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ABSTRACT

Unreinforced masonry (URM) walls are often used as-tweatting or infill walls in buildings in

many countries. Such walls are also commonly found in existing and heritage buildings in Canada.
URM walls are strong structural elements when subjected tbleading, but are very vulnerable

under owof-plane loads. This type of loading may come from different sources , including seismic

or blast events. When subjected to blast, wall elements experience large pressures on one of their
faces due to the highrgssure produced in the air when an explosion takes place. This wave of
compressed air travels in a very short time and hits the wall causing immense stresses, which result
in large shear and bending demands that may lead to wall failure, and thegrajedebris at

high velocities that can injure building occupants. This failure process is highly brittle due to the
very low outof-plane strength that characterize such walls.

In the past years, many investigations have been carried out to enhastcediueal behaviour of
unreinforced masonry walls under aftplane loading. Different strengthening methods have
been studied, which include the use of polyurea coatings, the application of advanced fiber
reinforced polymer (FRP) composites or the useomcrete overlays in combination with high
performance reinforcement. Fabreinforced cementitious matrix (FRCM) is a hew composite
material that overcomes some of the drawbacks of FRP. This composite material consists of
applying coatings which consief one or more layers of cemdwaised mortar reinforced with a
corresponding open mesh of dry fibers (fabric). This material has been studied as a strengthening
technique to improve #plane and oubf-plane capacity of existing URM walls as well as othe
structural elements, mostly under seismic actions. This thesis presents an experimental and
analytical study which investigates the effectiveness of using FRCM composites to improve the
out-of-plane resistance of URM walls when subjected to blast loading

As part of the experimental program, three lasgale URM masonry walls were constructed and
strengthened with 1,2 and 3 layers of FRCM using unidirectional carbon fabrics. In all cases the
specimens were built as lochearing concrete masonry (CMU) NgaTo increase shear resistance,

two of the walls were also grouted with a flowable-selnpacting concrete (SCC) mortar. Blast

tests were conducted using the University of Ottawa Shock Tube and the results are compared with
control walls tested in prews research at the University of Ottawa. The experimental results
show that the FRCM retrofit significantly improved the blast performance of the URM load
bearing walls, allowing for increased blast capacity and improved control of displacements. The
performance of the retrofit was found to be dependent on the number of retrofit layers.

As part of the analytical research, Single Degree of Freedom (SDOF) analysis was carried out to
predict the blast behaviour of the strengthened walls. This was dormmputing wall flexural

strength using plane sectional analysis and developing idealized resistance curves for use in the
SDOF analysis. In general, the analysis procedure is found to produce reasonably accurate results
for both the resistance functions amdll mid-height displacements under blast loading.
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Definition

Effective crosssectional area

Area of fabricdy unit width ofFRCM

Net area of masonry

Area of FRCM composite

Net area of a masonry wall

Compressive force due to the axial load
Tensile modulus of elasticity of the cracked FRCM
Modulus of elasticity of a masonry wall
Applied load as a function of time

Height of a wall

Cracked moment of inertia

Uncracked moment of inertia

Reflected Impulse

Load mass factor

Length of a wall

Driver length

Cracking flexural strength

Moment contribution of FRCM

Moment contributed by reinforced masonry
Nominal flexural strength

Ultimate flexural strength

Nominal concentric axial capacity

Axial load applied to the wall

Standoff distance

Restoring force as a function of time
Idealized triangular pressure as a function of time
sectional modulus of the uncracked wall
Charge weight

Scaled distance

Maximum displacement
Residualdisplacement

Depth of the neutral axis measured from the extreme compression fiber
Axial compressive stress due to an axial load
Effective tensile stressf FRCM
Ultimatetensile stressf FRCM

Compressive strength of FRCiMortar
Compressive strength of masommysms
Factored compressive strength of masonry prisms
Modulus of rupture

Modulus of rupture of FRCNhortar

Modulus of rupture of masonry prisms
Ultimate tensile sength ofFRCM

Uncracked stiffness of masonry

iv



T X X2 OO0 OOO0OT T H UM
O O

Post cracking stiffness of masonry

Driver pressure

Reflected pressure

Uniformly distributed pressure at just before cracking
Ultimate uniformly distributed pressure

Thickness of FRCM

Time of duration

Thickness of the masonry wall

Displacement of masonry as a function of time
Velocity of masonry at midheight as a function of time
Acceleration of masonry at migeight as a function of time
Uniformly distributed load

Uniformly distributed loadht just before cracking
Ultimate uniformly distributed load

Analytical displacement at mitieight

Experimental displacement at right

Deflection afust beforecracking

Ultimate deflection

Tensile strain of FRCM

Design tensile strain of FRCM

Effectivetensile strairof FRCM
Ultimate compressivetrainof FRCM
Ultimate compressivestrainof masonry prisms

Ratio between area of FRCM reinforcement and net area of URM wall

Strength reduction factor for flexure
Strength reduction factor for shear
Calibrated reinforcement ratio



ACRONYMS

Acronym
ACI
ASTM
CFCM
CFRP
CMG
CMU
DAS
DIF
ECC
FE
FRCM
FRP
GFRP
IMG
LVDT
MBC
NSM
RC
RM
SRG
SDOF
TNT
TRC
TRM
UDL
URM

Definition

American Concrete Institute
American Society for Testing and Materials
Carbon Fiber Cement Matrix

Carbon Fibre Reinforced Polymer
Cementitious MatrixGrid system
Concrete Masonry Unit

Data Acquisition System

Dynamic Ircrease Factor

Engineered Cementitious Composite
Finite Element

FabricReinforced Cementitious Matrix
Fibre Reinforced Polymer

Glass Fibre Reinforced Polymer
Inorganic Matrix Grid system

Linear VariableDisplacement Transducers
Mineral Based Composite

Near Surface Mounted

Reinforced Concrete

Reinforced Masonry

Steel Reinforced Grout

Single Degree of Freedom
Trinitrotoluene

Textile Reinforced Concrete

Textile Renforced Mortar

Uniformly Distributed Load
Unreinforced Masonry Walll

Vi
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CHAPTER 1. INTRODUCTION

1.1. GENERAL

Blast loads are considered extreme loads, and can be caused by accidental explosions or
deliberatebombing attacks. Although these events don't happen every day, they are still a
potenti al threat. Some very unfortunate pas
explosiono i n Canada -M®&guagnutsitc 1rOa i |12 0d0i8$),a s ttehreo
2013), and the AOklahoma City bombingo in th
growing need to protect communities and buildings against these threats to ensure that people
can live and work in safe environments where buildings and anptgbeicture can withstand

a scenario of this nature with the smallest possible damage and the least number of people
affected. That is why a large number of highly relevant structures, whether due to their cost or
importance, must be designed under ypetof load. Going from highise buildings to bridges,

shopping centers, airports, government buildings, etc.

One solution to safeguard existing buildings from blast effects involves the introduction of
innovative materials such as higlrformance comsite materials, that can be employed in

the development of new construction techniques. One recent system to strengthen/retrofit
structures is the Fabric Reinforced Cementitious Matrix (FRCM) composite system which
consists basically in a fabric mesh wari as reinforcement, bonded to the substrate
(masonry/concrete) with a cemdrydsed mortar. This system employs kigfength materials

for the fabrics such as carbon, glass and PBO fibers, which present high tensile capacities and
make them very attracevfor reinforcement of concrete and masonry elements under flexure
and shear.

In Canada as well as in many countries in the world, buildings have a large percentage of
masonry ranging from structural to netructural elements and are part of variouscsiines

(e.g. houses, hospitals, office buildings, churches, schools, heritage structures, etc.), many
times as loadbearing or filling walls, and other times as structural columns, arches or simply
as architectural elements. However, many masonry stal@l@ments and in particular walls

in older buildings, lack internal reinforcement, in addition to being built with very old design
methods which underestimate or do not consider lateral loads and their effects. These
deficiencies make them vulnerablett® effects of oubf-plane loads, such as seismic and
blast loads, among others. This problem occurs mainly in existing heritage buildings since
seismic as well as blast engineering (applied on buildings) are emergent sciences with few
decades of existeac

Unreinforced masonry (URM) walls are susceptible to sudden brittle collapse under the effects
of outof-plane bending since they lack internal reinforcement and are built with brittle
materials that have low tensile capacities which crack and failyalmertensile stress. Two
examples of oubf-plane bending failures of URM walls during past earthquakes can be seen
in Figure 1-1.



Figure 1-1. Out-of-plane failures of loadbearing URM walls during the Umbria
Earthquake, Italy, 1997 Babaeidarabad, 2013)

URM walls are also susceptible to collapse under the effects of blast load, sincedligsaoa
lateral load that demands high aftplane resistance. Recently, URM walls as well as other
masonry elements, have been strengthened/retrofitted with different new composite systems,
such as FRCM, to enhance their-of{plane resistance, espetyainder the effects of seismic
loads. This thesis investigates the effectiveness of using FRCM composites to enhanee the out
of-plane capacity of URM walls under the effects of blast loads.

1.2. OBJECTIVES AND SCOPE

The primary objective of this researclojact is toexamine the effectiveness of using FRCM
composite systems with carbon fiber meshes as reinforcement, to enhancedfplang

blast resistance of unreinforced masonry (URM) walls. To accomplish this objective, this thesis
covers the followig scope:

1. An experimental program which includes three L-badring URM walls built with
concrete masonry units (CMU), and retrofitted with one, two and three layers of
FRCM-composites, and subjectediiiast loading, using the University of Ottawa
Shock TubeThe effectiveness of the retrofits will be assessed by comparing the
results in terms of ultimate blast resistance, displacement control and failure mode
to a control (urretrofitted) wall tested by Ciornei (2012).

2. An analytical investigation which inteado predict the flexural capacity of the
FRCM-retrofitted URM walls and their blast response in terms of maximum mid
height displacement using a singlegreeof-freedom analysis approach.



1.3. THESIS BREAKDOWN

Chapter 1- Introduction:

1 Brief introductionand scope of this research project.

Chapter 2- Literature review:

1 More detailed introduction of FRCM systems, as well as applicable design guidelines;
1 Review of previous research carried out on the use of FRCM to strengthen/retrofit
masonry and concreté&rgctures subjected to static, dynamic and impact loads.

Chapter 3- Experimental program:

91 Description and explanation of the experimental program including details of the
design, construction, testing, and standards or guidelines followed in this research
project. It also included the results of the material test program, and ine details
of the walls and all specimens tested.

Chapter 4i Experimental Results:

1 Details of the experimental results of the three walls tasteér blast loading, which
includes; driver length and driver pressure used for each shot, reflected pressure and
reflected impulse, time duration of the positive phase of the reflected pressure, pressure
time history, displacemeitime history, damage progression and important
obsenations during the tests.

Chapter 5i Discussion:

1 Broader discussion and details of the experimental results;

1 Comparison of the performance of the three retrofitted walls against the performance
of other walls tested by authors, including a conlwatibearing URM wall, a stone
load-bearing wall and an infill CMU wall. A discussion on the effect of the retrofit ratio
is also included.

