tiles due to
different flexura iffness

Lt

H|:| ::> FRP reinforcement
/

T
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In order to find an arching effect-load relation, firs, by means of an iterative

process, the congtant of dadticity of the springs of a daticdly indeterminate configuration
was searched.

Because of the inconsgtency of the strain and displacement data from the dte teds,
after some iteration this way seemed to be inconclusive.

Anocther way atempted congsted in caculating the deformations of the tiles due to the
end rotations. In fact from the rotation angle j and the deformation d in the tile
corresponding to the ultimate srain (assumed e;~=0.0035) it was possible to obtain the
length x of the uncracked section.

| Arching action
............................... - ﬁFriCti on

Asuming an gppropriate didribution of the Stresses in the contact area and
imposing the ultimate compressive dress in the edge, it could be possble to evauate the
axia component of the reaction and its eccentricity.

Unfortunately, the data from inclinometers were inconsstent and it was not possible to
find out the actud rotation.

Another goproach evauaed consded in cdculating the arching action usng the
Coulomb friction relation of the mortar obtained from the [aboratory tests:

F=Um(Fy-To) where Ty is the friction without load

In this case the attempt was improper as the component T itsdf was sufficient to bear
the load.
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Conddering that the improvement obtained by reinforcement was not dramdic, it is
feasble to assume, a falure of each wal, the same vaue of vertical component derived
from the equilibrium relations previoudy used.

That means that a falure the didribution of the compressive stresses, their resultant and
its gpplication point are the same for every wall.
S0, the fixed parameters introduced are:

Verticd reaction component N=48 kips
Eccentricity e=(t/2)-(b/3)=4"

These assumptions dlow defining the staic modd of the wal. As there were rotations
a the ends, fixed supports clearly do not represent the actua connections, at opposite, as

the end rotations are dways smdler than the theoreticd ones relaied to the simply
supported scheme, an intermediate condition was needed.

As both the vertica reaction and its eccentricity are function of the mid-height load,
the actual system has a the ends two torson-spring supports. Their behavior is assumed
to be linear eadtic.

q q=116 (PI2ZEN) T =0 @ g=Pi
P, P, =N
d 7777 @
M= Pi/8 i q M=Ne =" PI/12
M= Pl/4 M= PI/8 M=P/6
as.
&= 4= /24
/ 4 N=2P

Theoretical bending capacity under axial load of FRP retrofitted walls

Not many approaches have been proposed on this subject and only a few tests vaidate
some assumptions, rating reduction coefficients on failure mode and materia properties.

In order to obtain an upper limit to compare the actud behavior of he wals, euations
obtained from equilibrium of the section (Triantafillou, 1998. [15]) are introduced, while
materia properties were found both from materia test characterization and references.

In the modd, reinforcement is conddered linear dadtic up to falure and the ultimae

performance properties are the ones declared by the manufacturer without reduction
factors recommended for design.
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A rectangular stress block is the condtitutive law adopted for masonry, where stress and
drain ultimate values are taken accordingly with the veneer test performances.

stress stress

ffrp,k

fi

€frp.L strain O-ZeM,U em.u strain

Unless paticular falure mechanisms previoudy occur, as peding or ddamination
modes, crushing of masonry or FRP fracture determine the bounds of the bending
capacity. In order to fully develop the masonry performance and to obtain the less
brittle falure (especidly when desgn is focused on ductility), the fracture of FRP is
avoided increasing the reinforcement ratio.

eM,u fk
X 0.8x
Mord I I
NRd
— YA >
) " Srp Esrp €frp Afrpyv
In the imposed condition:

I'im is derived in the following expresson:

2) Wiim= ewm,u Errpl Tk iim = em,J/€frpu =[0.8/ (1+expusem,y) - Nra/ltfy]

condition 1 correspond to the following:
3) Wy > Wiim

When condition 3 is accomplished, the failure is due to masonry crushing.

The normalized bending capacity of the section is obtained:
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4) MA 2 fc= w/2 (1-x/)ixit + 04 xit (1-0.8x/t)

Where:
5) xt=116 [NAtf -w + Qwy- NItf)2+3.2w, ]

Those expressons dlow obtaning the maximum resstant moment in a cross section in
relation to the norma stress and the parameter w,.

