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Abstract

Retrofit of unreinforced masonry (URM) buildings is continually attracting the
interest of masonry professionals. This is because there are enormous URM
building stocks in different parts of the world that have shown vulnerability to
damage against oubf-plane actions due to having limied flexural strength and
deformation resistance. As such, there is a global trend of promoting the
development of different retrofit techniques for URM wall. Thus, this study
proposed an experimental and numerical investigation into the possibility of
retr ofitting URM wall usingoriented strand board (OSB timber-panel. The aim is
to estimate the improvements inthe out-of-plane capacity of URM wall retrofitted
with OSB panel. The study focuses on investigating oeaf-plane behaviour
becauseout-of-plane falure mode has been identified as the most critical failure

mode of URM walls.

The proposed retrofitting approach is by securing an OSB/ type 3 timbgpanel
behind URM wall usingthreaded anchor rods together with an option of plastic
plug or injection mortar. The methodologes adopted to deliver the overall aim
and objectives of ths study, as identified in this thesis were experimental tests

and numerical analyses.

Flexural strength in the form of four-point bending tests has been obtained on
nine smallscale masonry prisms (615 x 215 x 102.5mm) and six largescale
masonry walls (1115 x 1115 x 225mm). The effectiveness of the proposed OSB
panel retrofit technique has been assessed in term of flexural strength, absorbed
energy (toughness), ouof-plane load capacity and displacement. The test results
show that OSB type 3 can consadlably increase the load and flexure capacity of
retrofitted masonry walls by (1.4 & 1.8), limiting toughness by (1.6 & 2.4) and
overall toughness by (16 & 10)Ximes that of plain wall subjected to outof-plane
loading for retrofit application on single (i.e tensile side only)and double-sides of
the wall respectively. It can be concluded that the application of the proposed OSB
retrofit technique greatly influenced the outof-plane performance of the

retrofitted wall and also prevents its quastbrittle collapse.

Numerical analysis using commerciafinite element software, ABAQUS was also
performed and validated against the experimental dataThe observed damage



pattern and loaddisplacement plots compared with the experimental
observations are in good agrement (within 5% difference). The calibrated model
was then extended to parametric analysis to assess the model capability to
simulate URM walls retrofitted with different OSB panel thicknessdifferent
connection spacing anddifferent retrofit application position. The parametric
analysis reveals that the thickness of the OSB timber is directly proportional to
the out-of-plane load and displacement resistance of the system. It also shows that
there is noenough composite action between the masoy and the OSB timber
when the connection spacing is greater than 500mnilhe parametric analyses
revealed that the application of the retrofit on only the compression side does not
improve the load capacity of the retrofitted walls significantly. Hence itis
recommended that the application should be applied on the tensile sides of the
wall or both sides wheredesirable.

Interestingly, the cost of applying this proposed OSB technique on a square meter
of a masonry wall (materials and labour) is estimated tde £47 as against £152
estimated for typical fibre-based retrofit applications on 1n? masonry wall using
the market prices in EnglandThe proposed retrofit technique in comparison with
the other existing fibre-based retrofit techniques performed well interms of
increased capacity and it is cheaper and easy to apply.

Keywords : Experiment, Finite Element (FE) Analysis, Flexural StrengtMasonry, Outof-Plane,
OSBTimber-Panel,Retrofitting, URMWall.
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: tensile strength of masonry unit
: tensile strength of mortar

- flexural strength of the masonry prism

. parameter for ascending branch of the compression curve

: parameter for descending branch of the compression curve
: parameter for descending braxh of the tensile curve

: dry density of brick unit

. equivalent strain at 60% maximum load



g

94

XVviii

: compressive strain
: compressive strain at the peak stress
: tensile strain at cracking
: tensile strain
: stress at 60% maximum load
: compressive stress
: maximum stress n brick unit
: coefficient of friction
: displacement in the masonry specimen
. eccentricity parameter
: height of brick unit
. is a constant, function of the type of units and mortar
: stress ratio in tensile meridian
: traction-separation stiffness coefficient
: mass density
: dilation angle
: loaded area
: breadth of the brick unit
: length of the brick unit

: constantsbased on mortar usedor finding masonry compressive strength



CHAPTER ONE INTRODUCTION

1.0 Background

Masonry is aconfiguration of brick units bonded together with mortar often
categorised as a homogenous brittle composite materiglLourenco, 1996). Before
the emergence of more recent building materials such as concrete and steel,
masonrywas the predominant building material. Masonry materialsare relatively
available at low cost andwere used according to the common practice, mostly
derived on empiric rules of proportion based on experiencéingrid, 2016). These
make masonry construction to be popular as one of the earliest building

categories.

A large numberof unreinforced masonry (URM) structures were built all over the

world in the past,and now they constitute a unique historical alue for civilisation,

besides the evident housingand infrastructural value. Old URM structures were

often designed and built using construction techniques with no conformity to any
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2008).As a result, old URM structures performvorse than recent structures when

subjected to excessive loading which may result in catastrophic failurdRamos

and Lourenco, 2004; Vasconcelos and Lourenco, 2009; Pepa al., 2010)

Therefore, retrofit of old URMstructuresto increase ther structural capadty and

ductility is highly encouraged to avert substantial damages and loss of lives when

subjected to excessive loading or in theaseof disastrous evens.

The failure of URM walls can be in oubf-plane (bending) or in-plane (shear), but
the out-of-plane collapse is the predominant mode of failure of URM wall€osta
et al., 201% Lin et al., 2016 Lourenco et al., 2017Abrams et al., 2017)The out
of-plane failure is predominant in URM walls because ofconnection failures
between perpendicular walls or between walls and diaphragmsAlso, URM walls
are vulnerable when subjected to oubf-plane loading (faceload) due to lack of
tensile resisting elements in the outof-plane direction (Hamoush et al., 200;
Derakhshan et al., 2009 ourencgo et al., 2017Abrams et al., 2017)Under severe

out-of-plane loading, the failure of a masonry wall is likely to be sudden and



severe, producing devastating damages, injuries and/or death of occupants and
passersby (Derakhshan et al., 2009Costaet al., 2012 Lin et al., 2016 Lourenco

et al., 2017 Abrams et al., 2017. Walls collapsing in outof-plane direction cause
the most significant amount of damagesompared to inplane failure. Outof-
plane loading can bedue to overpressure from blast effect induced by an
explosion, overpressure induced by impacts from a snowvalanche for mountain
areahabitation. It can also be due tthe effect of extreme windearthquake,and

generally wall subjected toout-of-plane pressure(Zeiny and Larralde, 2010).

The response of URM walls to owbf-plane excitation is a complex and ill-
understood research area(Priestley, 1985). However, recently, considerable

efforts have been made by several researchers to understand the behaviour of

URM walls subjected to out-of-plane loading both experimentally and
numerically. This developmentis because there isaO1 AT EI EOU 1T £ OAO/
opinion that out-of-plane failure is the most dangerous failure of URM walls
(UMINHO, 2006) Subsequently,structural retrofit s of URM buildingshave been
developedto increase their load capacity to meethe current load demandand

prevent this dangerous outof-plane failure of old URMstructures.

Retrofitting is continually becoming an important issue acrossthe urban
infrastructure. Most retrofits are driven by a combinationof improving energy
efficiency as well asenhancing structural capacity to damaged or vulnerable
structures. In the case of historical URM structure, retrofitting is airad at making
the building safer and less prone to major structural damage during an excessive
loading to preserve their culture and heritage significance (Wang et al., 2018)
This desire to retain historical buildings that have cultural and heritage value are
the impetus for research on how to develop sustainable retrofit techniques for
historical URMstructures. Retrofitting is quite different from the commonly used
terms, repair and rehabilitation. Retrofit is about making the structure more
resistant to damages. On the other handyepairing of structure is a process of
fixing damagedstructure to good working condition while rehabilitation is the

process that entailsrestoring the integrity of structure to its original state.

Retrofit of historical URM structure has been the subject of multiple earlier
studies. As such, many retrofit technologies have evolved. For instance, grout and

epoxy injection, reinforced plaster and shotcretes, steel column and plate as



external reinforcement, elastomeric spray, internal concretekin, post-tensioning
and confining URM usig reinforced concrete tie columns and masonry piers have
all been reviewed as alternatives retrofit techniquedy (ElGawady et al., 2004)
and (Oliveira et al., 2012) These techniquesvere investigated to make existing
masonry stronger and more capable ofesisting the effects of outof-plane loads
safely. Most of the techniques are traditional retrofitting approaches requiring a
considerable amount of time for implementation. They are also @adisadvantage
because theycan disrupt the historical and aeshetical form of the existing

structures and sometimes encroaches the functional spaces.

Meanwhile, retrofit of historic structures should be such that it neither disrupts
their custom nor alter their structural behaviour harshly. It should also be
reversible (Chrysostomou et al., 2015) Thisclaim by Chrysostomou et al(2015)
led to the emergent of innovative protection systems like base isolation and
energy-dissipation devices, such as viscous dampeasid shape memory alloys to
enhance the seismic resilience of cultural heritage against the effects of
earthquakes and excessive oubf-plane loading. These methods would mitigate
the rocking response of blocKike elements during earthquakes(Chrysostomou

et al, 2015). However, the number of technical details and resources required for
these techniques make them complex methods to be adopted. Also, the heavy-non
structural objects like dampers, which are placed on top or inside the old URM
buildings in these approaches, present a serious hazard for both human lives and

cultural heritage in the event of structural failure (Chiozzi et al., 2015).

The application of composite materials such as epoxy and fibre reinforced
polymer (FRP) mostly based on carborglass, and aramid fibre offers promising
retrofitting possibilities for masonry buildings (Corradi et al., 2015 Ismail and
Ingham, 2016). They present several weknown advantages over existing
conventional techniques. They do not alter the configuratiorf the building on
which they were applied. Most studies have highlighted that FRP application
compared to the conventional techniques, make less ingress into functional space
to achieve a reasonable increase in structural capacity (Nanmnd Tumialan,
2003; Saadatmanesh, 2014Corradi, et al., 201% This is because=RP hagjuite
higher strength and stiffness tathicknessratio. FRP composites have then arisen

to be one of the most promising construction materials for retrofit of historic



structures (Alkhrdaji, 2013). Some of the drawbacks of FRP applications are the
relatively high cost of the material, the technical requirementor the installation,

and limited knowledge about the ageing properties of the material.