Chapter 6i Analysis

1 Analysis and comparison of the shear and moment capacities of the three walls;
1 Flexural analgis and construction of idealized resistance curves for the three load
bearing CMU walls retrofitted with FRCM composites;

1 Single degree of freedom analysis and results of the three walls using the idealized
resistance curves obtained from the flexuralysis;

1 Comparison of the analytical and experimental displacement results obtained from the
Single degree of freedom Analysis.

Chapter 7i Conclusion

1 Conclusions and comments of the overall results obtained in this research project.



CHAPTER 2. LITERATURE REVIEW

2.1. CHAPTER OVERVIEW

This chapter presents a literature review introducing background information and previous

research associated with FabReinforced Cementitious Matrix (FRCM) and its applications
as a retrofit material to enhance the structpeaformance of unreinforced masonry (URM)
elements. Especially, the following sections are presented in this chapter:

1 Section 2.2: Introduces FRCM and its constituents;
1 Section 2.3: Reviews previous research on use of FRCM to strengthen URM walls;

1 Section2.4: Reviews previous research on use of FRCM to strengthen structures tested

under extreme dynamic loading.

9 Section 2.5: Introduces existing FRCM design guidelines;

2.2.INTRODUCTION TO FRCM
2.2.1.FRCM definition

FabricReinforced Cementitious Matrix (FRCM) a n
consisting of a sequence of one or more layers of celnaesetd matrix reinforced with dry

fibers in the form of open single or multiple meshes that, when adhered to concrete or masonry

structural members, forms a ERI systeda  ( AC |
the literature to label FRCM systems (Jos, 2016), including: TRC (Textile Reinforced
Concrete), TRM (Textile Reinforced Mortar), CMG (Cementitious MaBnd system), MBC
(Mineral Based Composgg CFCM (Carbon Fiber Cement Matrix), etc. (Jos, 2016).
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FRCM composite systems are used on concrete and masonry structures as a strengthening
technique on a variety of elements such as columns, walls, beams and slabs, as Sigome in

2-1. In the case of masonry walls, different FRCM reinforcement configurations are proposed

in the literature with the purpose of increasing-ofdplane flexural strength dfor in-plane
shear/seismic resistance as observddgare2-1 (b).
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Figure 2-1. (a) Typical structural elements of a building showing repairs (in black)
(Arboleda, 2014), (b) Reinforcement configurationdr wall (ACI 549.4R-13, 2013)



2.2.2. Constituents of the FRCM composite

The two main components of FRG8bmposite system include the fabrics (fiber grids and
cementbased matrix (mortar). The mortacismmonly sprayed adopting the same procedures

used to applywet shotcrete repair mortars; nonetheless, it can be applied by hand using
troweling. The fiber grids (carbon, glass, PBO, etc.) can be unidirectional or bidirectional grids,
where the FRCMcomposite system can be applied in various grid layers (1 ayets) to
attain the targeted strengthening |l evel. The
to one (10) inch thick (12.7 to 25.4 mm).

Fabrics

The fabrics in the FRCM system are textile grids that work as structural reinforcement meshes
made of dry fibers, yarns, or a combination of both, where a yarn is a bundle of hundreds or
thousands ohatural or artificiafibers Codispoti et al. (2015) psents various types of natural
fabrics made of jute, sisal, flax and hemp as illustratétgare2-2.
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Figure 2-2. Different types of natural fabrics: (ac) jute, (d, e) sisal, (f) hemp, (g) flax
(Codispoti et al., 2015)

On the other hand, artificial fibers were developed to obtain higher strength capacities when
compared to natural fibers. Some of them include: aramid, carbon;ra@&msliant (AR) glass,
basalt or polymers like polypropylene (PP), polyethylene (PE) aigpgraphenylene
benzobisoxazole (PBO) as illustrated-igure2-3.
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Figure 2-3. Different types of artificial fabrics: (a) basalt, (b) carbon, (c) glass, (d) PBO
and (e) steel. (Escrig et al., 2017)



Both unidirectional or bidirectional fabrics are used depending on the loading conditions as

presentedn Figure2-4.
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Figure 2-4. FRCM carbon grid: Bidirectional (left) and unidirectional (right) (taken
from manufacturerds data sheet)

Cementitious matrix

The cementitious matrix or cemebased mortar is the second main component in FRCM
composite systems and is used to hold the structural reinforcing fabrics. Even though, cement
based mortars are frequently used for repairing and strengthening concretegestyuain
hydraulic mortars, such as linmased mortars, are generally used for masonry structural
elements, especially in heritage buildings.

Donnini et al. (2017) conducted direct tensile tests on FRCM coupons using eithbatiate

or cemembased mortar. It was concluded that the mechanical effectiveness for tensile
resistance and stiffness modulus of the coupons with cemasett mortar werlightly superior

than those with liméased mortar for the same fabrics.

According toACI 549.4R13 (2013) cement based mortars may contain a small dosage (up to
5% by weight of cementf polymeric additives and/or discontinuous fibers with the object

of enhancing its mechanical properties (strength, deformability) and durability. As noted before,
the mortar can be applied by spraying, in the same manner as shotcrete, or by hand troweling,
depending on the instructions provided by the manufacturer.

2.2.3. Mechanical properties of FRCM

FRCM systems are typically characterized by their tensile sétesig response. This response
typically shows three stages as showfkigure2-5 (ACI 549, 2020). In the first stage (l), the
mortar is uncracked, and therefore the capacity and stiffness is governed by the mortar
properties. The first crack occurs at the start of second stage (ll), and during this stagekthe
pattern is gradually developed. This stage is dependant on the matrix anetoaatisic bond
properties and is not always easily discernable. The third stage is typically associated with a
nearly linear response. No further cracks develop irestaigh widening of the existing cracks.

This crack widening results in local sliding and debonding at the-fiita¢rix interface. The
response (stiffness and lehdaring capacity) in stage Il is dependant on the test configuration,
and is similar to tat of the bare fabrics in the case of clamped systems, and more dependant
on the fabriematrix bond in the case of clewgip configurations (ACI 549, 2020).
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2.3PREVIOUS RESEARCH: FLEXURAL STRENGTHENING OF
MASONRY WALLS WITH FRCM.

This section reviews previous studies on masonry walls strengthened with FRCM to measure

di fferent parameters |ike, fl exur apll,ansehoe aarn da
6o-afpl aned | oading. Temperature was introduce
like the type of mesh or mortar, the reinforcement ratio, axial loading, etc. Some of the tests
made on fullscale walls; whereas, some tests were done on srealieyr beam or shear

elements. A overview of previous studies is presentedable2-1.

2.3.1. FRCM strengthened Masonry beams.
C. G. Papanicolaou, T. C. antafillou, M. Papathanasiou, K. Karlos (2008)

Papanicolaou et al. (200&)vestigated the effect dkxtile reinforced mortar (TRM) on
unreinforced masonry walls under cyclic -@fitplane loading.Twelve mediumscale wall
elements were tested. The specimens were divided into two groups according to their
dimensions, 1300 x 400 mm and 400 x1300 mm foieSe&k and Series B, respectively. The

test parameters included the number of layers, the orientation of the moment vector with respect
to the bed joints, the matrix materials (rebased versus mortiiased) and the use of FRP
systems, TRM jackets and NSBtrips. Series A included the control specimen with no
strengthening, two specimens strengthened with one or two layers of textile bonded with a
polymermodified cement mortar, and two specimens with the textiles bonded with@ativo
epoxy adhesive. Ses B included the same test matrix as Series A but also a specimen with
two NSM CFRP strips per side and another specimen with three NSM CFRP strips per side.
For the test setup the specimens were subjected to cyclaf-plane loading and loaded in
threepoint bending over a span of 1.20 m for Series A and 1.15 m for SerfeguBe2-6).

The results show thatsignificant increment in deformability drstrength was provided by

the TRM jacketing which was noted to be more efficient in comparison with (FRP) that uses
an epoxyresin.Walls retrofitted with TRM had higher strength and displacement capacity at
failure than walls with FRP when the failure des were due to the masonfjigure 2-6).
Whereas, when it was due to the texthgg(re2-6), TRM was lightly less effectiveOn the

other hand, the NSM strips provided more deformability but less strength due to controlled
debonding. Finallyit was observed that as the strengthening layers increasduglies the
flexural strength obtained in the walls.

Figure 2-6. Test setup and results (Papanicolaou et al., 2008)



M. Harajli, H. EIKhatib, J. T. Sadose (2010)

Harajli et al. (2010)investigated the response of unreinforced masonry walls (URM)
strengthened with textiesinforced mortar (TRM) system. Twertiye masonry walls were
tested undefour-point bendingoading, using bricks, sandstones, or concrete hollow blocks,
with dimengons of 200 x 100 x 55, 300 x 100 x 200 and 400 x 100 x 200 mm, respectively.
The parameters investigated were the textile material (uncoated basalt, coated basalt, steel wire
mesh and bitumen coated@ass), the textile reinforcement ratio, the wall disiens, the
mortar for the coating of the textile reinforcement (either a natural lime or a coasad
mortar) and the application of the fabrics on one or both wall faces (on one face for static
loading and on both faces for cyclic loading). The statt setup consisted of a load applied

by an actuator monotonically at a displacement rate of 5 mm/min until failure. On the other
hand, the load was applied in a displacement controlled mode for the cycling loading until
failure, with a displacement ratem 0.1 mm/s to 1 mm/s.

The results showed that, regardless of the masonry unit type, tbEmane displacement and
flexural capacity were increased appreciably in all the walls, in comparable values, under static
loading. The performance also imprdvainder cyclic loading, and the eaft-plane
displacement and flexural capacity increased. The largest increase in strength was observed in
the walls reinforced with steel wire mesh, but brittle failure was observed. The use of coated
basalt textile in comination with a lime mortar (either normal or high strength) resulted in the
greatest energy dissipation as well as the least strength and stiffness degradation, during the
cycling loading tests.

T
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(Brick. Codled -
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Figure 2-7. Test setup, typical failures modes and Cyclic loadisplacement response of
TRM strengthened with coated basalt and high strength lime (Harajli et al., 2010)



E. BernatMaso, C. Escrig, C. Aranha, L. Gil (2014)

BernatMaso et al. (2014) investigated the performance and failure modes of strengthening
URM wallettes with Textile Reinforced Mortar (TRM) to enhance flexural behavior. Nineteen
wallettes made of clay bricks and with approximate dimensions of 280 mm x 157 mm x 630
mm were tested. The main variables were the reinforcement ratio (1 and 2 grids per layer), the
type of fabric (Glass, Carbon, Steel and Basalt), the application method of the TRM (by hand
or sprayed) and the shear span length. For the test setugdhreebending tests were applied

to the specimens after 28 days of curing in the mortar of the TRM.

The results showed that the failure mode may depend on the mortar type producing debonding
failure on the span length, where the shear may become morenii#lu®lo significant
differences were observed between specimens built using spraying eagyaiedl TRM when
compared under the same conditions (number of fiber grids, type and mortar type). It was noted
that the flexural strength is generally superidhe grid spacing lets the mortar to pass and
properly bond the grid and the masonry. Moreover, introducing a bigger amount of fibers in
the TRM strengthening results in higher ldaghring capacities, mainly because of the
influence of the additional nntar layers which result in higher cressctional area, and higher

axial stiffness. Finally, applying TRM on both sides of the specimens (compression and tension
sides), does not enhance the performance compared with specimens with TRM only on the
tensileside.