Example:
Wal 4, reinforced with three sheets of GFRP gpplied directly on the masonry was the one

presenting the laminate strengthening best performance (see Figure A3).
From its load- digplacement curve afailure load is assumed equd to 30 kps.

Asuming, as discussed above, a vertical reaction N due to the arching effect as
cdculated from the equilibrium for the unreinforced wall, the former equations give:

rv = Agpyll t=723410° as. fiber thickness= 0.0139 i
sheet width=201in
Afrpy  =0.0139*207*3=0.834 in?
t =12in
b =96in
Wy= em,u Esrp/ fc v =0.02960 as. emu =0.0039
Erp =10.5Ms
fic =1000 psi

Wlim: eM,L/efrp,u :[08/ (1+efrp,u / eM,u) = NRd/ | tfk]:001724
as. efrp’u :OOZ

| =96in
NRrd =48kips

Therefore: Wy > Wiim
x/t=0.2in
M/l £ f, = 0.1264 Ibstin

From the maximum mid-height moment it is now possble to obtain the theoreticd laterd
force that determines afailure due to the crushing of the masonry in the compressed side:

Prax,th=6* M/1=109.2 kips.
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Usng the same formulas to evauate the theoreticd moment capacity a the ends, usng
the correspondent fx vaue, a good gpproximation of the actua premature falure load is
obtained:

F)prem’th= 12*M/I1= 28 ki pS

Obvioudy in the last case the formulas were gpplied in the unreinforced case, that means

without the condition wy > Wiim, &s the end sections are compressed on the FRP side. The

vaue obtained is close enough to the actud ultimate load to vdidate the assumptions on
the vertica load and its eccentricity.

In the following graphs, with normaized parameters, show the reations expressed in 4)
and 5), the theoreticd and the premature actua failure, the limit and actua reinforcement
normdized ratio.

Moment Capacity versus Normalized Axial Load

L < N/Itf '« NItf _ .
N(’f veneer: fm of tile w= Normalized FRP Area Fraction
0.3 g .
0.25 +— i
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: . ¥failure w actual=0.030 _ |
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Moment Capacity versus Normalized FRP Area Fraction
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In the firgt graph, the fact that the actud omega curve is dmog flat in a wide range of
the norma action minimizes evauaion erors of the theoreticd bending capacity. In the
second graph it is clearly expressed the theoretical improvement that Hill is possble to
obtain increasing the reinforcement ratio.

The aching effect plays a contradictory role reducing the mid-height moment and
contemporary inducing a bending action where a one sde-reinforced wall is wesk.
This redigribution of moments is reaed to the drength and giffness of the wal, which
depend on the materid properties and the reinforcement amount.

Those congderations simulate to find aternative reinforcement solutions for a better
exploitation of the wall potentiaity and of the FRP retrofitting technique.

Retrofitting alter native approaches

As it is not feasble to apply any kind of verticd reinforcement on the outsde
veneer to absorb the tensile stresses due to the ends moment, the crushing of the tiles can
be prevented only changing the boundary condition a the supports diminaing the



verticd force but in order to guarantee the horizontd reections this solutions is onerous
to be redlized.

The compressve drength anisotropy of the tiles reveded by the materid
characterization (see Figure A19) suggests the posshility to involve the horizontd
direction in order to better exploit the tiles potentiaity.

Figure A19: Evaluation of the tiles compressive anisotropy.

Creating RC columns at the vertica edges of the wal it would be possble to create the
necessary supports to change the pand dructural scheme from vertical to horizonta, or
even bi-directiona (square dab redrained on dl the edges). In this way, tiles ae
involved in compresson in the direction pardld to the holes which is the ided
condition. Provided that some reinforcement could be ingaled horizontaly on the outer
pat, together with the verticd FRP laminate action on the indde face this two ways
strengthening could be seen as a suitable agpproach to out- of-plane cyclic actions.

This hypothes's has to face the problem of srengthening the externa part of the wall.
In fact on the veneer it would not be feasible to apply any kind of visble reinforcement
without compromising the look of the fagade. Furthermore, a traditional reinforcement
based on gded, would be exposed to detrimental weathering. Obvioudy, application
issues should be considered as alimit of atraditiona strengthening gpproach.