Moreover, some experimental tests showed that FRP is less so compatible with
masonry due to the differences between stiffnessstrengths, and thermal
coefficients (Gatescoand Boem, 2017). Also, masonry surfaces showed a weak
bond to the FRP (Alkhrdaji, 2013 Gattescoand Boem, 2017). The weak bond is
due to the type of substrate material and irregularity of the masonry surface,
which may induce debonding, and thus redce the proclaimed effectiveness of
FRP in retrofitting URM structures (Gattescand Boem, 2017).

A different approach is the retrofit of adobe masonry building using canes (Varum
et al., 2013) and rammed earth using timber posts (Silva et al., 2013) agexal
reinforcement. The applied timber postpreventsthe sudden failure of the earthen
material, which is due to the low tensile strength of the earth material (Silva et al.,
2013). The timber has high tensile strength and displaces gradually in the cof-
plane direction without brittle failure taking up the additional lateral load. This
improvement recorded in the tensile strength of rammed earth retrofitted by
fixing of timber posts behind the wall spurred the interest in aiming to propose
retrofit of URM wall using timber panel. Therefore, the current study proposes to
adopt an oriented strand board (OSB) timber panel to retrofit URM walls to
improve out-of-plane performances. This study considered timbebased
techniques because timber material is eagmmical and can be easily sourced

around the globe.

Indeed, timber-panels are currently being used as wall insulation for energy
retrofit of old URM buildings (Pelenur, 2013 Giongo et al., 2017), but their
application for structural retrofitting of URM wall is still not been thoroughly
OOOAEAA8 417 OEA OAOAAOAEAOBO ETT xandACAn
Dujic, 2014) was the first study on the application of timber panels as
strengthening system for existing buildings against seismic force. The-plane
behaviour of URM wall retrofitted with Cross Laminated Timber (CLT) panel was
studied, the results showed that there is a considerable increase in strength and
ductility of the retrofitted URM wall. This increase in ductility isbecause ofan

increase in the displacement capacity and resistance of the retrofitted wall.



Sustersicand Dujic (2014) reported a 100% increase in ductility when the CLT
panel was connected to URM walls with a specially developed steel connection at
top and bottom of the wal. However, the availability of these special connections
in the open market is a concern limiting the acceptability of the techniques.
Moreover, the difficulty in introducing heavy and stiff CLT panel in old URM
buildings make this solution questionableHere, in contrast, OSB panel connected
to the URM walls by threaded dry rod connections and injectable chemical

adhesive anchor readily available in the European market were investigated.

In this study, a fourpoint bending test on 615 x 215 x 102.5mm sméikcale
masonry prism and 1115 x 1115 x 215mm largesscale masonry wall are
presented to evaluate the flexural performance (oubf-plane load capacity and
deflection), toughness (energy absorption capacity) of URM walls retrofitted with
OSB timber panel. Tie experimental works involved subjecting both plain and
timber retrofited URM walls to out-of-plane loading using quasitatic
(monotonic) loading scheme.The reasons for selecting the quasstatic loading
scheme is that the test will be able to replica the behaviour of URM wall when
subjected to cycles of loadings through a hydraulic actuator. This quastatic
testing method is, of course, a simple test method to approximate the loading that
a URM wall is subjected to during a seismic event but not tmpture the entire
dynamic nature of the earthquake (Beyer et al., 2014). Quasiatic loading has
been widely accepted and implemented in previous studies in the absence of
shaking table facilities (Lourenco, 1998 UMINHO, 2006 Beyer et al., 2014).
Meanwhile, this research is not exclusively applicable to earthquakes but to
generate knowledge and understanding of whether timber panels can improve
the out-of-plane capacity of URM walls against excessive eof-plane loading in

general.

This research entails experimental and numericalnvestigation on the use of
oriented stranded board (OSB/type 3)timber-panel in retrofitting unreinforced
masonry wall. The significarce of this study is to promote the use obriented
strand board (OSB) tmber panels which is cheaper, easily availabland can be
considered as a sustainable materiah retrofitting URM walls. The introduction
of this retrofit approach using OSB timber panel wiladd to the existing masonry

retrofit techniques and also provde practitioners with the opportunity to choose



an appropriate retrofit technique for URMwalls from the available pool. The
research output will ultimately serve as aids in decision making when planning

and during any retrofit of historic masonry structures.

1.1 Research Question and Hypotheses

To what extentthe application of oriented stranded board (OSB/type 3)timber
panel in retrofitting URM walls canimprove the out-of-plane capacity of URM

walls?
The research questions based on the following hypotheses

x Hypothesis 1: URMwalls that have been previously retrofitted will perform
better than unretrofitted URM walls when subjected to similar loading
scenario.

x Hypothesis 2: Retrofit of old URMwalls will avert substantial damages and
loss of lives when subjected to excessive loading or in the case of disastrous
events.

x Hypothesis 3: URM walkfailing in out-of-plane direction will be more likely
devastating than the in-plane failure.

x Hypothesis 4. Adding a material such has OSBpe 3,with improved tensile

capacity will likely improve the out-of-plane capacity of URM walls.

1.2 Aim

x  This research ains to developand evaluate the performance of a newmber -
based retrofit technique for URM wak. This reseach aim was achieved

through the enabling objectivesdentified in section 1.3.

1.3 Objectives and Scope of the Study

x Objective 1. To review and analyse available experimental results to
understand the structural behaviour and failure mechanism of masonry walls,
and to understand the contribution of different retrofit technique in

countering the out-of-plane failure of masonry walls(Section 2).



x Objective 2: To plan the experimental and numerical investigation
exhaustively to study the efficiency of the proposed timbebased retrofit
technique (Section 3)

x Objective 3: Experimental investigations (Section 4)

A Objective 3.1: To experimentally characterise the mechanical properties
of masonry brick units and mortar used in building the masonry
specimens tested in this study (Section 4.1)

A Objective 3.2: To perform flexural bond strength test on 615 x 215 x
102.5mm smaltscale plain and rérofitted masonry prism to understand
the behaviour of masonry prism specimens and the connection between
masonry and timber panel (Section 4.2)

A Objective 3.3: To perform out-of-plane flexural strength test on 1115 x
1115x 215mm largerscalemasonry walls (i.e. plain URM wall and URM
walls retrofitted with timber-based panel) (Section 4.3)

x Objective 4: To develop finite element models (FEM) toperform numerical
analysison out-of-plane behaviour of URM wallgi.e. both plain URM wall and
URM walls retrofitted with wood-based panel) (Section 5.% 5.4).

x Objective 5: To validate the finite element models against the experimental

data and carry out a parametric study (Section 5.5)

The scope of this research is limited ta single leaf, double wythes solid wall panel
without returning walls at the corners. This research is limited to investigating
only the out-of-plane behaviour of masonry wall. Only quasstatic load will be
considered in this study. Inplane behaviour ard wall subject to a real earthquake

(dynamic loads) are not treated.

1.4 Thesis Outlines

In addition to this introductory chapter, the thesis contairs five other chaptersas

follow:

x  Chapter 2: provides a concise review of literature about masonry structures,
structural behaviour of URM wallsand failure modes of URM walllsAfter that,
a review o existing retrofit techniques for countering the failure of URM wall

is presented Also, in this chapter is a review of the experimental tests to study



out-of-plane failure of URM wall.At the end of the review, thena brief
introduction of the proposed timber-based retrofit technique, the objectives,
scope and the limitation of this researchare presented

Chapter 3: presents the overall study program for investigating the proposed
techniques. The full experimental and numerical prograns presentedhere.
Chapter 4: contains the details of the experimental campaign including
material characterisation, smaliscaletest on 665 x 215x 102.5mm masonry
prisms, and larger-scaleteston 1115 x 1115 x215mm masonry walls.
Chapter 5: discusses the details of the numerical amalysis and validation
including material characterisation, smaliscale andlarger-scae numerical
model. Parametric study onlarger-scale model is also presentetiere.
Chapter 6: presents the important conclusion from this research and

recommendation for future works.



CHAPTER TWO MASONRY BEHAVIOR AND STRUCTURAL
RETROFIT TECHNIQUES

2.0 Masonry

Masonry can be described as the configuration of masonry units bonded together
with mortar. There are various materials of masonryconstruction such as
building stones (e.g. granite, marble and limestone), clay tiles, glass block,
concrete block and brick. The most used of these are bricks and concrete blocks.
Masonry materials are relatively available at low cost and can be easily itiu
These make masonry to be popular as one of the earliest building categories.
Masonries have proven history of durability and resistance to weathering. They
behave fairly well under normal gravity loading. However, in the event of an
extreme loading lke earthquakes and excessive otdf-plane loads, they attain
partial to total collapse, which results in largescale loss of lives (Drysdale et al.,
1993).

According to the British Standard Institution (BSI, 1996), masonry can be
classified as unreinforced reinforced, confined, and prestressed depending on the
level of engineering details involved in the constructionReinforced masonryis
masanry construction in which bars or mesh are embedded imortar or concrete
so that all the materials act together n resisting action effects Prestressed
masonryis the onein which internal compressive stresses have been intentionbl
induced by tensioned reinforcement(BSI, 1996).Confined masonryis provided
with reinforced concrete or reinforced masonry confiningelements in the vertical
and horizontal direction. Meanwhile, unreinforced masonry is a category of
masonry construction with no or insufficient reinforcement to be considered as

reinforced masonry (BSI, 1996).

However, the most common type in traditional and historical structures are
unreinforced masonry which is particularly susceptible to damages from ouof-
plane loads (Ingham and Griffith, 2011). Hence, this study focuses on

unreinforced masonrywalls.
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2.1 Unreinforced Masonry (URM) Wall

URM walls are typically arranged masonry unitsbonded together by mortar
without sufficient reinforcement or mostly no reinforcement at all The
arrangements are such that the units are in a regular pattern called bonds such as
Stretcher, Flemish, and English boncaetc. (Fig. 2.1). Typically, URM walls in
masonry building are primarily structural walls. Their primary functions are to
support their self-weight, dead loads from floors and roof, and live loads due to
the usage.They canbe singleleaf, doubleleaves, cavity and grouted cavity wadl
(BSI, 1996)

Single-leaf wall : This is a solid wall without cavity or continuous vertical joint in

its plane (Fig 2.2a).This also includes double wythe single leaf wall (Fig. 2.2b).

Double-leaves wall: This comprises of two parallel wall leaves with the
longitudinal joint between the leaves filled solidly with mortar (collar joint). The
leavesare securely tied togethemwith wall ties (Fig 2.2c)to have a common action

under loads.