(c) Shear (d) Debonding

Figure 2-8. Test setup and resulting failure modes; (a) Flexure (lefip), (b) Flexure and
shear (right-up), (c) Shear (leftdown), (d) Debonding of the fiber layer (rightdown)
(Bernat-Maso et al, 2014)
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M. R. Valluzzi, F. da Porto, E. Garbin, M. Panizza (2014)

Valluzzi et al. (2014) investigated the performance faildre modesf strengthening URM

walls using Textile Reinforced Mortars (TRM), Steel Reinforced Grouts (SRG) and Fiber
Reinforced Polymers (FRP) to enhance-afdplane behavior. Twentgeven wallettes made

of clay bricks with nominal dimension of 390 x 780 x 120 femcompression tests and 250

x 515 x 120 mm for bending tests, were made and tested. The main variables were the type of
fabric (Carbon, Basalt, Hemp, Flax, Steel and Glass) and the matrix type (Epoxy resin, Cement
putty and Magnesia mortar). Fibie tessetup Figure2-9), four-point monotonic bending tests

were performed by means of a doubféect hydraulic jack connected to a press. Additionally,

the load was measured by a-fidh load cell, while the displacement was measured by six
LVDT transducers. The load was applied along the two central transverse joints, and were 265
mm apart, anthe span between supports was 1,100 mm.

The results showed thidite reinforcement systems were effective in enhancing thefqlane
behavior, reaching 3 to 10 times the maximum bending load resistance of plain masonry. It
was also noted that the bgmrforming materials were CFRP and HD SRP and they had the
highes load capacities. Moreover, the lowest values in terms of peak load was obtained from
natural fibers combined with epoxy, due to tensile fiber failure; even though, the ultimate
displacement capacity was very large in comparison with the other compesitdly, it was
concluded that improving the performance of masonry walls does not need big levels of
reinforcement, as the use of highrformance materials (SRP or CFRP) can lead to shear
failure in the masonry. Hence, it is desirable to use systemghich the application of
inorganic mortars (lovdensity steel textiles or various types of meshes, even quite weak ones
like plaster nets) can ensure good performance for both load and displadeignema29).

Figure 2-9. Test setup and failure modes, Tensile rupture of a) Flax FRP and b) Plaster
net; c) splitting of fibres; d) shear failure in Basalt TRM; debonding in e) Basalt FRP
and f) HD SRP {alluzzi et al., 2014)
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F.A. Kariou, S.P. Triantafyllou, D.A. Bournas, L.N Koutas (2018)

Kariou et al. (2018) investigated the response of masonry walls strengthened with textile
reinforced mortar (TRI) system. Eighteen masonry brick walls in total were tested with
dimensions of 1340 x 440 x 103 mm. The parameters investigated were the textile material,
the textile reinforcement ratio, the wall thickness and the coating of the textile reinforcement
with epoxy resin. For the experiment, thp®nt bending tests were carried out on 18
specimens comprising a set of 9 singhgthe and 9 doubtavythe brick masonry walls with an
effective span of 1125 mm and supports spaced at 108 mm from the end. Thetugest s
consisted of a stiff steel reaction frame fastened with a vertically positionedrseiraulic
actuator of 100 kN capacity, used for the load application at a displacement rate equal to 0.017
mm/s.

The results showed that the TRM significantly enleainihe load bearing capacity of masonry
walls. On the other hand, the amount of reinforcement used affected both the strength and
deformation properties of the specimens, while it seems to modify the failure mode.
Additionally, using resin coating on thextile was found to be beneficial for the performance

of the TRM overlays. Finally, it was observed that singjghe walls with TRM system were

more efficient than those with doublesthe.

Figure 2-10. Test setup and results. Singlavythe (right-up), Double-wythe (right-down)
with one layer of carbon textile (Kariou et al., 2018)

12



Z.A. Al-Jaberi, J.J. Myers, M.A ElGawady (2018)

Al-Jaberi et al. (2018) investigatetet failure mechanism and the flexural behavior of
reinforced masonry walls with externally bonded strengthening system subjectedofe out
plane cyclic loading. Twelve reinforced masonry walls were tested with dimensions of 1220
mm height by 610 mm lengtnd steel reinforcement of-No.4 bars. In addition, the walls

were fully grouted. The main variables were the strengthening system (FRCM and FRP), the
reinforcement ratio, the fabric material (carbon vs. glass in EB FRP and PBO vs. carbon in
FRCM) and latly the type of masonry wall bond pattern: stack vs. running. For the test setup
the specimens were tested under fpaint bending and simply supported conditions. A
vertical load was applied by using an MTS dotddting hydraulic jack and transferrexthe
masonry walls through continuous steel plates and bars along the full width of the specimens
producing two equal line loads (séeure 2-11). The load was applied as a displacement
control in cycles of loading and unloading, at a rate of 1.27 mm/min.

The results showed that EB FRP and FRCM systems enhanced the stiffness aadl flexur
capacity of the reinforced masonry walls. The load carrying capacity was enhanced by 100%
for the specimens strengthened with two layers of GFRP compared to the increased of 85 %
for specimens strengthened with 2 strips of CFRP laminate owing to thdéfignding strain

of epoxy used with GFRP. The specimens strengthened with 2 layers of PBO or carbon fiber
presented slightly higher moment capacity than the ones with FRCM owing to the better bond
performance for PBO compared to bond of the carbon irFR@M system. Finally, it was

also concluded that the pyeelding stiffness was affected by the fiber axial stiffness and the
fabric bond agent, concluding that the increase in stiffness of a strengthened specimen, for the
same bonding agent, is a functiof the fiber axial stiffness.

Spreader Baam--.

———Load Polnl

r
#Jif

| | | | | % nom ‘ . .
R \*— || T i J Reler Suppot Slippage of fiber Debonding of fiber 1 Debonding of FRP bar
! = ) Ve all : "

VDT ‘- fiber/matrix interface
4G em 20 6m- 46 o

Figure 2-11. Test setup and results (ADaberi et al., 2018)
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2.3.2. FRCM strengthened Wall elements under QGat-plane loading.
Kolsch (1998)

Kolsch et al. (1998nvestigated the failure mechanism and flexural behavior of unreinforced
masonry infill walls strengthened with externally bonded CFRCM strengthening system under
out-of-plane cyclic loading. One retrofitted masonry wall was tested with dimensions of 3000

x 3000 x 240 mm and built with sand lirheicks in a cros®ond pattern. The only variable

was the comparison between the strengthening system composed of an overlay of 3 layers of
unidirectional carbon fabric and a polymer modified mortar and the comitblFor the test

setup Figure2-12), the specimen were tested underafuplane loading, by using a pressure

bag with dimensions of 2 x 2 m, placaidhe center of the wall. Themaststatic cyclic loading

was applied with increasing load steps.

The results showed that the strengthening system used (CFRCM) enhancedofielang
capacity of the wall. Additionally, it prevented either partial omplete collapse of the
masonry walls in the critical owf-plane directionKigure2-12). Finally, it was stated that the
wall withstood an equivalerstatic force of 3g (three times the acceleration of gravity), that
exceeds any seismic loads expected for such walls.
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Figure 2-12. Test setup (left); a) Masonry wall, b) Overlay, cPressurized airbag, d)
Reaction wall; and Load-Deformation Curve for Middle of Masonry Panel (right)
(Kolsch, 1998)
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S. Babaeidarabad, F. De Caso, A. Nanni (2014)

Babaeidarabad et 4dR014a) investigated the performance of strengthening URM wailig u

carbon fabriereinforced cementitious matrix (FRCM) to enhance pseaidility and flexural
capacity. Eighteen masonry walls made of clay bricks and concrete blocks with nominal
dimension of 1422 by 1220 by 102 mm, were tested. The main variabteevasnforcement

ratio of FRCM (2ply and 4ply fabrics). For the test setugrigure 2-13), a uniformly
distributed lateral pressure was applied tothés by using an air bag. The air bag was located
between the specimens and a reaction wall. One load cycle was used for control specimens; on
the other hand, three cycles of loading andaawing were used for strengthened walls.
Additionally, a closdoop system was created with the anchoring arrangement that consisted
on four Dywidag rods and steel channel/tube sections at the top and bottom of the specimens.

The results show an increase in the ultimateofytiane moment capacity related to the
amoun of FRCM. The increment of flexural capacity increase was of 2.7 and 7.8 for concrete
block masonry walls and 2.8 and 7.5 for clay brick walls, fpiyland 4ply carbon FRCM,
respectively. Additionally, two basic mode of failure were obsergglife2-13): shear failure

in the substrate at the supports and cracking of the masonry at thesigidl with FRCM
slippage. It was noted that FRCM enhanced flexural strength, stiffness, and-gsetility;
nonetheless, pseudluctility is higher for lower FRCM rmounts given that flexure controls

the failure mode. Finally, the authors concluded that FRCM and FRP strengthening methods
are comparable and provide similar increments in flexural capacity, for the same level of the
calibrated reintowbement ratlargef.tBan 0.6
the concrete brick walls, shear controls the failure mode. Therefore, increments of FRCM
beyond this value may be ineffecient.

Figure 2-13. Testsetup and failure mode of wall specimens: CMtLontrol (a); CMU -
1ply (b); CMU-4ply (c); CL-Control (d); CL -1ply (e); and CL-4ply (f) (Babaeidarabad
etal., 2014)
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N. Ismail, J. M. Ingham (2016)

Ismail et al. (2016) investigated the performance of unreietbmasonry walls strengthened

with polymer textile reinforced mortar under-plane and oubf-plane loading. Five
specimens were tested. The main variables were the type of the TRM system, the type pf
loading (inplane or oubf-plane), the strengtherg fabric and the type of mortar. The testing

was presented in two series, series 1 involvaaane testing of two piespandrel assemblages
(Figure2-14) that represented part of a perforated URM wall, while series 2 involveaf-out
plane testing of three slender walls with no perforatibigufe2-15). Vintage solid clay bricks

and a low strength hydraulic cement mortar were used to replicate the physical characteristics
of historic masonry materials. For the test setup a gradually increasutgogment controlled
reversed cyclic loading history was applied at the topmost section of the Series 1 test
assemblages using a rigid steel loading beam. Series 2 specimens were subjected to reversed
cyclic outof-plane testing. Additionally, a pair afr bags were positioned on each side of the
wall, between the wall and a backing frame, to apply a uniformly distributed pstatoidoad.