It was exactly in response to the mentioned problems that a program of investigation on
the use of FRP rods reinforcement on masonry was devel oped.
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APPENDIX B
MATERIAL CHARACTERIZATION

Bl MORTAR

Mortar used is avalable in bags in a dry premixed compostion of masonry
cement and sand, and is classfied as Type N according to the standard ASTM C270.
Type N mortar has been chosen to reproduce masonry assemblages smilar to the most
common typologies of the Midwest, anong which the project presented in Appendix A is
included. Standard tests (ASTM, 1999. [22]; RILEM, 1997. [25]) were performed to
characterize compressive and tendle properties of the mortar used in the experimenta
program (see Figure B1).

Fig. B1: Compressive tests on mortar cubes. Modulus of rupture test on a mortar prism.

B2 CONCRETE BLOCK MASONRY

Concrete blocks used were the eight-inch width (20.3 cm) for load bearing wals,
in sash and hdf sash shapes. The standard blocks have nomind dimensions of 8x8x16
in. The actud block dimensons are 3/8 in. less than the nomind vaues, to dlow for a
standard mortar joint thickness (see Figure B2).

Three specimens were subjected to standard prism tests (ASTM Standards. [20]).
Stress-drain  relaions were obtaned by veticd and horizontd displacement data
acquisition. The everage compressve drength obtained was f'm=904 ps (gross areq).
As the prisms involved presented a height to width ratio minor than five (see Figure B3),
guidelines from different reference suggest the agpplication of corrective factors. The ACI
530/ASCE and 5/TMS 402 propose a corrective factor of +7% in correspondence of a
height to width ratio equal to three. Thus, the corrected compressive strength is f'm=967
ps (gross ared). Since the average mortared area of the blocks used is 50%, the net
compressive srength is equa to f'm=1934 ps (net areq).
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Fig. B3: Concrete block masonry specimens under compressive test.

From reference on smilar experimenta results (Drysdde e d., 1994. [3]), from
the masonry net compressve srength and the type of mortar is possible to approximate
the compressive strength of the concrete block in ' ;,=3200 ps.

The UBC dandard requires for hollow load bearing concrete units a minimal
compression strength (gross area) of: 1000 (Grade N-1) or 700 psi (Grade N-II). The
different grade depends on the certified compliance of the blocks with specified water
absorption limits.  Therefore, block used in the present research can be consdered as
grade N-11.

Present information indicates that the ultimate tendle drength of grade N concrete
masonry units ranges somewhere between 50 and 200 ps. On this subject there are not
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specific requirements from codes except for the Cdifornia Concrete Masonry Technica
Committee (CCMTC), which requires 135ps minimum.

Modulus of dadticity is not generdly determined for the individud masonry units and
is not specified in most tandards. Current codes refers to Em=750f'm.

A report by Atkinson and Kingdey (1985) points to a more redigtic vaue around
550f'm, while a Poisson ration of 0.28 was recorded in the same specimens. At present
shear modulus of concrete masonry is set a 0.4 Em.

B3 CLAY BRICK MASONRY

In order to product results from the laboratory tests that could, in a latter date, be
used as reference values to plan further infiedld experimentatiions on the Madcolm Bliss
Hospital (see Appendix A), it was decided to build tests specimen that cold reproduce as
much as possible the masonry assemblage fundamental characterigtics of the Ste wdlls.

As different manufacturing procedures occurred in the last decades, it was necessary
sdect and test many different bricks (see Figure B4) before it was possble to identify the
type with the most smilar characteridics. The fact that nowadays fragments of crushed
brick are recycled in the mix to produce new brick, diminishes the modulus of rupture of
the current production, while the compressve drength is less influenced. Fortunatdy, it
was 4ill possible to find smilar characteristics in a kind of brick that is aso quite diffuse
in the Midwest area.  The sdlected kind of brick was subjected to standard tests providing
acomplete series data (see Section 4.2).

Compressive drength and the complete dtress-drain reationship of the masonry
assemblages were obtained referring to both American and European standards (ASTM,
1999. [20]; RILEM, 1997. [25]). Four stack bond prisms and two Rilem panels offered
representative materia characteristics (see FigureB5).

Twelve triplets were tesed with especidly designed equipment to find the friction
relation of the mortar joints (see Figure B6), lately used in the andyticd modd to predict
the shear capacity of the wallettes. As can be seen, the shear dtrength of the panels was
dightly lower than the corresponding values find testing the triplets (see Figure B7).
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Fig. B4: Sdlected bricks of current production. Instrumented compressive test on the
halves obtained after the modulus of rupture test.