Cavity wall: It is alsoa double leaveswall system where two parallel singleleaf
are effectively tied together with wall ties. But the space between timeis left as a
continuous cavity or partially filled with non-load bearing thermal insulating
material (Fig 2.2d).

Grouted cavity wall: wall consisting of two parallel leaves with the cavity filled
with concrete or grout and securely tied together with wall ties or bed joint

reinforcement.

Other typesof URM walls & related to masonry construction methods and usage

are shell bedded, veneer, ar, stiffening and face wal(BSI, 1996)
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Figure 21. Type of URM wall bond
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Figure 22. URM wall: (a)Single-leaf (b) Double wythe singleleaf (c) Double-leaf (d) Cavity wall

2.2 Structural Behaviour of URM Wall

Masonry structure is one of the simplest types of structure regarding its
construction and skill requirements. Nevertheless, masonry is a complex
construction material to understand in term of its structural response and
mechanical properties. The complexity is because correct behaviour assessment
of masonry structure is difficult (Costaet al., 2011). Its behaviour is often
influenced by the quality of materials usd, workmanship, and the bond pattern
(Wanget al., 2016). It is quasbrittle in nature, hefty in self-weight, contains loose
components, has low tolerance to oscillation and thus undergoes sudden brittle
failure without much warning to the occupants(Priestley, 1985 Lourenco et al.,
2017). Therefore, in case of sudden failure induced by hazards, occupants of URM
structures do not have enough time to run for safety. Hence, detail consideration
for retrofit of old URM walls is highly encouraged to ensure t they can perform

their highly sought energy absorption and force relieving roles against failures.

2.3 Failure Modes of URM Wall

The failure of URM walé can leadto partial or global collapse of the wak in out-
of-plane due to bending or in-plane due to shea (Pabaraharan, 2008; Nazir,
2015). URM walls have considerable compressive strength under vertical loading,
but they are relatively weak in tensile strength to resist lateral (ouwof-plane)
loads (Ismail and Khattak, 2019).They are weak agaist overpressure from blast

effect induced by explosion or earthquake, snovavalanche for habitation in a
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mountain area, extreme wind, and mostly lateral (oubf-plane) loading.Previous
occurrences reported by Jorgustirf2011), Costaet al.(2011) and Panet al.(2016)
shown that URM walls have exhibited their extreme vulnerability in the event of
excessive ouof-plane loading. The failure mode of URM walls is often brittle due
to their limited ductility (Ismail andKhattak, 2019). URM wall failures can hgpen

in quite many of the inplane and outof-plane modes. For instance, cracks can
develop along bed joint in flexure due to oubf-plane forces acting normal to the
axial plane or diagonal cracks can occur due to-plane forces acting parallel to
the axal plane of the wall(Bui et al., 201Q Costa et al., 2011Lin, et al., 2016).

Generally, the failure of URM wall is attributed to structural irregularity, poor
connections between orthogonal walls and between walls, inadequate rigid floor
diaphragms to attain box behaviour, and inadequate structurahtegrity (Magenes
and Calvi, 199; Ingrid, 2016). Depending on the response of URM structures, the
failure mechanism of masonry building can be local (mode 1) or global (mode II)
(Fig. 2.3). The mode | failure mechanisms is generally associated with an it
plane failure of a structurd element (local damage) which are caused due to lack
of adequate anchorage of walls and diaphragrtFlorio, 2010). Meanwhile, the
forces acting inplane with the wall usually causes the mode Il failure and is
typically marked by inclined cracks associateavith shear forces that often result

ET AT 0085 DAOOAOI 8 7EAI

~ NN =

£6i 1 O6b6s

0 A
OAAQCEITO 1T &£/ OEA 0068668 AAT AAAITT A O1 00

(@) (b)

Figure 23. Failuwe mechanism modes (a) Mode I local collapse mechanism(D'Ayala and

Speranza, 2003) (b) Mode Ik global collapse mechanisnfMagenesand Calvi, 1997)
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2.3.1 In-Plane Failure Modes of URM Wall

Shing et al.(1991), Davidsonand Brammer (1996) and Nazir (2015) concurred

that URM walls exhibit three simple forms of irplane failure, as shown in figure

2.4. The wall geometry influences these failure mechanisms i.e. the ratio of wall

height to its length (H/L) and layout of joints (Brunnerand Shing, 1996 Minaie,

2009). As deduced from Nazi(2015), a shorter wall (H/L<<<1.0) tends to fail as
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to diagonal cracking induced by the principal tension perpendicular taliagonal

strut (Fig. 2.4b). For walls with (H/L>1), flexural failure is the most common

failure exhibited (Fig 2.4c).
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(b): Diagonal shear failure (c): Flexural failure

Figure 24.In-plane failure modes of URM (Nazir, 2015)

2.3.2 Out-of-Plane Failure Modes of URM Wall

Either one-way or two-way bending characterises the oubf-plane failure of URM

walls. The bending is such that the wall will bend either in or out of its original

plane. These can result i partial or total collapse of the wall (Fig. 5). It is the

most devastating failure mode in URM wad (Lin et al., 2016) Lourenco et al.

(2017) also stated thatwalls collapsing in the outof-plane represent a major

hazard in the failure of URM building. The major cause of otdf-plane failure is

due to the lack oftensile resisting elements in URMvall when loaded in the out

of-plane direction. Other causes are connection failures between perpendicular

TEEI

walls or between walls and diaphragms, presence of large spaces inside URM
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buildings, insufficient connections to tansverse structural elements Costa et al.
(2014) and Lin et al. (2016) enumerated that wall thickness, slenderness ratio,
wall to diaphragm connections are the key parameters in assessing the eoft
plane capacity of URM walls. Furthermore, the strengibf masonry wall of a given
type will be influenced by the eccentricity of vertical loading and the slenderness
ratio when buckling failure of the masonry wall is involved as highlighted in the
study of Hendry (1998) and Sandoval and Roca (2012)'he impact of the
slenderness ratio ofthe masonry wall on the loadcarrying capacity of the walls is
such that an increased slenderness ratio reduces the load capacity of the wall
(Hendry, 1998). The study of Sandoval and Roca (2012) expatiated that walls with
lower stiffness will respond more drastically to the increase irthe slenderness
ratio of the wall. For the eccentricity of the vertical load, the main failure of the
masonry will be by crushing when masonry wall is subjected to compression load
with null eccentricity. However, if the vertical load is applied with a higher
eccentricity, the failure will be due to instability resulting in buckling (Hendry,
1998; Sandoval and Roca, 2012).

Figure 25. Out-of-plane failure modes of URMDe Santis et al., 2015)

Similarly, BSI(1996) maintained that flexural loading as a result of facéoads on
walls in the out-of-plane direction is the worst case. This flexural loading can
cause the bending of the wall to have a plane of failure either parallel or
perpendicular to the bed joints (Fig.2.6). The flexural failures of masonry wall

occur due to either $ress exceeding the tensile strength of the unir that of unit-
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mortar bond strength. Considering failure where the induced stress exceeds the
unit-mortar bond strength (i.e strong unit - weak joint combination), the failure
with the plane of failure parallel to the bed joint is the most devastatingThis is
becausein masonry with weak mortar, the ability to withstand tensile stressing
(tensile bond strength) in thebedjoint zone is generaly very slight (low adhesive
strength between the mortar and the unit, edge ebonding of the mortar due to
shrinkage, incomplete mortaring of thebed joint). Meanwhile, for the failure to
occur perpendicular to the bed joint, thefailure will pass through the bed jont
and meat up with theunit, which is strongerbefore moving to the head joint(Fig.

2.60(ii)) , this requires higher stress than the failurgarallel to bedjoints.

According to BSI (1996), he characteristic flexural strength of masonryeither
with the plane of failure parallel or perpendicular to the bed joint may be
determined by testsfollowing EN 10522 provisions as later done in this thesis.
Also, it may be established from an evaluation of test data based on the flexural
strengths of masary obtained from appropriate combinations of units and

mortar using coeffcients in tables under section 3.6.3 oBSI (1996).

Interestingly, using the tables mentioned above the characteristic flexural
strength of masoniy with the plane of failure pamllel to the bedjoint (fxi) is
smaller than its contemporary with failure perpendicular to the joint (fxk2). For
instance, using a combination of clay masonry unit angeneralpurpose mortar
of strength greater than SN/mne, fxi is 0.IN/mm2while fxz is 0.4 N/mmz2. Clearly,
this supported the observation that the failure plane parallel to the begbint is the
weakest andthe most devasting failure mode in masonry walk with strong unit -

weak joint combination.

b)

Figure 26. URMfailure plane: (a) parallel to bed joints, (b) perpendicular to bedoints (BSI, 1996)
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Furthermore, D'Ayala and Speranza(2003) identified that the development of
out-of-plane failure mechanism in URM building depends on thquality and
strength of the connections with the other elements of the structure, party walls,
internal load-bearing partitions, floors, and roof structuresD'ayalaand Speranza
(2002) had earlier developed a procedure called FaMIVEFailure Mechanism
Identification and Vulnerability Evaluation). FaMIVE identified the differen type
of out-of-plane damages found in buildings with preexisting seismic damages. As
such, the various type of oubf-plane failure mechanism and the possibleollapse

causes werereviewed as shown intable 2.1
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Table 2.1:0ut-of-plane failure mechanism by FaMIVED'ayala & Speranza, 2002)

A- Vertical overturning: insufficient
connection at the edges othe wall to
generate restraint by the party wall

B1- Overturning with one side party wall:
sufficient connection of facade wall to on€
party wall to involve it in the overturning

B2- Overturning with two sides party
walls: sufficient connection to involve,
beyond the facade wall, both party wallg
into the overturning

G Corneroverturning around a horizontal
hinge and orthogonal to the corner
bisector plane. Occurs wherthe corner of
the building is free, without any adacent
structures

D- Partial overturning, for which only a
portion of the facade is subjected tg
overturning and the party walls are not
involved directly in the mechanism

E- Vertical strip overturning: considered
when due to the window layout, there
might be a solution of integrity within the
facade plane leading to partial failures

F- Vertical arch: occurs when due to the
presence of ties, the vertical strips of the
facade tend to deflect ouf-plane, being
restrained at bottom andtop

G Horizontal arch occurs when thefacade
span is rather wide, and internal bearing
walls exert none or minimal restraining

action
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2.4  Structural Retrofit of URM Wall

This research work is onthe structural retrofit of URM walls to counter the out-
of-plane failure mechanisms in URM walls. Therefore, this section presents a
concise review of the existing retrofit techniques of URM wallslassified as shown

in figure 2.7 below.