The results show an increase in strength in the URM test walls, from 128% to 136% for in
plane loading, and frore75% to 786% for oubf-plane loading, due to TRM strengthening.
Additionally, a remarkable increase in ductility and deformation capacity was observed.
However, the ductile behavior was seen on the strengthened walls until the polymer textile
failed in abrittle manner. Based on the results, the authors concluded that TRM systems can
increase the strength, ductility and energy dissipation properties of URM walls.
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Figure 2-14. Test setup for inplane reversed cyclic loading, and test results showing

damage patterns of the two pierspandrel assemblage (Ismail et al., 2016)
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Figure 2-15. Test setup for outof-plane one directional cyclic loading (left), reersed
cyclic loading (middle) and test results showing failure of wall (Ismail et al., 2016)
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Santis, S. D., Casadei, P., Canio, G. D., Felice, G. D., Malena, M., Mongelli, M., Roselli, I.
(2016)

Santiset al.(2016) investigated the seismic aftplane performance of unreinforced masonry
walls retrofitted with steel reinforced grout (SRG) under lateral |oBulé-scale Ushaped
masonrywalls made of tuff units and hydraulic lime mortar were tested. Theystedsif a
facade and two transverse walls with nominal dimension of 3300 mm long, 3440 mm high and
250 mm thick, for the fagade and the same dimensions for the transverse walls except that the
length was 2300 mm. Additionally, a reinforced concrete founatas built and the first

layer of masonry was laid in it. Moreover, the walls were not connected or interlocked at the
corners except by a mortar joint to simulate conditions found in historic buildings; nonetheless
steel connectors were used in thera@xstions when the retrofit was applied. The main variables
were the type of fabric used as a retrofit in the SRG (galvanizedhigfnatensile strength
Steel, UHTSS, and slatgainless steel) and the comparison between unreinforced masonry
and retrofited masonry walls. Fahe test setupFigure 2-16), seismic lateral forces were
applied by means of a shaking table based on six natural records chosgnsame of the

most severe earthquakes in Italy during the last 50 years.

The resultsKigure2-16) showed that the reinforcement with SRG system waseféygtive,
improving the oubf-plane seismic capacity of the masonry walls and its bending capacity. For
example, for the unreinforced wall the maximum peak ground acceleration was 0.29 g, failing
by overturning, for the wall reinforced with steel tieb#@ was 0.82 g with severe damage
without collapse, and for the wall retrofitted with SRG it was 1.49 g with severe damage
without collapse. Additionally, the connection between the transverse walls and the fagade was
very efficient due to the use of tls#RG connectors, preventing the facade fromadidlane
overturning. Finally, it was concluded that SRG reinforcement lead to a narrow alteration of
the initial dynamic properties of the masonry walls and restrains damage during earthquake
loading.

Figure 2-16. Test set up and test results (Santis et al., 2016)
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A. Bellini, A. Incerti, M. Bovo, C. Mazzotti (2017)

Bellini et al. (2017)investigated the performance ardilure modesof URM walls
strengtiened using fabriceinforced cementitious matrix (FRCM) under -aditplane loads.
Severalfull-scalemasonry walls made of clay bricks and with dimensions of 2,700 x 1,200 x
250 mm, were tested. The main variables were the reinforcement ratio of FR@Wafid 2

ply fabrics), and the type of fabric (Glass Fiber Grid variations).tif®rtest setupFigure

2-17), distributed horizontal forces weapplied along the wall owdf-plane direction while a
constant axial load was applied in the longitudinal direction independently. The wall was
placed in its vertical position, was double hinged at its supports, and was kept in position by a
horizontal regaining system which integrated two steel trusses connected to a reaction wall.
Four horizontal forces were applied along the height of the wall by two hydraulic jacks, while
the vertical axial stress was applied using two hydraulic jacks were pladetitapt Finally,

the horizontal forces were applied monotonically well beyond the appearance of nonlinear
degradation, then an unloading and reloading cycle was executed until the final failure.

The results showed that the reinforcement system was eéfeotistraining the formation of

the predicted hinge at mitkeight of the wall and redistributing forces over a broader portion

of it. In all cases, the determined failure mode was associated with the tensile failure of the
fibers, which happened before thebonding of the reinforcement from the substtgatgure

2-17). The cracking pattern was heavily guided by the discontinuities defined by the wall
mortar joints, that also caused cracks inside the FRCM matrix. Finally, the structural tests
revealed that, when local debonding appeared, the system was able of redistributing forces to
sections of the wall with a smaller bending moment. Therefore, allofeingn additional
increase of displacement, prior to the final failure.
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Figure 2-17. Test setup and test resultsBellini et al., 2017)
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C. D'Ambra, G.LignolaA. Prota, E. Sacco, F. Fabbrocino (2018)

D'Ambra et al. (2018)investigated the performance amailure modesof URM walls
strengthened using fab#steinforced cementitious matrix (FRCM) to enhance-afyplane
behavior, by retrofitting wwdamaged and prdamagedwalls using an innovative composite
basalt grid systenTwo full-scalemasonry walls made of clay bricks with nominal dimensions
of 1515x1755x120 mm, were tested under bidirectional loadihg. main variable was
comparing the behaviour of thetnafitted undamaged and pr@amagedvalls with those of

the unreinforced wall (control walllrorthe test setupgs{gure2-18), an incremental point lah

was applied to the top corner through a steel square plate to spread the load and to produce
double bending and hencdiirectional stress state. To achieve this, a support was provided
to the bottom edge and one of the two consecutive edges of teaugia an UPN (European
Normal Channels) profile in each case which was fixed in three points to a rigid steel frame.

The results showed a progressive stiffness reduction for unreinforced masonry walls which was
associated with progressive damage ofairgs, with cracks mostly in the mortar and no other
elements which remained elasffigure 2-18). The behavior of the repaired and reinforced
walls, was characterized by a fordéesplacement curve which showed trilinear behavior.
Finally, strengthening with FRCM increased the-ofiplane capacity of the walls to almost

two times their original capacity; in spite of the complex stresses induced loatheg setup.

1420
1513 UPN 180 740 R
—300— T VDT D LYVDT G

WIS == s

1 Point Load

Steel Plate

————

I LVDTE

|
|

LVDT M I |LvDTL
|

1600 T -

(a) (b)

Figure 2-18. Test setup, Rear view (left), Front view (middle) and test result®(Ambra
et al., 2018)
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T. D'Antino, F.G. Carozzi, P. Colombi, C. Poggi (2018)

D'Antino et al. (2018)developed a new analytical procedure to estimate thefequlne
maximum bending moment resistance of FRCM strengthened masonry walls, using a database
of 63 FRCM strengthened walls obtained from the literature. In addition, a compartson wi

the only available guideline, the ACI 5494R and with another procedure by Ascione et al.
(2015), was made. Moreovarosssection equilibrium and plane sections were assumed in
the analysis, so sections were assumed to remain plane during loading.

The results showed that the new suggested procedure produced accurate results
(CoVref=30.46%) and tended to lightly overestimate the experimental maximum resisting
bending moment (r =0.96), whereas the ACI 54918Rnethod and the approach proposed by
Ascione et al. (2015) usually tended to underestimate the experimental maximum resisting
bending moment, presenting low accuracy (CoVref=98.62% & r =1.95 and CoVref=59.49%
& r =1.31, respectively). Finally, for each specimen and each method, the ratio be#teveen

th experimental andth analytical maximum resisting bending moment, ri, was computed,
ri=M exp/M "r ) (Figure2-19).
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Figure 2-19. Distribution of ratios ri=M exp,/{M 'r;, obtained with a) ACI, b) ACI*, c) DA,
and d) AS procedure. D'Antino et al., 2018)
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the test set up

2.3.3. FRCM strengthened Wall elements under-jpiane loading.
E. Bernat, L. Gil, P. Roca, C. Escrig (2013)

Bernat et al. (2013) investigatddll-scale Textile Reinforced Mortar (TRM) strengthened
brickwork walls under eccentric compressive loads. Twairtg full-scale walls built using
solid clay bricks were tested, with the following dimensions, 1650 mm height 900 mm width
and 132 mm thickThe main variables were the type and number of fibre grids installed, the
type of mortar and the possible use of connectors to enhance bonding with the masonry. From
the 29 walls, 20 were unreinforced brickwork walls (URMW) and 9 were TRM strengthened
brickwork walls (TRMW). In the test setupi@ure2-20), a specific device was constructed to
test the specimens underptane compressive eccentric loadsformly distributed on the
width of the walls which were hinged with the same eccentricity at both edges.

The results showed thander the applied eccentric axial load, the use of TRM produced an
increment of over 100% of the initial load bearing ciyaAdditionally, amore homogeneous
and stiffer behavior was noticed for both theand the oubf-plane directions, when the TRM
system was used. Finally, it was shown that TRM strengthening restrains masonry walls from

failing due to pure mechanismorimation, reduces second order effects and magnifies their
load-bearing capacity under eccentric axial lodeigijre2-20).
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Figure 2-20. Test setup and failure mode of wall specimen8érnat et al., 2013)
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S. Babaeidarabad, A. Nanni (2013)

Babaeidarabad et g2013a) investigated the performance of concrete block and clay brick
masonrywalls, strengthened with FRCM systems undeplane shear forces. Eighteen
masonry walls made of clay bricks and concrete blocks with nominal dimension of 1220 x
1220 x 92 mm, were tested. The main variable was the reinforcement ratio of FRE@W (1

and 4ply fabrics). Fotthe test setupr{gure2-21), diagonal compression was applied through

two double acting hollow plunger cylinders seated on a topecoAdditionally, two steel

shoes were mounted diagonally on opposite corners of the wall, and two steel Dywidag rods
went through the shoes and tied them together so the load could be transmitted and so that a
closeloop system was created. Subsequetitlg,load was applied in three stepped cycles of
loading and unloading; besides, the last cycle continued until failure.

The results showed different failure modEgy(re2-21) and an increase in the shear capacity

of masonry walls strengthened with FRCM. The increment in terms of ultimatane load

was of 2.4 and 4.7 times that of clay brick control wall, afidahd 2.4 times of concrete
control wall using 4ply and 4ply carbon FRCM, respectively. Additionally, the shear capacity

of the strengthened walls corresponded well to the calibrated reinforcement ratio derived as the
ratio of axial stiffness of FRCM a@mmasonry AE«/AnEm. For the equivalent level of calibrated
reinforcement ratio, FRCM and FRP provide identical increments in shear capacity.
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Steel shoe
Dyvidagrod -l
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Load cell
Figure 2-21. Test setupand Failure mode of wall specimens: ®U-Control (a); CMU -

1ply (b); CMU-4ply (c); CL-Control (d); CL -1ply (e); and CL-4ply (f) (Babaeidarabad
et al., 2013)
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C. B. de Carvalho Bello, A. Cecchi, E. Meroi, D.V. Oliveira (2017)

De Carvalho Bello et a{2017) investigated the performance of strengthened URM walls using
fabric-reinforced cementitious matrix (FRCM) made with sisal fibers {®I8AL) to enhance

their in-plane shear capacity. Also, wall behaviour was also studied using a numerical finite
elemrent model (FEM) Kigure2-22). In the experiments, masonry walls made of clay bricks
with nominal dimension of 1160 x 1160 x 250 mm, were tested. The vaagable was the
influence of different fibers for reinforcement, (i.e. glass, carbon, steel, sisal) using different
mortars and substrates. Rbe test setupHigure 2-22), diagonal compression was applied
through two double acting hollow plunger cylinders seated on a top corner. Additionally, two
steel shoes were mounted on diagonally opposite corners of the wall and two steel Dywidag
rods went throug the shoes and tied them together to allow the load to be transmitted.
Subsequently, the load was applied in cycles with stepsi 6028\ of loading and unloading

until the peak load was reached (when diagonal cracking occurred). Then the tests continued
until diagonal displacement values reach almost 10 mm.