Fig. B6: Equipment designed to apply compressive and shear stress on the tested joints.
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Lateral load reached in some specimens the compressive strength limit.

Mortar-Brick Coulomb Friction
on bed joints
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Fig B7: Comparison between the friction relation triplets from the triplets and the shear
tests on the unreinforced specimens.

B4 EPOXY PASTE

The epoxy resn used in the experimenta program is produced by Master Builders
Technologies and is commercidly known as Concresve Paste LPL. It is a two
component adhesve with long pot life All the fundamentd peformance daa ae
furnished by the manufacturer.

Cylindricd samples of both the epoxy paste and the epoxy mortar (designed mix of
epoxy paste, pure quartz sand and coloring pigments) were taken during the ingdlation,
to be tested in the same period in which the wallettes were tested (see Figure B8).

Accurate mixing speed dlowed obtaining a mix with reduced void amount and, most
important, the smdl empty cells, being embedded in the materid, are isolated from each
other. Thus the epoxy mortar, theoreticaly, has not porosity, ensuring perfect protection
of the reinforcement from environmental conditions.
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Fig. B8: Epoxy mortar cylindrical samples subjected to compressive and splitting tests.

B5 GFRP RODS

GFRP rods used in the experimental program are produced by Hughes Brothers. They
present exterior wound fibers and sand coatings. Data exposed in section B5 are
provided by the manufacturer. The principa characterigtics arelisted in Table B1.

Table B1
Hughes Brothers GFRP Rebar

Bar Size mm 6
Cross Sectional Area mm® 34.84
Nominal Diameter mm  6.35
Tensile Strength Mpa 900
Tensile Modulus Gpa 40.8

Fig B9: Bent GFRP rods.

Bends are fabricated by shaping over a set of molds or mandrels prior to thermoset of
the resn matrix (see Figure B9). Research has shown that bends typicaly maintan 38%
of the Sraight bar ultimate tengle strength.

Bends ae limited to shgpes continuing the same circular directions, otherwise lap
splices are required.
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Suggested lap splicing lengths are equd to forty timesthe rod diameter.

Accderated aging tests indicate that after smulated 50 years of service life the rods
experienced a 25% degradation in tensle grength and 4% change in modulus of
dadicity.

Creep tedts indicated that if sustained dtresses are limited to less than 60% of short-
term strength, creep rupture does not occur in GFRP rods. Environmentd factors such as
moisture can affect creep rupture performance.

Based on proposed ACI design guiddines, it is recommended that computed tensle
stress does not exceed 25% of minimum ultimate tensle strength.

B6 GFRPLAMINATES

GFRP laminates used in the experimental program are produced by MBT and ae
commercidized as M-Brace system (see Figure B10).
The principa characteristics provided by the manufacturer arelisted in Table B2.

Table B2
MBrace EG 900 E-glass LAMINATE

Fiber Areal Weight Density oz/yd2 27

g/m2 915
Tensile Strength k-LB/inch of sheet width 3.5
Ultimate Strength Mpa 1730

ksi 251

kglcm® 17647
Tensile Strength for Design MPa 1517

ksi 220

kg/cm2 17000
Tensile Modulus MPa 72400

ksi 10.5x10°

kg/cm? 0.71x10"
Design Thickness in./ply 0.0139

mm/ply 0.353
Tensile Elongation, Ultimate, percent 2
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Fig. B10: GFRRP fibers used in the wet lay-up applications.
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APPENDIX C

FINITE ELEMENT MODEL

In order to better identify the stress redistribution consequent to the application of
the SR and adjust design assumptions describing the physica phenomena, a micro modd
was implemented by a commercidly avalable finite dlement code. A 3D mesh was
adopted, smulating the micro dructure of the wal. Bricks and mortar joints were
discretized with 20-node brick eements.  Conditutive laws of materids, including the
softening part (Lourenco, 1996. [1Q]), and falure domains were introduced as obtained
from an evauaion of units and masonry assemblages. The model used is based upon the
smeared crack approach and the Drucker-Prager modd. The yidd surface is hyperbolic
with associated softening type flow. The hyperbolic doman was established fitting the
experimentad data available on friction (see Figure Cl1). The bold black line was
reproduced in the numericd smulaion. The nonlinear asociated plagtic flow was
cdibrated on the experimentd results of unreinforced pands, in order to smulate the
diding phenomena, & least in the initid stage. The use of smeared crack gpproach is
preferable when the podtion of cracks is unknown.  Unfortunately this tool cannot
reproduce macro-cracks propagation, because of the locdization of rdative displacement
indde the body. This Stuaion generates numericd ingability and the convergence of the
solution becomes impossible.