Conventional Techniques

Joint treatment
Surface treatment
Internal reinforcement
External reinforcement

X X X X

Figure 2. 7 Classification of retrofit techniques
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Structural retrofitting is a process of modifying or increasing the structural
capacity and ductility of existing buildings. In the case of URM structures, retrofits
are used to offer some structural upgrade or struatral damage control for
existing URM structures. Over the years, several retrofit techniques have evolved
to improve the capacities of masonry structures in resisting excessive cwof-
plane loading, including earthquakesThe techniques were broadly dividel into
two categories;(i) memberlevel: retrofit consideration for particular member s of
the building such as walls, floor or roofand (ii) structure level: retrofit
consideration to improve the integrity and overall response of the whole building
(Izmir and Erberik, 2015; Binda and Cardani, 201p Under each level of
intervention is subgroup classified as conventional or innovative technique as
shown in figure 2.7. The subsequent sections 2.4.1 and 2.4.2 reviewed the retrofit

techniques under bothmember level and structuie level retrofit respectively.

2.4.1 Member Level Retrofit

Member level intervention mainly entails giving special consideration to
retrofitting individual members such as floor and wall of an existing URM building.
The process iwvolves crack repairing, repointing, rebuilding of weakened
material, and external supplemental support to a structural memberThe main
benefit of member level retrofit in URM building is to bring the members to a
condition that the members will be sufficent for the intended structural service
(Izmir and Erberik, 2015). As such, he retrofit technique being developed in this
research is a member level retrofit scheme that considers the application of
timber panel in retrofitting URM wall. Here, the existig member level retrofit

methods are being reviewed as follows in sections£2.1.1 and 24.1.2.

2.4.1.1 Conventional Techniques
241.1.1 Joint Treatment

This method is one of the earliest member level intervention techniques in
retrofitting URM structures. Joint treatment (Fig 2.8) is most appropriate in
structures where the quality of the masonry unitgs still very good, but the mortar
joint is weak. Wang et al (2018) indicated that joint treatment is ideal in URM

walls that have experienced some voids and cracks due to ageing or chemical and
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physical deterioration. The main advantages of joint treatment are its ease of
application with minimal cost and suitability for the preservation of historic
structures where the aesthetic or historical value of the structure is of high
priority. Joint treatment techniques involve approaches such agpointing, grout
and epoxy injection, and the technologically advared micro / fibre reinforced

mortar system.

Repointing: This is the most used traditional technique in treating
masonry joint. It is a process of replacing or refilling the mortar joints by a new
bonding material to restore the original integrity of the URM wall(ElIGawady et
al., 2004) Repointing is often idal in retrofitting multi -leaves masonry walls to
repair the poor connection between different layers of the wall. It is also a good
i ACET A ET £Z£EI1TEI ¢ OEA OI1 EAQwdagetaR&S8)A OU

Grout and epoxy injection: This is awidely used technique to repair
cracked/damaged masonry structures through the injection of new mortar. It is
very effective in restoring the initial stiffness and strength of masonry (Wang et
al., 2018).Giglaand Wenzel (1997) stated that the compatibility of the newly
introduced epoxy/grout injection to the existing materials is crucial because the
injection of an incompatible grout mix causes considerable damage. Also,
ElGawady et al. (2004) pointed out that the effectiveness of this technique
depends on the types of injection material and the techniques of injection usdd.
line with the claims submitted by Gigh andWenzel (1997) and ElGawady et al.
(2004) is an observation from Manzouri et al (1996) works where the use of a
high strength epoxy materials together with weaker units in existing masonry
alter the stress distributions within the structures under loading Clearly, his
combination is deemed structurally incompatible as the basic characteristiosf
masonry structures are strong units and weaker jointsTo avoid this issue of
incompatibility, the most widely used retrofit injections for URM structures are

cementbased grouts (Hamid et al., 1999Chuangand Zhuge, 2005).

Micro/Fibre reinforced mort ar system: This is a highperformance
strengthening and force protection system designed for extreme load resistance
and energy absorption.It combines an infusible ultrahigh-performance grout
with a densely layered micro steel or fibre reinforcement sysgm (Alkhrdaji,

2013). Erdogmus (2015) studied the potential use of fibre reinforced mortar

O
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(FRM) in the rehabilitation of existing masonry structures as joint reinforcement.
The study established that masonry joint reinforced with fibre or micro reinforced
iTOOAO T £#EAO0O A AT 1 OEAAOCAAIT A ET AOAAOA EI
energy absorption, and ductility during excessive loading.

However, Pierre et al.(1999) had earlier contended that microfibres
reduce the compressive strength of the mortadue to increases in the air content
of the mixture compared to the normal plain mortar. Also, Banfiland Forster
(2000) highlighted that the new materials applied to historic masonry buildings
could cause deterioration due to the difference in existing nrtars and new
mortars. These are parts of reasons why American Concrete Institute (ACI) does
not yet recognise the pronounced enhancements that even the most popular and
well-researched fibre reinforcement can provide for the structural behaviour of
masonry (ACI, 2014). In the meantime, to ensure a successful retrofit of URM
structures that will not damage the existing structure using FRM, Erdogmus
(2015) recommended that the new reinforced mortar must be prepared to be
compatible with the existing mortar and masonry units. When carried out
properly, FRM otherwise branded as steeleinforced grout (SRG) by De Santis et
al. (2015) provides substantial improvements in the outof-plane capacity of
masonry walls and may be an effective option to traditional rewfit methods. The
prerequisite to using FRM or SRG in the retrofit of historic masonry wall joint is
OEA AOOAOGOI AT O 1T &£ OEA AQEOOEI C i1 00A0B0
(Erdogmus, 2015)

Newly introduced

Existing .
mortar joint

mortar jointi

Figure 2. 8Joint treatment of URM walls
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2.4.1.1.2 Surface Treatment

This method involves enlarging existing URM walls with the addition of new
reinforced mortar layer or any other suitable coating materials to one or both
faces of the wallThe additional thickness achieved by the retrofitted wall leads to
improved strength and stiffness of the walls(Wang et al., 2018). The surface
treatment is common and easy to apply, but it is timeonsuming and alters the
historical appearance and aesthetic of # existing structures. Thus, it is not
suitable for historical heritage (EIGawady et al., 2004Vang et al., 2018)Surface
treatment techniques (Fig. 2.9) are classified based on the materials used. As such,
coating, elastomeric spray, shotcrete overlaygeinforced plaster, ferro cement and
engineering cementitious composite are the known techniques used in

retrofitting URM walls surface.

Coatings for URM walls: This is an application of coatings of thin cement
plaster on the surface of existing URM walbtimprove its structural performance.
Coating URM walls involves theseof anchors embedded into drilled holes on the
existing walls (Abrams, 1998)to resist the interface shear stresses between the
coating and the wall surface. The size and spacing of the anchors to be provided
depends on the thickness of the proposed coatingbrams (1998) suggested that
a 6mm diameter bolt spaced at 450mm horizorglly and vertically across the wall

is appropriate for 25mm thick coating.

Elastomeric spray: This is a relatively emerging concept of retrofitting
URM wall over the last two decades. It involves the application of ureapolyuria-
basedcoating directly to the rear face of an existing URM wall up to about 15mm
thick. Upon drying, the applied coating results in a tensile membrane which thus
augments the flexural capacity of the old URM wallt also reduces the risk of wall
spalling. Ward (2004) confirmed that the use of an elastomeric spray on the wall
was successful in reducing wall spalling when the retrofitted system was exposed
to blast pressures up to 35psi and impulses of 215psns. However, elastomeric
spray camot be used on loaebearing walls without the support of another load

bearing system.This view is also supported byElGawady et al. (2004)

Shotcrete overlays and reinforced plaster: This is a lowcost technique

for retrofit of URM walls. It is carried out ly creating composite behaviour
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between the old URM wall and new mortar via horizontal shear transfer through
the installation of connector links (steel dowels or nails). An arrangement of
connector links drilled through the wall thickness and steelwire mesh will be
covered by rich mix of cementsand mortar to thicken the existing wall for more
robustness and edundancy(Ward, 2004). Robustness is the ability of buildings
to deal with hazards in a way that igproportionate to the original causes while
redundancy is the ability to transfer loads into alternate areasNepal Building
Research Institute (NBRI) has found enlargement and overlay on old masonry
walls effective because many masonry buildings retrofitted with this approach
have performed well during recent earthquakes in Nepa(NBRI, 2016) NBRI
ascertained that for good results to be achieved, th@acement technique should
ensure intimate contact between the existing masonry wall and the new cement
mortar applied (NBRI, 2016)

Ferro cement:. This is a surface treatment method where composite
material such as mortar reinforced with light steel fabric/mesh is applied on the
wall surface. It is very effective in avoiding expulsion in the oubf-plane direction
of masonry panels and also reducinghe global in-plane damagegWang et al.,
2018). Concisely, its application is very effective in improving wall height to
thickness ratio which thus leads to a more rigid wall. The application of Ferro
cement consists of closely spaced multiple layers ofaldware mesh of fine rods
with reinforcement ratio of 3-8% completely embedded in 10 50mm thickness
of high strength (1530MPa) cement mortar layer(ElGawady et al., 2004)Ferro
cement application is majorly through manual labour, and it is thus cheap tadopt

in the developing countries where the labour cost is relativelynexpensive

Engineering cementitious composites (ECC): ECC is mainly used in
retrofit of masonry for achieving improved ductility level to avoid brittle failure
of masonry walls. ECCmaterial composition is very similar to fibre-reinforced
mortar composition (cement, sand, water, fibre, and a few chemical additives) but
ECC does not have a large volume of fibrglainly, its application is to provide
tension and flexural resistance thais lacking in the masonry wall Martins et al.,
(2015) investigated the application of ECC for preventing brittle failure and
concluded that the ductility of ECC retrofitted URM wall has been enhanced.
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Figure 2.9: Surface treatment of URM wall: (a) Drawing (b) Applicatiofward, 2004)

2.4.1.1.3 External Reinforcement

Supplemental strong back: This is an installation of external supplemental
support to masonry structures to provide additional gravity support or seismic
resistance. The supplemental support may be in the form of corbels installed
under the location where the structural capacity ugrade is required.Jansenand
Tilly (1999) submitted that seismic strengthening of masonry wall is sometimes
carried out by bolting vertical steel channel girders to the wall externally. Steel
reinforcements such as wind posts to safeguard URM wall agairgamages from
the abnormal horizontal forces can also be used (Dawson, 2015Recent
investigation on the application of supplemental steel on URM are rarkie to the
noted challenges of cost and increased dead load on the existing structures (Lantz
et al, 2016). The methodrequires regular maintenance via coating. fius, it is an

unappealing method in historical buildings because of its appearance (Fig. 2.10).