The results showed brittle behavioesponse and diagonal cracks on the bed and head of the
mortar joints along the loading direction, for URM walls. It was concluded that, in comparison
to URM walls, RMGLASS strengthened walls had a better ypestk response, with a
softening behaviour uih the ultimate failure stress. Hence, the FRCM strengthening System
enhanced shear capacity and ductility.
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Figure 2-22. Test setupfor unreinforced (left) and reinforced masonry specimensand
FEM model: (a) 3d geometry; (b) displacements contours over deformed configuration
at peak load (URM) De Carvalho Bello et al., 2017)
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Table 2-1. Summary of previous research on flexural strengthening of masonry walls with FRCM.

Testing Elements Loading FRCM (TRM) systems
Author(s)
Type Detail Dimensions (h x w x I)| Type Properties Applied Surface Fabrics (no. of layers) Matrix Thickness
. Beam- | - ) ) Carbon (1, 2) Polymermodified Variable
Pap?mggl(?;t like |© hé)l(_e I((:Iay 1.3x0.085x0.4m | 3 point | Cyclic loading Double face cement mortar  |(onelayer of morta
et al. (2008) (URM) ric 0.4x0.085x 1.3 m (0.1 mm/s) * Carbon (1, 2) for FRE  * Epoxy for FRP 2 mm)
Concrete Monotonic load Variable
Harajli et al. Bgam- Block, 1.0x0.1x0.4m . (5 mm/min) | Single face (for static] Basalt/ EGlass (1), lime mortar (one layer of morta
like X 1.0x0.1x0.3m | 4 point ; - } |
(2010) (URM) Brick, 10x01x02m Cyclic loading | Doubleface (for cyclic)  Steel mesh (1, 2) | cement based mortg 2-3 mm, for base
andstone .1-0.5 mm/s mortar: 5 mm
Sand ) ) ) (0.1-0.5 /s) 5 )
Cement based, lim¢
. based, pozzolana Variable
BernatMaso | Beam- Monotonic load . ’ ;
ot al. like | Clay Brick | 0.28 x 0.157 x 0. 63 n| 3 point| (5 mm/min) Single face an@®ouble|Basalt (1,2), Carbon (1 based and pla_sterln (one layer ofmortar
face. Glass (1,2), Steel (1)] mortar (dry mix of 4 mm, for base
(2014) | (URM) . _
cement, lime and mortar: 6 mm)
chemical additives).
. Beam- . Basalt (1), Carbon (1)| Epoxy resin, Cement .
Va”(légzl'f)t al. like | Clay Brick (;)éssg);c?gfsxxodllzzr?n 4 point Monotonic load Single face Glass (1), Steel (1), Fl§ putty, Magnesia (\A/f-g?\?rf)
(URM) ' ' ' (1). Hemp (1), mortar.
1.34x0.1x0.44m
Kariou et al. Bﬁl‘lﬂ' Solid clay (Singlewythe) 3 point Monotonic load Single face Carbon (1), Cement based mort Variable
(2018) (URM) brick 1.34x0.2x0.44m P (1 mm/min) 9 Basalt / Glass (3, 7), with polymers (3~13mm)
(Doublewythe)
Al-Jaberi et a Be_am- Concrete . Cyclic loading . Carbon/PBO (1, 2) Variable
(2018) like Block 1.22 x 0.15 x 0.61 m| 4 point (1.25 mm/min) Single face * Carbon (1), Glass (1] cement based mortd(one layer of morta
(RM) ’ 2) for NSM 5 mm)
Infill . UDL . . e
Kolsch (1998] walls Sand_ Lime 3x0.24x3m (Air Cyclic loading Double face Carbon (3) Polymt_a_r modified Approx. 4.5 mm
(URM) Brick bag) (Out-of-plane) cementitious mortar
Babaeidsabad Infill Concrete UDL | Cyclic loading Single face (tension) Variable
et al. (2014) walls | Block, Clay 14x0.1x12m (Air  |(max 0.14 MP4d (%ut—of- lane) Carbon (1, 4) cement based mortd(one layer of morta
) (URM) Brick, bag) | (Outof-plane) P 5 mm)
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Testing Elements Loading FRCM (TRM) systems
Author(s) ] - - ] - ] ] ]
Type Detail Dimensions (h x w x I)| Type Properties Applied Surface Fabrics (no. of layers) Matrix Thickness
Infill UDL Reversed Cycli
i nl ' up to 4% drift)| g; i i i i
Ismail et al. walls SO|IC! Clay 376x022x12m | (Air (Opne Direction) Single face (tension)| Aramid FRP / Steel | Commercial adhesiv 5-7 mm
(2016) Brick (out-of-plane) mesh (1) mortar
(URM) bag) Cyclic
(up to collapse
Pier 0.94 x0.22 x 4.42 | Lateral Single face on the
Ismail et al. |spandre| Solid Clay (Spandrel) loading | Reversed cycli gs andrel Aramid FRP / Steel | Commercial adhesiyv| 5.7 mm
(2016) assemb|  Brick 1.71x0.22x1.19 |(Hydraul pseudestatic sP mesh (1) mortar
; - (in-plane)
ages (2 Piers) ic ram)
il 3.44x0.25x3.3m Seismic inputs| Single face partially ultra high tensile
Santis et al. walls | Tuff Brick (Facade) Shake | from six natura| (external for fagade, strength steel (1) |natural hydraulic limg 7.8 mm
(2016) 3.44x0.25x2.3m | table | recordingsin | internal for side walls) aramidstainless steel mortar
(URM) )
(Side walls) Italy (out-of-plane) (1)
Load Lateral Mor;t(;)rglgeload
Bellini et al. | bearing Sollc_i clay 27x12x%x25m loading Reversed cyclq Single face (tension) Glass (1) Lime-based mortar 3-5mm
(2017) walls brick (Hydraul . (out-of-plane)
(URM) ic jacks) (up to failure)
(Out-of-plane)
Lateral Monotonic load pozzolanic based +
D'Ambraet al Inil Solid clay loading (up to failure) Single face (tension) lime l:_)ased J_rs_and, ]
1 walls . 1.515%x1.755x 1.2 m (Out-of-plane) Basalt (1), special additives + 3-5mm
(2018) brick (Hydraul (out-of-plane)
(URM) L (double polymers + short
ic jacks) ; '
bending) glass fibers
Analytical .
. Clay brick, model to lee-b§1§ed,
L Infill Lateral . . . Carbon, glass, basalt cementitious,
D'Antino et al] CMU, .~ | estimateout-of- | Single face (tension) ; . ;
walls 1.515 x 1.755 x 1.2 n| loading . steel, PBO, mixed PB({ pozzolanic, mixed unknown
(2018) rubble stong plane maximun (out-of-plane) :
(URM) o and glass cement and lime,
cobblestong resisting maanesia
bending momer 9
Load Comprey .
. . . . . . Portland based, lim
Bernat et al.| bearing Sollq clay 0.165 x 0.9 x 0.132 mSV& Cyclic loading Single face Carbon (1), based, pozzolana unknown
(2013) walls brick eccentri¢  (In-plane) Glass (1, 2),
based
(URM) loads
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Testing Elements Loading FRCM (TRM) systems
Author(s)
Type Detail Dimensions (h x w x I)| Type Properties Applied Surface Fabrics (no. of layers) Matrix Thickness
. ) Lateral | Cyclic loading
Babaeidarabg Infill . . . .
ot al. walls Sollq clay 1.145 x 1.22 x 0.092 1 loading Dlagonql Single and double fac Carbon (1,4), Cement based unknown
brick (Plunger compression
(2013) (URM) .
cylinder)]  (In-plane)
. Lateral | Cyclic loading
Bello etal Inil Solid clay loading Diagonal . .
" | walls . 1.160 x 1.160 x 0.250 . Double face Glass (1), Sisal (1) Lime-based, unknown
(2017) brick (Plunger, compression
(URM) !
cylinder)  (In-plane)
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24PREVIOUS RESEARCH ON USE OF FRCM TO STRENGTHEN
STRUCTURES TESTED UNDER EXTREME DYNAMIC LOADING

This section reviews previous research conducted on the impact and blast performance of
FRCM strengthened masonry and concrete structures. It should be noted that FRCM is to some
extent an emerging retrofitting method, with little research on this spémjiic, specifically

in the case of blast researchable2-2 presents a summary of some of the previous research
conductedunder extreme dynamic loading

Abbas, H., Almusallam, T., Adalloum, Y., Siddiqui, N., & Abadel, A. (2016)

For this research project, ten (10) specimens consisting on reinforced concrete (RC) slabs (600
mm square, 90 mm thick) were strengthened by either FRP or TRM systems anesteste

under impact loading. The impact tests were performed using an hemispherical nose steel
projectile with a diameter of 40 mm, producing different impact velocities from 108 to 158 m/s,
Figure2-23(a) shows more details. The specimens consisted of three (3) slabs strengthened on
the rear side using a single layer of carbon FRP with epoxy resin, three (3) slabs strengthened
on the rear side using 2 kg of carbon fiber textiles with a polymer modified cement mix and
four (4) RC slabs with no strengthening that were tested as controls. Additionally, one single
layer of FRP sheet as well as 2 layers of textile were chosen for comparison purposes since
they had equal quantity of carbon fibers. Later, during the testing a gas gun was employed to
strike the projectile perpendicularly to the specimens. Within the parameters investigated are
the penetration depth and the crater size on the front and reardatiee specimens, for
different projectile velocities. Part of the test results performed with CFRP and TRM
strengthening systems are presentefigure2-23 (b) and (c), respectively. It was concluded

that the two strengthening systems were effective in reducing local damage and secondary
debris in RC slabs subjected to projectile impacts. Théstallimit velocity of TRM and

CFRP systems was enhanced by 21% and 15 % respectively when compared with the control
specimens. In summary, TRM reinforcement performance was similar or better than that of
CFRP.
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Figure 2-23. Preparation of test specimens (a), and test results (b, c) (Abbas et al., 2016)
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S. Liu, D. Zhu, Y. Ou, Y. Yao, C. Shi (2018a)

Liu et al.(2018a) investigated the performance and failure modes of basalt-tektflerced
concrete (BTRC) under impact loading. Thirty square specimens, with nhominal dimension of
60 x 60 x 15 mm, were text. The main variables were the impact velocity (0.77 m/s, 2.31 m/s
and 4.62 m/s), boundary conditions (free and fixed), number of basalt textile layers (4 and 6),
and applied temperature during testif@p( 0, 25, 50 and 100 °C). As showrFigure2-24, a

drop weight setip was used, with a capacity of 22 kN. The impact load was measured using a
piezoelectric load sensor and the impact velocity was aethiby adjusting the drop height.
Lastly, the effect of temperature was introduced at each impact velocity tested.

The results showed that at a constant temperature, the maximum impact force and the energy
absorption increased when increasing impact velo€n the contrary, the absorbed energy

and the maximum impact force decreased with temperature (for the same impact velocity) but,
they improved when the number of basalt textile layers increased from four to six. Additionally,
all specimens were capaldeabsorbing the kinetic energy under impact velocity of 4.62 m/s.

On the other hand, for the same impact velocity, the fixed boundary conditions enhanced the
peak impact force, but diminished energy absorption (in comparison with free boundary
condition).Finally, it was concluded that failure patterns are unquestionably affected by the
varying impact velocities, but not by the boundary conditions and temperiaigues2-24).