The modd refers to the double-wythe wallettes, hence has a plan of symmetry on the
z=3 direction, and areas around the two loaded corners are subjected to forces aong the
x=1 (horizonta as the bed joints) and y=2 (vertica) directions. Stress (S) and Strain (E)
contours are associated to each direction: es. E11 isthe strain dong axes x.

Materidsinvolved have been defined with the following conditutive laws:

-Bricks dadic-plagic with softening falure doman (Drucker-Prager). Data are obtained
from the experimentd results of compressive and tendle srength.

-Mortar: dadtic-plagtic with softening fallure doman (Drucker-Prager). Data are obtained
from the experimentd results of compressve and tensle drength. Interface
properties are obtained from date from triplet tests.

-FRP reinforcement: dadgtic up to falure, ether in compresson and in tendon (this
limitation was related to the software used). Modulus of dadicity and tendle
strength are obtained from the manufacturer data.

The modd of the unreinforced pand, Wall 9, is reported in Figure C2. Smulation of
the test condition is reported in Figure C3, where stress and dtrain digtributions adong the
x and y axes. Two conditions are represented: a the maximum load and a advanced
diding. The typicd Stepped falure paitern adong the mortar joint is perfectly Smulated
by the modd and readable from the dran contours. The discrepancy from the
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experimental test is on the maximum sustained load: the modd result to be more than
10% conservative.

Wadl 10 smulation is represented in Figure C4. A view of the drain digribution in
horizontal (E11) and verticd direction (E22) is shown, together with the dress
digribution (S11 and S22) at the last step of load. The limit of the modding drategy
implemented is here evident in the discrepancy on the maximum capecity and in the
maximum splitting: 78% and 25% of the experimentd results, respectively.

The drain contours on the x and y directions perfectly match the drain ditribution
experimentally measured by gauges (see Section 4.4).

Figures C5, C6 and C7 shows the Wadl 11 smulation contours during different steps.
The caculation was stopped after 40 steps because of the convergence problems related
to the limits of the smeared crack Strategy.

Some results obtained, such as applied load-rod drain relaions, are consstent with the
experimenta records from drain gauges gpplied on the FRP rods after an dmost linear
phase, were the relative horizonta displacement is negative, we observe the formation of
micro-cracks in dmogt al mortar joints and then, in the centra part of the pands these
cracks becomes very large (see Section 4.4). The numericad modd confirms that FRP
reinforcement acts to absorb tensle action and, keeping close cracks, permits ductility
load enhancement.

Coulomb Friction on bed joints
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300
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0 100 200 300 400 500 600

Fig. C1: Experimental Coulomb friction domains, bold line has been implemented in
the numerical analysis
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3&/
ORIGIHAL HESH

bricks mesh, mortar joints mesh, deformed

configuration compared with the original configuration.

Fig. C2: Wall 9: Boudary conditons,
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10. Top: stress and strain

distribution on the masonry panel. Bottom: stress and strain distribution on the FRP

strips and into the joints with the embedded rods. The maximum load reached correspond

Fig. C7: Wall 11. Step 40, load 148 kN amplification
to wide displacements that cannot be further followed by the model.



Deformations of the pand and drain of the rods, continuoudy recorded during the
diagonad compressive tests, were smulated within the modd. This alowed representing
different strengthening configurations and different wall scales, in order to be able to
rapidly investigate many “What if” cases as prdiminary andyss for further experimenta
tests or field agpplications. In addition, once different parameters such as FRP materid,
rod diameter and paste bonding properties are characterized, it is possble to evauate the
most suitable set of products to be agpplied on the consdered masonry assemblage.
Boundary conditions such as restrain postion and load distribution can aso be changed
to take into account a series of variables a strengthened wal can be submitted to.
Introducing cregp phenomena or dynamic inertia conditions, long term datic loading or
cyclic events can be examined by the modd in a wide range of configurations and receive
validation from just afew sdected experimentd tests.

In order to develop the present model for further gpplications on different masonry
assemblages, detailed characterizations of the mortar-brick interface are necessary.
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