Figure 2.10: Externally strengthen wall with supplemental stee{Jansen & Tilly, 1999)
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Steel column and plate: This is another robust form of retrofit technique
different from the supplemental steel system. The approach involves securing
some steel columns behind the wall and connecting them into the building frame
at the floor and ceiling level at a regular inteval (Fig. 2.11). The steel plates are
used to tie steel columns flanges togethethereby generating an in situ tensile
membranes capable of resisting considerable seismic loadsantz et al., 2016)
This method is appropriate where loadbearing walls mustgive support to the
floor above. In term of the applicability, the method requires minimal preparation
of the internal surface. Still, the engineering and the installation process is
demanding, particularly as each connecting weld must be sound, and the

construction details can be problematiqWard, 2004).

Steal column
and plote

a) b)
Figure 2.11: Steel column and plate behind the wal{a)Elevation (Ward, 2004) (b) Plan view

2.4.1.1.4 Internal reinforcement:

Internal reinforced concrete (RC) skin: The emergent of seismic design
codes to design RC structures that can resist greater seismic loads has made it
possible to retrofit old masonry by incorporating an internal RC skin into the
building. The overall aimis to improve the robustness of the existing URM
building. The structural RC will be used to strengthen the building frame to resist
the huge loads and prevent building collapseThis method is useful where the
anticipated loads are so large, and the exisig URM is so weak that it is practically
impossible to achieve the required upgrade using any of the convectional retrofit
techniques.Seible et al(1997) highlighted that awell-constructed RC structural
member with adequate shear reinforcement, development length, lagplicing
and steel continuity through the joints can proffer a considerable increase in

seismic capacity of old masonry when integrated. HowevelklGawady et al.
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(2004) stated that before the impkementation of this retrofit solution, a full
structural analysis is required to determine whether it is necessary to underpin
the foundations to resist the additional dead loadsTheseextra tasks make the
approach verydemanding andexpensive.Berset et d. (2011) supported this by
submitting that the construction and sequence of the concreting works required
for internal RC skinsometimes might be difficult and complex. Were the method
Is deemedpracticable and best, it important to do the RC skisymmetrically (fig.

2.12a) to avoid failure due to norsymmetrical bracing (fig. 2.12b).

1
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Figure 2.12: Internal RC concrete skin (a) symmetrical (b) neesymmetrical

Durisol block: A proprietary invention branded as durisol block provides
a variation of the internal concrete skin. Durisol is a hollow concrete block made
of mineralised wood shavings as aggregates, instead of sand and st¢Derisol,
2014). Durisol block has been used as a convenient solution to retrofit URM
structures to offer some improvement in structural capacity of old URM. However,
Berset et al.(2011) explained that thedurisol walling system has limited ability
to absorb shear forcs from a seismic impact and also have relatively low weight
preventing it from generating a sufficiently high force to divert the shear forces
into compressive force. Therefore, structural reinforcement may be required to

strengthen the durisol walling sygem to resist the huge dynamic loas.

24.1.2 Innovative Techniques

Fibre -reinforced polymer (FRP) composite: FRP is an innovative
retrofit solution with externally bonded composites. The methods which have
been developing over the last few decades offsignificant strength improvement
with minimum thickness, no variation to the original structural geometry and no
mass increasgWillis et al., 2010). These advantages are the major drawbacks of
the conventional methods of retrofitting which were overcomeusing FRP. As

such, the use of FRP for strengthening and retrofit is gaining more popularity
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among design professionalsERP composite materials comprise of high strength
continuous fibres, such as glass, carbon, aramids or steel wires, embedded in a
polymer matrix (Alkhrdaji, 2013). Several studies on using FRP for increasing
structural capacity of masonry walls (Fig 2.13) have established that FRP provides
high-strength, lightweight, and economical structural retrofits solution for URM

structures (Nanni and Tumialan, 2003Saadatmanesh, 2014; Corradi et al., 2015).

While others are looking atFRP increasing popularityDe Santis et al{2015) have
submitted that inadequate fire-resistance, unidirectional behaviour, andhigher
cost (material cost of epoxy and FRP sheets, and high cost of skilled labour
applying the FRP materials) are some of the drawbacks of using FRP for

strengthening and retrofitting of masonry structures.

Regardless of the various benefits of using FRP in retrofit and new construction
submitted by many researchers, the fact that regulatory authorities (such as
American Concrete Institute (ACI)Soprintendenzein lItaly, English Heritagein
England, Conservabn Régionale des Monuments HistoriguesGRMH)in France,
etc.)do not yet recognse the use of FRP composites as a complete retrcadlution
for historical structures means the technique is not entirely problerdree (ACI,
2014; Borri et al.,2014; Corradi et al., 2015) An observer reported that FRP wraps
used in retrofit of a masonry structure failed during an earthquake in Italy, the
failures were attributed to the sharp edges of the masonry wall which torn the
FRP apart during the earthquakeCorradi et al. (2015) expounded that ®me of
the drawbacks in the use of FRP composite in retrofitting of monuments are
attributed to the use of organic resins (epoxies) to bind or impregnate the fibres.
The problems of using organic resins are poor behaviour of epoxy resins at
temperatures alove the glass transition temperature, high cost of epoxies and
potential hazards to worker. Epoxy resins also prevent watevapour
permeability and possess very low fire resistance. Therefore, in many places such
as ltaly, England and France, heritage coawation authorities do not permit
extensive use of epoxy adhesives on historical listed buildings or monuments
(Corradi et al., 2015)
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FRP bending

Figure 2.13: FRP strengthening approach on masonry w#lWlVang, et al., 2018)

Internal and external post -tensioning: Posttensioning is used
externally in enlarged section and internally in drilled/cored holes(Daly and
Witamawan, 1997). The basic constituents of the system are the steel tendons,
cementitious grout, and a sock to hold the gwut. In this method, ducts are created
in the existing masonry wall, steel tendons or strands will then be fed and
tensioned through the ducts. The tensioned strands to the required stress will
then anchored to the wall and sealed with grouting (fig 2.14)The steel tendons
are primarily required to provide long term durability and increase the ductility
of the old wall against seismic resistancéJansenand Tilly, 1999). Whereas, the
grout which could be either cementitious or epoxybased material is very
important to protect the tendon in the duct against corrosion(Biggs, 2003) The
main function of the sock is to encompass thgrout and prevent any loose
brickwork being displaced by the injection pressures. The sock also as
ordered seepage of grout to enable a structural connection within the surrounding

brickwork (Post Tensioning Institutes, 2006)

Bailey et al. (2015)assessedthe performance of two stone masonry buildings
retrofitted by post-tensioning during the February 2011 Canterbury earthquakes.
Their study concluded that the posttensioning retrofit system significantly

improved the in-plane and outof-plane wall strength and the ability to limit
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residual wall displacements in the retrofitted building. This implies that the post

tensioning system is highly effective in seismic retrofitting.

Steel bearing
plate

Tendon wire

Grout inside
socks

a)
Figure 2.14: Posttensioning of URM wall; a) Application(Jansen & Tilly, 1999)) Schematic
Shape memory alloys (SMAs) for retrofitting of URM: SMAs sometimes

referred to as smart metal is described as a distinct type of matalloys that are
capable of recovering from apparent permanent strains when they are heated
above a certain temperature. They can be used to generate motion or force and
can store the deformation energyJaniet al., 2014) Shrestha(2011) corroborated
that SMA are highly superelastic and possess shape recovery property on
unloading. SMASs are also capable of dissipating energy, limit force transmissions,
and reducing or eliminating residual deformations. Due to this auspicious
property which helps to stabilise retrofitted masonry during and after excessive
action, SMA finds its way into the historical masonry retrofitting space. As
reported, one of the first documented application of SMAs in retrofitting masonry
was done on S. Giorgio Church Bell Toweri@F2.15) by Indirli et al. (2001). The
process is similar to the posttensioning procedures earlier described with the
introduction of the smart metal of 1mm diameter as the materialAfter that, there
several other retrofit projects that have considered using SMAs to retrofit
historical masonry constructions (Chrysostomou et al., 2008Paret et al., 2008
Martelli, 2008). However, the high cost of SMA material and the intense technical
details involved in its machining has hampered their widespread use in

retrofitting of historical URM constructions.
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a) f’%ﬁd& |- \ W b)
Figure 2.15: St. Giorgio bell tower retrofitted with SMA: (ageneralview (b) retrofit location
(Indirli et al., 2001)

Reticulatus system: Reticulatus isan innovative retrofit technique that
was first introduced at the University of Perugia, Italy as a repair and preventive
technique for retrofitting rubble stone masonry (Borri et al., 2008). The obvious
advantage of this technique (Fig 2.16) is that the faifaced masonry waskept as
existing after the application. Technically, the method provided a crossterlock
especially for rubble masonry and supplied resistance to tensile strength for
normal lateral forces( Borri et al., 2008;Fonti et al., 2017) The system comprises
of two components (continuous mesh cords and transverse bars) which are
embedded in the mortar joints. The continuous mesh cords which are made of
rope, high strength steels or a composite such as polyethyler{€astori et al.,
2016) are inserted in the mortar joint by anchoring it to the wall using transverse

metal bars (such as threaded rods and eyebolts).

Fonti et al. (2017)explainedthat the first requirement of this method is that the
mesh cords must be arranged in a vertical and horizontal directiolhese must
be accurately settled by following the masonry pattern, thus forming an
approximately square mesh. The desired cross interlock will be obtained by
anchoring the nodes of the mesh cords to the already settled transverse connector

in the mortar joint.