Free boundary

Fixed boun

Figure 2-24. Test setup and test results Lfu et al., 2018a)
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S. Liu, D. Zhu, Y. Yao, C. Sir018b)

Liu et al. (2018b) investigated the flexural performance of texti@forced concrete (TRC)

under thregooint bending loading with quastatic and lowvelocity impact loadings (1.04.5

m/s). Several slender rectangular plates, withminal dimension of 250 x 250 x 15 mm, were

cast and cured under standard conditions, then cut into test samples of 40 x 250 x 15 mm and
tested. The main variables were the fiber type in the composites; glassrsrfieced

concrete and basalt textiteinforced concrete (GTRC and BTRC respectively), the loading
velocity, (forquass t at i ¢ the strain rate was 3.33 1 10
16, and 18 si1l1 corresponding to 1.0, 2.0, 3.
and 100°C). A MTS universal testing machine, with a capacity of 30 kN and 1 kHz, was used

for the Quasstatic threepoint bending tests and for the Dynamic flexural tests, it was used a

drop weight Impact with an aatebound systenFgure2-25).

The results showed that as the ({'moil8slahe str ai
flexural strength increased linearly for both BTRC and GT&Cthe other hand, the flexural

ultimate strain and toughness first declined and then incremented, and the flexural modulus
first incremented and then declined. Moreover, when increasing temperature, the flexural
strength, flexural ultimate strain, flesal modulus, and toughness decreased for both BTRC

and GTRC. Finally, it was concluded that the failure modes were associated with the loading
conditions, the number of textile layers and temperatigrfe2-25).

Figure 2-25. Test setup and test resultsl(u et al., 2018b)
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D. Zhu, M. Gencoglu, B. Mobasher (2009)

Zhu et al.(2009) investigated the flexural impact performance and failure modes of Alkali
Resistant (AR) glass fabric composites underl@ocity impact loading. Several specimens,
with nominal dimension of 50 x50 mm with thicknesses of 9 mm and 1013 mm (for six

and eight fabric layers respectively), were tested under-goeé bending impact loading.

The main variables were: the impact velocity (1.0, 1.4, 2.0 and 2.2 m/s), the reinforcement ratio
(6 and 8 &bric layers) and the testing position (vertical and horizontal positions, simulating a
beam and a plate, respectively). Tast setupKigure2-26) useda drop weight setip with an
antirebound system, where the impact load was measured through a piezoelectric load sensor
and a set of accelerometen®unted on the specimen and hammer. The Impact velocity was
achieved by adjusting the drop height. Lasthg effect of temperature was introduced at each
impact velocity tested.

The results showed a reduced deflection and a higher load carrying capacity for the beam type
specimens, in comparison with the plate specimens, due to the fabric directionthed to
coupled effect of the orientation of the creextion Figure2-26). Additionally, as the number

of fabric layers was increased, the absorbed energyhe maximum flexural stress of beam
specimens was enhanced; on the contrary, they decreased for the plate specimens due to inter
laminar shear failure. Finally, it was concluded by the authors that complete fracture does not
take place as cracks formdanlose, for the beam specimens; whereas,-lateinar shear is

the dominant failure mode for the plate specimens.

Frictionless bearing

‘/and brake assw‘

Hammer

Connection
Plat

[
Load cell

Loading

Head Specimen

Support

Figure 2-26. Test setup (left) and testesults, beam specimen (rightup) and plate
specimen (rightdown) (Zhu et al., 2009).
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Silva, F. de A., Butler, M., Mechtcherine, V., Zhu, D., & Mobasher, B. (2011)

Little research has been conducted to study the-dtigln rate response of TRC and@®R
systems. Silva et al. (2011) studied the effect of strain rates on-t@utiferced concrete (TRC)
plates of 300 x 50 x 10 mm. Eleven (11) specimens were built and tested, consisting of five (5)
plates tested under lespeed tensile strain rates @frt to p T employing an Instron
Universal servenydraulic machineRigure2-27 (a)), and six (6) specimens tested under higher
strain rates of 5, 20, and 50 adopting a servbydraulic MTS machineRigure2-27 (b)).

Three layes of alkaltresistant (AR) glass textiles were employed as reinforcement and a finely
grained matrix was employed with or without short-§lass fibers (diameter of 14 um, length

of 6 mm) at a content of 0.5 % by volume as secondary reinforcement. Mgreogeof the
parameters investigated was the effect of gauge length which varied from 50 to 150 mm, at a
loading rate of 20

The results showed that the strain capacity, tensile strengthstevbdcture and first crack
strength were enhanced fdrthe specimens when subjected to imate tensile loadings. The
work-to-fracture and tensile strength were increased up to st@nof 50 ; nonetheless,

the strain capacity was reduced due to the increased stiffness of the composites in the post
crack region. It was also concluded that the short fibers added in the dessedt matrix
resulted in bigger values for firstacking and tensile strengths. Also, when the gauge length
was increased, a decreased strain capacity and tensile strengtiseraeab
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Figure 2-27. Test setup for low strain rate (a) and high strain rate (b)and results (c)
(Silva et al., 2011)

31



M. Gencoglu (2008)

Gencoglu(2008) investigated the damage propagation, the static and impact flexural strength,
and the ultimate deflections in FRCC specimens under impact and static monotonic loads.
Eighteen specimens, with nominal dimension of 50 x 150 x 12 mm, were tested under three
point bending caused by static and impact loading. The main variables were, the impact
velocity, the fabric type (polyvinyl alcohol (PVA) and polyethylene (PE)) andte¢keng
position (vertical and horizontal positions, simulating a beam and a plate, respectively). The
test were conducted using a drop weightugetvith an antrebound system. The impact load

was measured through a load cell with range of 90 kN, wdalisplacement was measured

by means of dnear variable displacement transducer (LVDO3stly, the Impact velocity was
achieved by adjusting the drop height.

The results showed that, the impact strengths in flexure for both, PVA and PE when loaded
vertically (like beams), are almost equal to their flexural strengths under static loading but
when loaded horizontally (like plates), are almost 42 and 35% higher (for PVA and PE,
respectively) than their flexural strengths under static loading. Additionatider impact
flexural loading, the vertical specimens with PE fabric could absorb higher energy than the
ones with PVA fabric, even when the first ones (specimens with PE fdladc)nuch less
flexural strength and initial stiffness than the ones wi\ Rabric. Finally, it was noted that
vertical FRCCs with PE fabric showed larger ultimate deflection capacity and exhibited
stronger ductile behavior than the ones with PVA fabrics.

Hammer

"\.“
111 et 1 e

Base plate

Figure 2-28. Test setup and test resultsGencogluet al., 2008)
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H. Jung (2020)

Jung (2020)nvestigated the performance aadure mode®f URM walls strengthened using
fabric-reinforced cementitious matrix (FRCM) under -afitplane loas. The walls were
subjected to Blast Loading, using an air blast simuldtmiversity of Ottawa Shock tube
Facilities) Two full-scalemasonry walls were constructed ardted after beingtrengthened
with three layers oFRCM retrofit: a concrete masonry (CMU) infill wall and a stone {oad
bearing wall Their plaindimensionsvereof 2,000 x2,000 x90mm. The main variables were
the masonry typdCMU and stong and theaxial load appliedInfill and loadbearing. For

the test setupHigure2-29), air blast pressuneasapplied along the wall otdf-plane direction
while a constant axial loadf 171 kNwas appliedon the top, independently. The wall was
placed in its vertical positiomt the end of the shock tube frame arasprovided with simply
supportedboundary coditions, by a horizontal restraining system which integrated two steel
HSS of 6in by 6in and two steel platespnnected tahe shock tube framé/loreover, he
vertical axialforcewas applied using two hydraulic jackghv85.5 kKN eachplaced at the
Finally, theblast loading waappliedseveral times, starting with shots with low pressures (Pr
or Ir) and increasinthese pressurdsr each subsequent shot until reaching failure.

The results showed thRRCM strengtheningystenmwas an effective nman ofincreasng the
strength and eneregbsorption capacity of unreinforcedasonry wak subjected to blast
loading It also enhanced the control of displacements (maximum and residual) at the mid
height of the walls.The reinforcement system was effectie restrainingdelaying the
formation of the predicted hinge at height of the wallFinally, thefailure mods occurred

by crushing of the substrate (CMUs) on the compression side, for the CMlangatiyrupture

of the carbon fibers, on thenson side with debonding of the reinforcement from the substrate
(Figure2-29), for the stone wallThe cracking pattern was heavily guided by the discontinuities
defined by the wall mortar joints, that also caused cracks inside the FRCM matrix.

173 162
[
I

255

1792
Fid

152 100
[T
i\.&
180-mm
Cé‘%b) W0 O A S Vi B (

450 1100mm 450

Figure 2-29. Test setup and test resultsJung, 220)
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Table 2-2. Summary of impact and blast research on use of FRCM to strength structural elements

Author(s) Testing Elements Loading FRCM systems
Type Detail Dimensions (h x w x I) Type Properties Applied Surface | Fabrics (no. of layers) Matrix Thickness|
Reinforced Strike of Cement base
Abbas et al - hemispherical | Striking velocity of 108152 Carbon (2) mortar
(2016) RC slab V\;_"(:)hogrr?r: 600 x 600 x 90 mm nosed steel m/s Rear face * 1 layers for FRP | * Epoxy for unknown
projectile (40mm)] FRP
Liu etal. | Concrete \Ij{vﬁLnfk())a:gglcti 60 x 60 X 15 mm Drop weight mpact ;%CZYG?%/Z‘ 23t Embedded within Basalt (4, 6) Concrete 15 mm
(2018) panel textiles P wWelg * under different temperatur the concrete pan ’ (TRC)
-25, 0, 25, 100
. 25x 150 x 79
Zhu et al. | Concrete Re_lnforced (with 6 layers), Free fall drop Drop height of 50, 100, 20( Embedded withir] Concrete
(2009) panel with AR 25 x 150 x 1113 ha_mmer on 3 and 250 mm the concrete pan AR glass (6, 8) (TRC) -13 mm
glass textile (with 8 layers) mm point bending
Concrete
Silva et al | Concrete Rvsiitnhf?ar\%ed 300 x 50 X 10 mm High tensile strail Low-rate;p 1T top Tt Embedded withir] AR-glass (3) Wi:ircI)iltthl gr:ort -
(2011) panel ) rate High-rate; 5, 20, and 50  |the concrete pan 9 (TRC)
glass textile] AR-glass
fibers
Reinforced Three point .
Gencogluet| Concrete| with PVA bending static an| Impact velocity of 1.00, 1.41 Embedded withir PVA (6) Concrete -
50 x 150 x 12 mm and 2.00 m/s
al (2008) panel and PE impact loading ’ the concrete pan PE(6) (FRCO (FRCO
textiles (Drop weight)
Jun be";ﬁ]d'& CMU & Air Blast Several Shots with Increasi|  Single face Cementbased
(2028) Infill wglls Stonebricks 2000 x 2000 x 90 mm (Shock tub Pressure (tension) Carbon(3, 3 mortar 4346 mm
(URM) (up to failure)(Out-of-plane)| (out-of-plane)
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2.5EXISTING GUIDELINE FOR USING FRCM
2.5.1. AC434 Acceptance Criteria

The AC434 (2013) AMasonry and-redforced CemenditiolSt r en g
Matrix (FRCM) and Steel Rei nf opublishédd bICES,t ( SRG
dictates guidelines for material, structural and durability tests as well as the minimum acceptable
design criteria for the use of FRCM in the strengthening of concrete and masonry structures.
AC434 (2013) acceptance criteria prescsiarameters and procedures to address strength,
serviceability, combustibility, durability and fire safety (Eknel et al. 20R8jure2-30 illustrates

the direct tensile test specified in Annex A of AC434 (2013). For this test, at least five FRCM
coupons have to be cut from a bigger FRCM panel. To hold the FRCM coupons, thin metal tabs
have to be glued at both ends, with the specimens connected using @fedevice. A Clipn
extensometer is attached to measure the tensile strains.

Tab

Saocket Cup Screw =
Specimen

Bolt w/ Nut and
Washer

Spacer
Epoxy Clevis Pin
Clevis Hairpin

Shackle

(@) (b)

Figure 2-30. FRCM direct tension test setup (a) and coupon dimensions (Pino et al., 2017)
(b) according to AC434 Annex A (Donnini et al., 2017)

2.5.2. ACI 549.4R Guide to Design and Construction of FRCM

One more document thatresents guidelines for the strengthening of concrete and masonry
structures using FRCM systemsA€1 549.4R13 (2013)A Gui de t o Desi gn and
Externally Bonded FabriReinforced Cementitious Matrix (FRCM) Systems for Repair and
Strengthenn@oncr et e and Masonry Structureso, which
document works as a guide for the construction and/or design of FRCM composite systems and
details the capability of FRCM to increase the flexural and shear capacities airynasd

concrete structures. Furthermore, it presents background information and design guidelines for the
strengthening of masonry and concrete structukppendix B of ACI 549.4RL3 (Table 23)

presents a summary of design limitations associated wigreht strengthening applications.
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Table 2-3. Design limitations for FRCM for different applications (ACI 549.4R-13)

Parameter

Concrete

Masonry

Flexure

Shear

Axial

Out-of-plane

In-plane

Less than 0.012

S OT Egy Less than 0.012 Less than 0.004 Less than 0.012 Less than 0.004
and g, less than 0.01
0.9 to 0.65 _ 0.9 to 0.65 0.6 for flexure _
¢ based on g, 075 based on €, 0.8 for shear 0.75
. 0.2 to 0.55
filfy based on fiber NA NA NA NA
Allowable maximum 50 percent 50 percent 20 percent URM: 6000 Ibf./ft (87.6 kN/m); 50 percent

enhancement’

Reinforced masonry: 50 percent

*Allowable maximum enhancement is above existing capacity. ACI 562-13 supersedes when limits are lower than as listed in this table.

In accordance witihCIl 549.4R13 (2013) the FRCM composite can be bonded to the surface of
masonry walls to enhance the -@itplane flexural capacity, and it works as reinforcement on the
tension side of the section. For the case when flexural strengthening in-tbfeptarte direction

is needed, which is the case in this research project, the main direction of the reinforcement in the
fabrics, must be placed parallel to the bending span and located on the tension side.

For computing the nominal flexural eat-plane capacity of structuraleenents, it can be applied
sectional analysis (in accordance wCI 549.4R13, 2013)and based on the following

assumptions:

1 Plane sections remain plane;
1 There is strain compatibility among the masonry, the FRCM composite and FRCM

material;

1 Maximum compessive strain in the masonry is obtained from M3JGr experimental

tests;

1 FRCMis assumed to have alimear stresstrain performance and the FRCM contribution
prior cracking is ignored;

In addition, ACI 549.4R13, 2013also describes the distinctivailtire modes that are likely to
happen when using FRCM for strengthening theadudlane flexural capacity of masonry walls:

1 Fiber slippage within the FRCM mortar;

= =4 =4 4

Fiber rupture;
FRCM debonding from the substrate;

Crushing of the masonry in compression;
Tensile yielding of the steel (in the case of reinforced masonry walls).

The effective tensile strain () of the FRCM composite system at failure is confined to the
following design limit:

7"[11 8
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The effective tensile stress of the FRCM composite at failxei$ computed as:

W, Agr T CHIAH [2-2]
where% is the tensile modulus elasticity of the cracked FRCM composite.

Later, the design flexural strength is obtained as:

5- B - - ¥
where0 is the nominal flexural capacity and whdie and0 are the contribiions of
reinforced masonry (RM) and FRCM composite material, respectively. For the case when
unreinforced masonry (URM) walls have no axial load, is taken as zero. The strength
reduction factor for flexure ( ) for URM and RM walls is 0.6, and 0Of8r shear ( ;). In cases
where the FRCM system is attached to both sides of the wall, the one attached on the compressive
side will not be considered. Besides, it is presumed that the FRCM does not contribute to
improving the oubf-plane shear capdgiof the masonry walls; hence, the shear capacity can be

computed using standard procedures in masonry design codes such a8 M0C1) or CSA
S304.104 (2004)
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CHAPTER 3. EXPERIMENTAL PROGRAM

3.1.1. CHAPTER OVERVIEW

This chapter provides an overview the experimental research program. Details of the test
specimens, the materials used and their properties are discussed. The construction procedure, test
setup, instrumentation and shock tube testing parameters are also described.

3.2.DETAILS OF TEST SPECIMENS

3.2.1. Specimen Overview

A total of three walls were built and tested in the experimental program. All walls were built as
load-bearing masonry walls made from concrete masonry units (CMU), and were strengthened by
applying FRCM retrofits. The three Wsawere built by the same professional mason. Thereafter,
self-consolidating (SCC) concrete was poured inside the voids in two of the walls (for walls with
2 and 3 FRCM layers) to increase their shear capacity. After curing, the FRCM system was
installedon the walls by professional applicators who were trained by the manufacturer. It is noted
that the retrofit was applied by hand and the FRCM mortar was applied by troweling. Further
details on the wall designs are provided in the followingsediions.

3.2.1.1.CMU wall design

The three walls in the research program were-lueatting walls and were built with concrete
masonry units (CMU), with nominal dimensions of 100 x 200 x 400 mm (actual dimensions are
90 x 190 x 390 mpwith Face Shell and/ebthickness of 26 mjras shown ifrigure3-1(a). The

walls had planar dimensions of 2.0 m x 2.0rg@re3-1(b)). All the walls were built in a running

bond pattern with Type S mortar, and with 10 mm thick joiRtgure3-1(b)). In order to transport

the walls, and to facilitate their setup in the shtutde, they were built on top of steel HSS beams
(152 x 152 x 6.4 mm, with a length of 2440 mm). To ensure that the FRCM retrofit surface would
be even(flush) with the HSS, the front face of the walls was placed 1.0, 1.5 and 2.0 inches back
from the front edge of each HSS beam for the application of 1, 2 and 3 H#&@EM, respectively.

Half the height of the walls was built during the first day byrtason, and the remaining portion

was built two days after to allow for some curing. Later, the walls were cured for 2&mhys
restrained from falling with a wood framumtil the application of the retrofiE{gure 3-2). After

wall construction SCC concrete was used to infill the CMU voids in two of the walls. This mix
was poured after the walls were fully built and the concrete was poured from the top of the walls
(seeFigure3-3). The construction process of the walls is showRigure3-2. During setup in the
shocktube, there was a small gap between the top of the wall and the top steel frame; consequently,
fastsetting high strength mortar was applied to fill the gap to allow for the axial load application
and to promote arching action. It should be noted tha® @@ cast inside the voids of two of the
walls (MSS6 SCC) is a high performance, {mlended, prepackaged, selfonsolidating,
concrete repair material. It is a flowable concrete material containing Portland cement, silica fume,
6 mm (1/4 in) stone anather carefully selected admixtures. Lastly, the slump flow test result for
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the SCC was 620mm and @empressive strength after 28 days (ASTM C 39) was an average of
55 MPa.
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(@) (b)
Figure 3-1. (a) CMU block dimensions, (b)Walls dimensions (front and side view)

@) (b) ©)

Figure 3-2. Construction of CMU wall; (a) Bed HSS, (b) Leveling of wall (c) Completion of
the three walls and wood frame protection.

@) (b) (© (d)

Figure 3-3. Pouring SCC in voids of two CMU walls; (a) SCC bag, (b) SCC mixture (c)
slump flow test, (d SCC casting
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3.2.1.2FRCM strengthening system.

The strengthening system used to retrofit the walls in this research was-Reinfarced
Cementitious Matrix (FRCM) composite. It consisted of two main components, the ddr&on

grid and the higiperformance amentitious matrix (mortar). The first component consisted of a
unidirectional carbon grid that correlates to the-sag bending demand during tests. For the
second component, the cementitious matrix, a cetveesegd mortar reinforced with polypropylene
fibers, was used. The polypropylene fibers had a length of 6 mm (1/4in) as sHagur@B-4(c).
Figure3-4(b) shows the carbon strands (vertical black strands), that were placed in the longitudinal
direction of the walls for the ongay bending demand. It is noted that the horizontal strands are
just for keeping the main strands in position with their correspondent grid spacing, but with no
structural function assigned (they are mainly made out of plastic). The distance between two
adjacent strands was of 17 mm (4 inches per 6 strands).

(b) (c)

Figure 3-4. (a) Cementbased mortar bag, (b) Unidirectional carbon fiber fabric, (c)
Polypropylene-reinforced-mortar fiber

The FRCM system was installed as follows:

1) Preparation of the surface: Dust and irregularities were removed from the wall surface to
enhance théond between the substrate and the mortar. Additionally, the wall surface or
substrate was watered for 24 hrs. before the FRCM application to avoid loss of water in
the mortar by absorption in the substrdtigre3-5(a)).

2) Mixing of Mortar (matrix): The mortar was mixed with the required amount of water until
adequate consistency foll owing the manufac
tool (Figure3-5(b)).

3) Installation: A base mortar layer of 0.5 in thick was first applied on the surface of the walls
by hand troweling. Later, one layer ofloan grid was placed on the base layer and another
mortar layer of 0.5 in thick was applied for every extra layer of carbon grid and/or as a
final layer. Therefore, for the first wall (1 layer), we applied the base mortar layer of 0.5
in. thick plus, onedyer of carbon grid plus, the final mortar layer of 0.5 in. thick; resulting
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in a total thickness of.Q in. For the second wall (2 layers), we applied the base mortar
layer of 0.5 in. thick plus, the first layer of carbon grid plus, one mortar layer of 0.5 in.
thick plus, the second layer of carbon grid plus, the final mortar layer of 0.5 in. thick;
resultng in a total thickness of 1.5 in. The same procedure was used for the third wall (3
layers), resulting in a total thickness of 2.0 Fig(re3-5(c)-(e)).

4) Curing: After applying the FRCM system, the three walls were cured for 28 days with wet
burlaps and plastic tarps that covered them. This curing was applied to achieve the
maximum strength resistance of the centsaged mortar / matrid{gure 3-5(f)).