Castori et al.(2016) reported that this technique exhibited an increase in shear

strength of up to 170% compared to unreinforced reference panels when used on
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old masonry that have low quality of the preexisting mortar. However,Csikai, et
al. (2014) pointed out that the increase in the maximum applied bending force in
the cracking limit point and the initial stiffness only could be achieved if

appropriate pretensioning of the reinforcing grid/cords is done.

g U U

Figure 2.16: Reticulatus system showinghe reinforcement idea andpattern (Fonti et al., 2017)

2.4.2 Structur e Level Retrofit

2.4.2.1 Conventional Techniques

24211 Floor/Roof Diaphragm Action Connectivity

The connection between walls and floor/roof ofa masonry structure is crucial in
transferring lateral action to the walls of any structure under horizontal load (ot
of-plane). This had led to the emergent aftructure level intervention techniques
that can hold all the building components together such that they behave like a
box under loading. This is achieved through various means thatan tie all
structural and non-structural elements in a masonry building together so as to
provide the building with improved structural integrity (da Porto et al., 2018)
Improved diaphragm action in URM can be achieved by any of figure 2.17 (a)
adding wooden plank in orthogonal direction on top of an existing floor of
masonry with a proper connection to the wall ofthe floor (b) applying metallic
bracing belts or bars (c)fixing metallic ties at the extrados of flootto improve the

stiffness of existing building (Valluzzi et al., 2008)



a)orthogonal plank b) metallic bracing ties c) metallic ties

Figure 2.17. Floor/Roof diaphragm strengthening intervention

2.4.2.1.2 Reinforced Concrete Tie and Masonry Confinement

This is the process of providing confinement for existing masonry walls using a
reinforced concrete column or by building masonry pier which can be reinforced
or plain masonry. The confinements are usually lpced at wall corners and

intersection (Fig. 2.18) This method is widely recognised in masonry

construction in Europe (BSI, 2004) It is also one of the most used masonry
construction systems for both newmasonry buildings and in retrofitting of

existing masonry building in Asia and Latin America.

The vertical RC or masonry tie columns which confine the walls at all corners and
wall intersections is the main feature of the confinement technologylhis retrofit
approach has deepooted success in the earlier study oZezhen et al. (1984)
where the results show thatthe tie column connected with a tie beam have
significant positive effect on walls behaviour. AlspKarantoni and Fardis (1992)
and Chuxian et al. (1997)agreed that onfinement prevents disintegration,
improves ductility and energy dissipation of URM buildingsHowever, for the
confinement to be effective, tie columns should connect well with tie beam along
the walls at floors levels(ElGawady et al., 2004)More so,Brzev (2014) reported
that URM building confined with RC columns remained undamaged in the 8.0
magnitudes earthquake in 2007 in Pisco while many other masonry buildirgy

around experienced severe damage and collapse (fig. 2.19).
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Figure 2.18: RC column confinement in masonry wall (ElGawady, et al., 2004)

Figure 2.19: Performance of RC confined masonry in 2007 Pisco earthqugBezev, 2014)

2.4.2.2 Innovative Technologies
24221 Base isolations

Base isolation is an innovative structural level intervention strategy mainly used
to modify the response of structure for seismic risk mitigation. Like every other
retrofit technology, the motive of base isolation technique is to reduce the
potential for heavy structural damage or collapse and not to earthquake proof.
The main concept of the technology is to isolate the superstructure from the
substructure using isolation device such as elastomeric bearingMatsagar and

Jangid, 2008) This isolation systenmwill alter the behaviour of the building during

an earthquake as shown in figure 2.20.

The advantage of base isolation compared to conventional methods discussed

earlier is by reducing the seismic forces transmitted into the structure Base
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isolation continues gaining more popularity in the retrofit of cultural heritage in
seismically active regions. As such, the Eurocode 8 now contains two chapters
devoted to the seismic isolation of buildings and bridgesFerraioli and Mandara
(2016) claimed that the nclusion of these two chapters inEurocode 8 had
produced a significant effect in promoting the general application of seismic

isolation to even ordinary residential and commercial buildings.

Severalhistoric buildings including the Oakland city hall, Sarfrrancisco city hall
and Salt Lake Cityhall have been retrofitted by insertion of base isolators at
foundation level (Melkumyan et al., 2011) Base Bsolation protects the contents,
secondary structuralfeatures,and the main structure. The safety of occupants and
passersby is also enhanced using base isolatio(Ferraioli & Mandara, 2016)
Base isolation reduceshe inter-storey drift in superstructures when compared to

the fixed-basestructures (Ferraioli et al., 2010).
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Figure 2.20: Base isolator in the building (Nelson, 2014)

2.4.2.2.2 Energy- dissipation devices

Seismic energy dissipation devics, otherwise known asdampers, are generally
devicesthat deaden and depress the earthquake energy in building (Fig. 2.21). Its
primary POODT OA EO O OAAOAA AT A AEOOEDAOA
the building, thereby leading to a significant reduction in building deformation

and damages during an earthquake. Many studies have been carried out to
investigate the effectiveness of the energy dissipation device in seismic
retrofitting. For instance, Branco & Guerreiro (2011) studied the eficacy of
viscous dampers on a building tat was built in 1911 in Lisbon. They concluded

that viscous dampers have a noticeable beneficial effect through the reduction of

the displacements of each floofRecently, Asteris et al.(2014) and Chrysostomou

O
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et al.(2015) have established that the usefadampers leads to a greater reduction
of seismic vulnerability of URM buildings compared with traditional retrofitting

techniques.

Figure 2.21: Seismic energy dissipation in building (Staaleson, 2014)

2.4.2.2.3 Cam system

CAM system are innovative threedimensional tying system developed to tie
masonry together to achieve a good compaction of masonry part®olce et al.
(2001) have the patent for CAM system called (Masonry activiying). The system
uses stainless steel ribbon$o tie masonry with loops passing through transverse
holes (Fig. 2.22). The loops are closed with a special tool which can apply a
calibrated prestress to the ribbon. Dolce et al. (2001)applied this technique on
seismic upgrading of a building, damagedld OEA 51 AOEA &8wx AAO
application results in improved connections between different structural
elements of the building.Dolceet al.(2001) then substantiated the effectiveness
of this CAM system by conducting a series of test on masonry panélhey report

a 50% increase in strength of the panel and 60 times increment in dissipation

energy when the panel is retrofitted with the CAM system.
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Figure 222: CAM arrangement in URMvall (Dolce et al., 2001)



2.5 Evaluation of Different Retrofit Techniques

Table 22 summarises the details of the reviewed retrofit techniques. The efficiency, applicabilityjerit, and the challengesof each of the
identified retrofit technique were summarised as shown intable 2.2 below.

Table 2.2 Summary of retrofit techniques

Techniques

Efficiency

Applicability

Merit s

Challenges

Joint
Treatment

Repointing

Grout and epoxy
injection

Micro/Fibre
reinforced mortar

Restore initial stiffness

Increase the lateral strength
Improve out-of-plane stability

Improve flexural strength

Suitable where the
gualities of the
masonry units are
still very good, but
the mortar joint is
poor.

Ease of application
Minimal cost
No additional load

No aesthetic or
historical impact

No major increment
in initial stiffness

New joints create a
zone ofvarying
stiffness and strength

Surface

Treatment

URM coating

Elastomeric spray

Shotcrete overlays

Reinforcedplaster

Ferro cement

Engineering
cementitious
composites (ECC)

Improve lateral resistance
Improve energy dissipation
Improve out-of-plane stability

Improve lateral strength

Reduce therisk of wall
spalling

Increase robustness and

redundancy

Suitable to upgrade
both in-plane and
out-of-plane
capacity of masonry
in developing
countries where
labour cost is
relatively cheap.

Not suitable for
historical heritage.

Low technology

Minimal cost
where labour cost
is cheap

Major increment
in initial strength
and resistant

Time-consuming

Aesthetic or
historical impact

Reduces functional
space

Disruption of
occupancy usage
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Techniques

Efficiency

Applicability

Merit s

Challenges

External

Supplemental
strong back

Reinforcement

Steel column and
plate

Improve lateral resistance
Improve tensile strength
Improve rigidity

Improve ductility

Ideal where walls
are expected to
resist a high
horizontal load.
Suitable for
medium-rise
building.

Ease of alteration

Minimal internal
preparation

Provide additional
support to floors

Additional load
Space reduction

Aesthetic and
architectural impact

Regularmaintenance

Installation is
demanding

Requires good
connection design

Internal

Reinforcement

Reinforced
concrete skin

Durisol block

Increase robustness and
redundancy

Improve energy dissipation
Improve ductility

Increasestrength

Suitable for low and
medium-rise
building in a high
seismic zone where
the anticipated loads
are so large, and the
existing URM is so
weak.

Available design
guides in design
codes, e.g. EC8

RC elements can
be designed for
specific seismic
loads

Not easy to integrate
Additional heavy locad

Occupancy usage
disruption

Requires full
structural analysis
before application
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Techniques

Efficiency

Applicability

Merit s

Challenges

Fibre-reinforced polymer (FRP)
Composite

Enhances ductility
Improves energy dissipation
Improves flexural strength
Increases lateralresistance

Enhances shear capacity

Suitable for main
resisting elements
such as columns,
walls, arches and
vaults but not good
at sharp edges

No variation to the
original geometry

No additional load
Ease of application

Resistance to
corrosion

No loss ofspace

Inadequate fire-
resistance,
Unidirectional
behaviour

High cost of materials

Limited efficiency as
a result of de
bonding

Internal and external post
tensioning

Improve lateral resistance
Increase strength
Increase stiffness

Improve ductility

ACI 53002
currently limit post -
tensioning in
retrofitting to low
rise masonrywall in

No additional load

No loss of
functional space

High speed of

Requires skilful
professionals

Corrosion may break
tendon untimely

moderate seismic construction Anchorage failure
sone and energy losses
due to creep and
friction
Restores deformation Suitable for low and Stabilises High cost of SMA
Shape memory alloys (SMASs) for Improve energy dissipation medium-rise retrofitted material
s masonry wall in masonry during o
retrofitting of URM . Requires intense
Reduces deformation moderate seismic and after

Zone

excessive action

technical details
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Techniques

Efficiency

Applicability

Merit s

Challenges

Reticulatus system

Improves tensile strength
Increases shear strength
Improves integrity

Increases initial stiffness

Suitable for
historical heritage
because the faif
faced masonry was
kept as existing after
application

Can be used for
both repair and
prevention

Increased the
connection
between panels

Slow due to tedious
installation

Inappropriate strap
pointing

Floor/Roof Diaphragm Action
connectivity

Improves structural integrity
Provides lateral support
Resists outof-plane forces

Improves pull-back force

Suitable for
upgrading the global
strength of multi -
storey building in
high seismic Zone

Transfer all
horizontal load to
lateral resisting
elements

Tie all structural
and non-structural
elements together

Complexity in design
and implementation

Reinforced Concrete Tie and
Masonry Confinement

Improve rigidity

Improve energy absorption
Preventdisintegration
Improve lateral resistance

Improve ductility

Suitable for low and
medium-rise
building in a high
seismic risk zone

Prevent total
collapse of
building

Low level of
construction skills

Available design
guides in codes

Disturb the existing
occuypancy during the
retrofit

Not easy to integrate
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Techniques

Efficiency

Applicability

Merit s

Challenges

Base isolation

Reduces inter storey drift

Reduces seismic forces
demand on the
superstructure

Increases energy dissipation
Increases vertical stiffness

Reduces displacement and
rocking

Suitable tomodify
the response of
complex structures
and building that
must remain
functional after an
earthquake
(hospital) in high
seismic zone

Safety is enhanced

Improves
performance
against ground
excitation

Isolators require
no maintenance
during service life

Instability of
elastomeric bearing
under increased load

Complex and costly

Cannot be used in
building on loose soill

Less effective for
light and flexible
structures

Energy- dissipation device

Improves lateral resistance
Restores stiffness

Increases energy dissipation
and dampen the motion of
building

Suitable for high rise
building, complex
structures in high
seismic zone

Energy dissipation
is concentrated at
a designed
location

Can be replaced
easily after an
earthquake

Complex and costly

Sensitive to ductility
ratio

Requires proper
design and selection
of damper

Cam system

Improves transverse link
Increases strength
Increases ductility

Improves connection

Ideal for upgrading
the global integrity
of the medium-rise
building in
moderate seismic
Zone

Guaranteed
continuity in CAM

CAM technology is
little intrusive and
reversible

Limited efficiency in
irregular masonry

Time-consuming
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2.6 Previous Experimental Studies on Out-of-Plane Behaviour of
URMWalls

The review of previous experimental teston out-of-plane behaviour of URM walls
was carried out tounderstandthe out of plane behaviour angerformance ofsome
existing retrofit techniques. Table 23 presents the details of previous
experimental works reporting for each of them the geometry, boundary

conditions of the URM walls tested, the loads applied, and the testing procedure

While some of theselected works like that of Maheri et al(2008), Deakhshan et
al. (2009), Costa et al. (2014) and Maccarini et al.(2018) only focused on
characterising the outof-plane behaviour of plain URM walls, majority of the
reviewed works investigated the outof-plane structural performance of URM
walls retrofitt ed with different techniques and materials such as expansive epoxy
known as Bisfoam3 by Zeiny and Larralde (2010), Carbon Fibre Reinforced
Polymer (CFRP) by Buet al. (2010), Tyfo-S fibre fabric wrap by Reinhorn and
Madan (1995), Polymer Textile Reinforced Mortar (TRM) by Ismaiand Ingham,
(2016), Engineered Cementitious Composite (ECC) shotcrete by Lin et @016)
and Glass Fibre Reinforced Polymer (GFRP) by Gattesew Boem (2017). More
so, Costa et al(2011) investigated the effectiveness of strengthening the
connection between the URM walls of existing masonry building using a
mechanical system. More relevantly to this study, Sustersiand Dujic (2014)
performed quaststatic cyclic testing on URM wall to investigatéhe application of
Cross Laminated Timber (CLT) panels as a strengthening system for existing URM

wall against seismic force.

As deduced from the review of the selected experimental works, the most common
geometry of the URM walls tested is a frestanding wall panel without any party
walls at the edges of the wall to generate restraint. All reviewed experiments
excluding that of Bui et al(2010) have been carried out on wall panels without
returning walls at the corners. Although Bui et al(2010) geometic configuration

is ideal for reproducing the in-situ condition of a portion of a typical loadbearing
wall including corners, evidence from the previous works hashown that test on

panels without corners is a good indication in assessing the owff-plane capacity
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of URM wall. Hence, the walls tested in this study were without returning walls at

the corner.

Moreover, the general boundary conditions assumed in the reviewed testing
works were restraints at the top and bottom of the wall. Because of this s&rained
boundary condition, the observed failure mechanisms when walls were loaded in
out-of-plane either as a uniform or point load is generally characterised by vertical
arching which has been termed as failure mechanism type F in FaMIVE (Table 2
.1). This type of outof-plane failure mechanism occurred in all the tests reviewed
because of the restraint at the top and bottom of the wall, which allowed the

vertical strips of the wall panel to deflect in the outof-plane.

The observed failure of walls fran the tests is considered as firstnode of failure
and the least desirable in historical buildings causing dramatic consequences
(Solarino et al., 2019). As such, this study aims to propose a retrofit technique that
will improve the performance of URM wallagainst this type of outof-plane failure.

It is thus imperative to assess the oubf-plane performance of plain and retrofitted
URM wall to evaluate the improvement due to the application of the proposed
retrofit technique. To do this, test setup which g similar to that of Maheri et al.,
(2008) and Gattescaand Boem (2017) which is according toprovisions of ASTM
E-72 was adopted in this research (see chapter 3 for detail of the full experimental
works).
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Table 2.3 Summaryof Previous Outof-plane Testingof URM wall

Geometry Connection Loading
(Ixhxt)ym Test Description
Base Wall Vertical Horizontal

Out-of-plane test was performed on double wythe singl¢ The wall was| Specimen  wall| Free i.e no pre | Three-points
leaf URM wall placed on 3inches pipe positioned on th constructed on | bonded to a steel | compression loading through
web of I-section on floor. The walls were loaded oubf- | a  structural | plate with mortar | load applied. hydraulic
plane in two equidistant locations from the end support steel plate. was rested ona actuator was

1.8 x 1.8 x 0.2 | through the pipe interfaces usinga single hydraulic 3ins pipe to applied in the
actuator. A spreader beam was placed in between th induce pin middle.
pipes and actuator to simulate threepoint loading. support.

Applied load and corresponding displacements at th¢

The top and the
load points and midheight were evaluated.

two vertical
Reference edges of the wall
were free.
(Reinhorn &

Madan, 1995)
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Geometry Connection Loading
(Ixhxt)ym Test Description : :
Base Wall Vertical Horizontal
The test setup consists of a loading frame, against whi¢ Strong steel| The wall was| The wall carried | Point load was
a horizontally placed hydraulic jack exerts the oubf- | beam base on| bounded by | no extra vertical | applied at the
plane load on the specimens. The value of the applig the laboratory | structural steel | loads apart | wall centre
load was determined through a ring load cell at the wall floor. member in all the | from the self | through the
1.2 x 1.2 x 0.11| centre. Five mechanical dial gauges were used to reco four edges| weight of the | actuator.
the deflections of each specimen. The locations of the (interior Panel). | wall and
gauges are such that there are three in each diagonab confining steel
shown below. member.
(b)
Reference :
030 030
) ) 060 i 4
@ @ |
. b !
(Maheri et al., vl 060
2008) S
d %

¥ 1.20m {
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Geometry Connection Loading
(Ixhxtym Test Description
Base Wall Vertical Horizontal
Masonry wall specimens subjected to oubf-plane| The  existing| The bottom of the| Wall with no | Uniform load was
uniform loading were tested. Specimens were tested witl strong floor of | wall was mortar | vertical load | applied on the
simply supported boundary conditions, with and without | the laboratory | bonded to the|and another | out-of-plane by
pre-compression load to indicate walls with and without| was used as the floor. Both sides| with up to 6KN | usinganairbag.
1.2 x 3.5 x 0.22| top floor load. The simply supported condition was | wall base. of the wall were | vertical load

achieved by restraining the horizontal movemenbf the restrained using | were tested.
walls at top and bottom using steel angles. Displacemel steel angle at top
and load capacity of walls were recorded. and bottom.

Reference The two vertical

(Derakhshan et
al., 2009)

edges were free.
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Geometry Connection Loading
(Ixhxtym Test Description
Base Wall Vertical Horizontal
Test wall specimens were subjected to out of plan| RC strip footing| The bottom of the| Concrete beam| Cyclic
loading using a cyclic displacement control test througli connected to a| wall is fixed with | to impose axial| displacement
the actuator. Also, the axial load froma concrete header| strong floor | mortar to RC|load due to a| with 10secs as
3X3x0.25 | hagm placedon top, the weight of the two steel beams i with three long | footing while the | light roof. the period of one
the middle, and the selfweight of the wall were applied.| bolts at | top is restrained cycle applied on
During testing, applied load and wall displacement @are | equidistant on | with the vertical out-of-plane
continually monitored and recorded. both side ofthe | load. usinganactuator.
Reference wall. The two edges
were free.
Paced Eoaed Sl RE—
(Zeiny &
Larralde, ::j':"‘i

2010)

e Steene flace




48

Geometry Connection Loading
(Ixhxtym Test Description : :
Base Wall Vertical Horizontal

URM walls having two corners were constructed and| RC slab on the The top is free| The top of the| Out-of-plane
tested. The main wall was subjected to a quastatic | existing floor of | while the bottom | wall is free (no | uniform pressure
loading of uniform pressure applied to the outside face the laboratory. | was mortar | vertical load). applied using six
using inflatable cushions backed with the existing bonded to the RC inflatable

29x2.0x 0.2 | reaction frame. A calibrated pressure transducemas slab. cushions backed
used to control and measure the applied water pressure . on  supportin

PP P The vertical PP g
The outof-plane displacement of the structure was frame.
edges were
measured using nine linear variable differential : .
restrained with

transducers (LVDT). )

Reference ( ) inner walls.