(d) (e) ®

Figure 3-5. FRCM application; (a) Preparation of the surface, (b) Mixing of Mortar, (c)
Base mortar layer (0.5 in thicK, (d) Carbon grid layer, (e) Final mortar layer (0.5 in thick),
() Walls curing with burlaps and plastic tarps.

41



3.2.2.Test Specimens Description

In this research, three masonry walls were built and retrofitted with FRCM. The performance of

the FRCM retrofi was studied by comparing the results to a control wall tested by Ciornei (2012)

in a previous project at the University of Ottawa. The control CMU wall had the same dimensions
and characteristics as those in this research project, but no retrofit vias.apipe details of the

three specimens in this research and the control are sh@wablegB-1. The table displays the wall

type (loadbearing), the masonry type (CMU) and the strengthening method. The specimens tested
for this researchCapoe and¥GiRCNIiiTehdet afd e R@Lt A RO

that the wall had retrofit. The second |l etter
(CMU). The third Il etter reveals the axial | oac
load bearing (infill). In ordeto identify the walls which include®ICC concrete inside the masonry

units, tYIC&® |i sgeaMECdil swhainldess f or the wall withot

at the end implies the number of carbon grid layers used in the FRCM retrofit. Thestealllig

Ciornei (2012) is used as a reference; it is described using the same nomenclature used by the
original author, where URMB, stands for: unreinforced concrete masonry -loearing wall.

Lastly, since all walls were lodaearing, an axial load with total magnitude of 122kN was
applied on the CMU walls. For this purpose, one hydraulic pump and two hydraulic jacks were
used. These jacks were placed on top of the upper HSS, and reacted against the underside of the
lab strongfloor, with 61kN appliedfom each jack. This load was then transmitted as a uniformly
distributed axial load to the wall through the 6inx6in top H3§ure3-6 shows more detisi.

AL S = e T

@) (b) ()

Figure 3-6. Axial load application on wall; (a) Two hydraulic jacks on the top of the wall
(b) Bottom supports for bottom HSS, (c) Front view ohydraulic jacks and supports
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Table 3-1. Test Specimens Description

wor | VTSNS peon o [ e

URM-3 CMU( 'i‘gdkﬁl‘)aa”r‘g None (Control) NO 1
RCL-NC-1 (1.00 F:?n;:dlx cacbkn, grid)l NO 2
RCL-YC-2 CMU(Il_ggdkS)earing (1.50 I-Zlifelybacbbn,gridg) vES ?
RCL-YC-3 (2. 00 ayercosbngriag) | YES | 2

1. Ciornei (2012), 2. Author

3.2.2.1URM-3

Specimen URMS is the control wall and it was tested by Ciornei (2012). It consisted of an
unreinforced CMU loadearing wall, with dimensions of 2.0 m x 2.0 m, built with standard CMU
blocks with dimensions of 100 mm x 260n x 400 mm and Type S mortar. The wall had complete
contact with the top and bottom of the enclosing steel frame and an axial load was applied using
two hydraulic jacks located 508 mm left and right of the vertical center line of the wall. The total
axid load applied was 12X&N. Moreover, simply supported boundary conditions were
implemented by the use of two HSS (152 mm x 152 mm x 6.4 mm) supports, provided on the top
and bottom of the wall. This helped to preventaidplane translation of the wallsidng the tests.
Additionally, the horizontal HSS beams were connected to the g¢bhbekframe using vertical

HSS (76 mm x 76 mm x 6.4 mm) sections, at their ends. The setup resulted in simply supported
boundary conditions. A total of seven shock waverevapplied on the URM wall specimen

until reaching global failure. The driver pressure of the shock tube was increased by approximately
40 kPa (6 psi) increments and the load duration was kept constant by using the same driver length
of 1829 mm. More deils of the URM3 setup are shown igure3-7.

2388
192 2000 HSS152x152x6.4

H 1060 940 | HSS76x766.4

. } Bracket
& TestFrame
steret b
2 5
< Hydraulic Jack

Figure 3-7. Detail of the URM-3 setup (Dimensions in mm) (Ciornei, 2012)
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3.2.2.2RCL-NC-1

RCL-NC-1 is a loaebearing wall, with no concrete cast inside the masonry blocks. The wall was

built using the same procedure as URMsame type of CMU blocks and same mortar type);

however, RCENC-1 was retrofitted with FRCM composites. The FRCM retraditsisted of one

layer of carbon grid and matrix, resulting in a total retrofit thickness of 1.0 in (25 mm). After the

installation of the FRCM and a minimum curing of 28 days, the wall was moved to the shock tube

and prepared for setup. Later, the gapwieen the top of the wall and the shock tube frame was

filled with high strength mortar to ensure transmission of axial load and promote arching action.

The same axial load of 122 kN was applied to the wall prior to blast testing. To preveiit out

plane tanslation of the wall, simply supported boundary conditions were provided at top and

bottom, but the setup was slightly different when compared to the control. The setup consisting of

13 mm thick steel plates (2200 mm x 310 mm) fixed with 19 mm boltsetéop and bottom of

the shock tube frame; these plates were used to prevent delamination/debonding of the FRCM at

the wall ends. Thereafter, the simply supported boundary condition was ensured by adding to two

lateral HSS (152 mm x 152 mm x 6.4 mm) bearpports. The horizontal HSS beams were

connected to the shod¢ldbe frame using vertical HSS (76 mm x 76 mm x 6.4 mm) sections at their

ends using a single connection point (one at each end). This setup was chosen to stiffen the supports

and promote simplgupported boundary conditions, and prevent out of plane translation at the top

of the wall (Jung, 2020}:igure3-8 shows details of the RCGNC-1 wall gpecimen setup.
i e 1 | ;

e - . 1 :

(d)

Figure 3-8. Setup details for RCL-NC-1 (also forRCL-YC-2 and RCL-YC-3): (a) Left
side, (b) Front, (c) Right side, (d) Right side top.
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3.2.2.3RCL-YC-2

RCL-YC-2 is a LoaeBearing wall, with concrete cast inside the bricks, built using the same
procedure, same type of CMU blocks and same mortar typelddRi-3; but unlike wall URM

3, RCL-YC-2 wall was infilled with an SCC concrete and retrofitted with FRCM composites. The
FRCM composite consisted of two layers of carbon grid and matrix, resulting in a total retrofit
thickness of 1.5 in (38 mm). Afterghnstallation of the FRCM and a minimum curing of 28 days,
the wall was moved to the shock tube and setup. Later, the gap between the top of the wall and the
shock tube frame was filled with high strength mortar to promote arching action. The same axial
load and boundary conditions used in REC-1 were used. The simply supported boundary
conditions consisting of 13 mm thick steel plates (2200 mm x 310 mm) fixed with 19 mm bolts to
the top and bottom of the shock tube frame. The plates were then stiffengdwo HSS (152

mm x 152 mm x 6.4 mm) beams which were connected to the-shioekrame using vertical HSS

(76 mm x 76 mm x 6.4 mm) sections, at their effdgure 3-8 shows details of the RC¥C-2

wall specimen setup.

3.2.2.4RCL-YC3

RCL-YC-3 is a LoaeBearing wall, with concrete cast inside the bricks, built using the same
procedure, same type of CMU blocks and same mortar type as3jJRM unlike wallURM-3,
RCL-YC-3 wall was infilled with an SCC concrete and retrofitted with FRCM composites. The
FRCM composite consisted of three layers of carbon grid and the matrix, resulting in a total
thickness of 2.0 in (50 mm). After the installation of the FRCHl aminimum curing of 28 days,

the wall was moved to the shock tube and prepared for setup. Later, the gap between the top of the
wall and the shock tube frame was filled with high strength mortar to promote arching action. In
addition, to prevent otaf-plane translation, simply supported boundary conditions were provided

at top and bottom, consisting of the same 13 mm thick steel plates (2200 mm x 310 mm) and
supporting HSS (152 mm x 152 mm x 6.4 mm) beams used in the previous twoAlgalshe

same abal load of 122 kN was applied to the wall prior to blast testiigure 3-8 shows details

of the RCL-YC-3 wall specimen setup.
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3.3. EXPERIMENTAL SETUP AND DATA ACQUISITION
3.3.1Experimental Setup

3.3.1.1The Shock tube

The University of Ottawa Shock Tube is a pressirreen blast simulator that can simulate the
shock waves caused by frag detonation of high explosives. It is composed of foatiges: the

driver, doublediaphragm section, expansion section andfeate.Figure 3-9 (a) shows more

details. The driver length can be adjustechocréements of 12 in (305 mm), from 12 in (305 mm)

to 204 in (5185 mm) as presentedFigure 3-9 (d), allowing for a flexible range of reflected
pressures and impulses as showrigure3-10. Different driver length/pressure combinations can

be rdated to an equivalent TNT mass, standoff and scaled distancd-i(pae 3-10). For
producing the desired reflected pressure, two sets of aluminung3ila x 32 in) are placed at

each side of the diaphragm section, as showfigare 3-9 (c). The capacities of the aluminum

foils are somewhat abovelh the targeted driver pressure. In this study the nominal strength of
the aluminum foils were 5 psi [34 kPa], 13 psi [90 kPa] or 25 psi [172 kPa] (thickness of 0.005 in,
0.008 in, or 0.014 in respectively). After the diaphragm section has been sehléubvidgils, the
targeted pressure is attained by filling the driver section with air using an air compFegsog (

3-9 (e)). The diaphragm is filledith half of the targeted pressure and later it is released at the
time when the driver attains the intended pressure. Consequently, the aluminum foils break firstly
in the diaphragm, and secondly in the driver section due to the achieved differensargres
between the diaphragm and the expansion section, where the expansion section remains with
atmospheric pressure. Next, the compressed air travels through the expansion section in
milliseconds and reaches the wall, at the end of the shock tube, Wherttached specimen gets

hit by the resulting shock wave producing a h

The dimensions of the expansion section are 6096 mm (240 in) long, while the end frame is 2032
mm wide and 2032 mm higl80 in x 80 insection): seeRigure3-9 (b)). Moreover, it has twelve

sliding vents on the top and sides of the opening. These vents function as a mean of plie§sure re
being closed before the shock tube releases the overpressure wave and being open by the pressure
itself. These vents help to reproduce the negative phase of the ptassufienction of common

blasts. Additionally, to cover the gaps left betweervib# and the shock tube etfidhame, timber

frames were installed on the sides of the walls ensuring a seal at the test frame. This was done
because the wall (2.0 m x 2.0 m) was slightly smaller than thérame opening. Further details

on the shock tubean be found in Lloyd et al. (2009).
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q

Driver pressure

(e)
Figure 3-9. Details of Shock tube; (a) Shock Tube, (Kppenings/Vents, (c) Opened
diaphragm with foils, (d) Driver section (13ft long), (e) Firing control box

Figure 3-10. Maximum Shock Tube range (Lloyd et al., 2009)

3.3.1.2Boundary conditions
Boundary conditions:

The three walls in the current study, RGIC-1, RCL-YC-2 and RCLYC-3 had the same
boundary conditions. Simply supported conditions were provided to prevenf-plane wall
translation and to allow for ongay bending behavior. After the vimlcured more than 28 days,
they were moved to the shock tube for setup. Tthergap between the top of the wall and the
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