. A
o Hydraulic jack
Cross wall Principal wall HEB 180 —
] Flat 4ine{Hudt)
(BUI et al" Congrete foundation

2010)

Anchorage
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Geometry Connection Loading
(Ixhxt)ym Test Description
Base Wall Vertical Horizontal
In-situ tests on existing traditional 2storey masonry | The building | Wall fixed to the | The walls do not| The mncentrated
building abandoned after the 1998 Azores earthquake t¢ foundation base at the | carry any | load was placed
study its out-of-plane behaviour. The test involved which has been| bottom and freed | vertical load | perpendicular to
placing a load actuator in the given building| partially buried | at the top. The | since there is no| the panel to
217 x5 x 0.25 | perpendicularly to the wall panels to be testedo impose | due to the| corner walls at | roof on the wall | simulate the out
monotonic or cyclic outof-plane loads under controlled| natural soil | the two edges| anymore. of-plane loading.
displacement conditions. The test was monitored using level above the| restrained  the
draw-wire displacement transducers. foundation is | panel.
Reference the base.
(Costa et al.,

2011)
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Geometry Connection Loading
(Ixhxtym Test Description : :
Base Wall Vertical Horizontal
The test involvedthe application of uniformly distributed | RC footing was| The bottom of the | The wall carried | Uniform load was
surface load orSACC@tone masonry wall using a systen| provided on a| wall is fixed to RC| precompression | applied on the
of nylon airbags which reacts against a backing fram| strong floor. footing while the | force of (0, 52,/ wall surface by
1.3x2.5x0.65 connected to the reaction wall. The level of pressure top is restrained | and 140kN) to | controlling the
inside the airbags and the top displacement of th with a  pre- | represent pressure inside
specimen continuously acquired through a data compression different the airbag.
acquisition system to evaluate the outof-plane load. loading on the
erformance of the wall. wall.
airbags backing frame reaction wall were free.
top beam | < i 7 @ g
vertical actuator la <
b 3 5y
precompression bar = 4 (PR
concrete plate — s ” s » <
wall — 3 kK g 3 <
(Costa et al., ta b B T
2014) o

hinged steel rod \

Lk
\% 35

A CAR L R \ 2
concrete foundation

reaction structure (stecl beams)

B

a
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Geometry Connection Loading
(Ixhxtym Test Description : :
Base Wall Vertical Horizontal
The second phase of Costa et al. (2014) work is tif RC footing was| The bottom of the| The wall carried | Horizontal line
application of a horizontal line load through al provided on a| wallis fixed to RC| precompression | load at the top of
displacement controlled hydraulic actuator. The actuator strong floor. footing while the | force of (0, 52,/ the wall using
reaction was provided by a stiff steel structure, anchored top is restrained | and 140kN) to | actuator was
1.3x 2.5 x 0.65| to the test slab. Top displacement and load were als with  a  pre- | represent applied.
recorded. The results were compared to the previou compression different
setup, where a uniform load was applied. The two set u load. loading on the
shows similar envelope curves and strength. wall.
P g The two edges
Reference e were free.
top beam L
vertical actuator - |
precompression bar
concrete plate p |
7 \ =
\ horizontal actuator ||
(Costa et al., wall — —
2014) \

reaction structure /:
(steel beams)

concrete foundation

hinged steel rod —
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Geometry Connection Loading
(Ixhxt)ym Test Description : :
Base Wall Vertical Horizontal
The testwas setup to be able to predict the owtof-plane | The  existing| Two sets of steell No axial | Uniform
behaviour of asbuilt unreinforced clay brick masonry | strong floor of | angles fixed | overburden distributed load
walls expected in URM buildings with floor diaphragmg the laboratory | horizontally to | load applied to| with airbags was
typically flexible and provide little restraint against | was used as the restrain the wall | any of the walls.| applied.
1.2 x 4.1 x 0.23| potential wall rotation. Airbags were inserted atthe back | wall base. top and bottom at
of the wall to provide a UDL horizontal pressure both sides.
simulating out-of-plane loads. LVDT was connected ft .
The two vertical
the wall at mid-height to measure wall displacement.
edges were free.
Reference
SN e o
“ ...... Phywood frame b+l E s Reuction
\L_i ln‘l@__cl'll(lwl of twa at :E i I Eane
SlMa;.x-lnrw(op;uppun "m:::?) \ E
Rauge or 1 E _g | -' :!
I\Illr = . 7__“:' f
(Lin et al., LN 3 . WA ri’
Reaction frame 2 o3 | :, l'll‘_
2016) \ m | ] !‘

{
Smooth stecl plates t \ =
\\(I g :

> B

[

-

L
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Strong Moor
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s
e
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b
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Geometry Connection Loading
(Ixhxt)ym Test Description
Base Wall Vertical Horizontal
Thesetest walls were subjected to outof-plane uniform | Strong The bottom of the | No vertical load | Uniform load was
pressure using pressure airbags backed by stron| laboratory wall was mortar | applied. applied on the
reaction frame. The set up was similato that of Lin etal. | concrete floor | bonded to RC out-of-plane by
(2016), where walls were loaded until the wall collapsed floor and controlling  the
1.2 x 3.7 x 0.22| To evaluate the outof-plane capaciy of the wall, the restrained at top air pressure in

lateral displacement and applied lateral force wereg and bottom using the bag.
measured using LVDT and load cell connected tioe data steel angle at
acquisition unit. both sides.

Reference The two vertical

edges were free
(Ismail &

Ingham, 2016)
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Geometry Connection Loading
(Ixhxt)ym Test Description
Base Wall Vertical Horizontal
The setup is a fourpoint bending test where loads arel The specimen| The steel plate at| No vertical | Horizontal point
applied at the thirds of the wall height by two hydraulicl was built on | the bottom of the | loading loads applied in
jacks. Two horizontal beams, connected by verticd steel plate wall was placed| considered the first and
struts, were placed in contact with the top and bottom on acircular pipe second third of
1.0 x 3.0 x 0.25| ends of the wall face on opposite sides of loads to restra to induce pin the wall height

the wall. Applied load and displacements at the tof support to allow using hydraulic
bottom and mid of the wall were monitored through an for wall rotation. actuators.
electronic data acquisition unit.

Reference

(Gattesco &
Boem, 2017)

Top horizontal __| — -
beam :

strut
Hydraulic
Jacks

T <
\

1000

2155

1075

Bottom :
horizontal —{___ ¢
beam v

Vertical ___|-—i—]

2840
3000

p=o=of

B

PP |1} & E—
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2.7 Numerical Modelling of Masonry Structures

Computationalnumerical analyses can predict théehaviour of structures to the
applied load. Numerical analyses are based on different theories such as finite
element model (FEM), discrete/distinct element methods (DEM) or patrticle flow
code (PFC), among others (Lourenco, 199@steris et al., 2015 Zhang, et al.,
2016). FEMbased models are the most widely used due to the availability of
many analysis software that operates based on this theory. Therefore, the

numerical modelling strategy employed in this studywill be based on FEM.

Many researchers whohave previously worked on FE modelling of masonry
structures, (Anthoine, 1992 CUR, 1994Lourenco, 1996 Maccarini et al., 2018
Portioli, 2020) agreed that numerical modelling and analysis of masonry
structures posed some of the greatest challenges tdrgctural engineers. The
main difficulty has been attributed to the presence of mortar joints which act as
planes of weakness, discontinuity, and nofinearity. Besides, the existence of
uncertainties in the material and geometrical properties is also andier concern
when modelling masonry structures (Lourenco, 1996 Asteris et al., 2015
Dogariu, 2015). Despite these challenges, three modelling techniques (Rq23)

have evolved.

[1] Detailed micro -modelling: It is a material level model where masonry
structure is considered as a thregphase materiallike ideal masonry wall (Fig

2.23a). The masonryunits and mortar in the joints are represented by continuum
elements while the unigmortar interface is represented by discontinuum
elementsas shown in fgure 2.23b (Lourenco, 1996). This technique produces
the most accurate results, but its analysis isomputationally intensive due to the

detailed level of refinement(Zucchini and Lourenco, 2004).

[2] Simplified micro -modelling : In this strategy, bricks are represented as
fictitious expanded bricks by continuum elements. The bricks size is that of
original bricks dimensions plus the real joint thickness. The mortar joint is also
modelled as an interface with zero thicknessHig. 2.23¢). The approach leads to
the reduction of the computational effort and yields a model that applies to a

wider range of structures.



-56 -

[3] Macro-modelling: This is structural level modelling techniques.
Masonry is modelled as one phase material by smearing out masonry units,
mortar and unitzmortar interface in a homogeneous continuum Kig. 2.23d).
This method has been prewmusly adopted by Pandeet al. (1989), Lourenco
(1998), Zuchinni and Lourenco (2004), Pena et al. (2010) and Dogariu (2015).
This procedure is preferred for analysis of largescale masonry structures, but
not suitable for detailed stress analysis of a smlamasonry panel, due to the
difficulty of capturing all its expected failure modes.

Mortar continuum
nonlinear model

Brick continuum Brick-mortar

Monar \
LN nonlinear model nonlinear mterface

Brick

a) Real masonry sample b) Detailed micro-model
Block continuum Homogenized

linear/nonlinear Joint nonlinear continuum (No interfaces
model nterface nonlinear model

.................................
............................

c) Simplified micro-model d) Macro-model
Figure 2.23.Masonry modelling techniques (a) real masonry sample (b) detailed micro
modelling (c) simplified micro model and (d) macro modelling
Meanwhile, as part ofeffort to make numerical analysis of masonry structures
easy for engineers and researchers, Asteris et al. (2015) suggested a guideline

in choosing a modelling strategythis is summarized in figure 2.24 below.
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Case 2

Complete data available

Produce a structure level
(macro) model

~ Sensitivity analysis ) A
( ) ) ] v & Produce material level
Analyse and investigate 3 . )
Parametric studies (micro) model
the response of the model
| ), Laboratory testing

e A

Figure 2.24.Guidelines for choosing thedvel of FE modelling

The choice of the method to adopt depends on the level of material information
available, the level of accuracy and simplicity desire(Lourenco, 1996 Asteris

et al. 2015). Macro modelling is more practiceoriented due to the reduced time
and memory requirements as well as a useiriendly mesh generation(Lourenco,
1996). This type of modelling is valuable when a compromise between accuracy
and efficiency is needed. On the other hand, the detailed micraodelling
technique produces the most accurate results, but it is computationally intensive

due to the precise level of refinement required (Portioland Cascinj 2016).

In this study, the detaibd micro-modelling technique will be adopted to perform
the numerical simulation. This is selected because the masonry specimen is small
and a thorough description of the material is possible. This approach enables the
combined action of unit, mortar and nterface to be studied under a magnifying

glass.

2.8 Summary of Review Carried Out

This section briefly summarises the knowledge and understanding gained from
the review carried out, which formed bases for proposing this research work.
The first section d the review focused onthe structural behaviour of masonry

walls. Here, the inplane and outof-plane failure modes of masonry wall were
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discussed with emphasis on the oubf-plane failure mode of URM walls. This is
because the review carried out revealethat the out-of-plane failure mode is the
most devastating in URM walls and presestsevere hazardfor both human lives

and cultural heritage in the event of structural failure.

Then, a concise review of the existing retrofit techniques used for URMalls is
presented. The existing retrofit technique were classified into both structure
level and member level retrofit. The member level retrofit isthe first ideal for
investigating the effectiveness of a proposed retrofit technique. As sucthis
study will be on member level retrofit, in particular, retrofit of URM walls. The
existing member level retrofit techniques are mostly inthe form of joint
treatment (repointing and grout injection), surface treatment (coating and
reinforced plaster), internal and external reinforcement, FRP wrapping, and
many other innovative techniques such as pogensioning, CAMand reticulatus

system.

Subsequently the review of some experimental tests on how to assess the eut
of-plane performance of masonry walls wagresented. From the reviav, it was
observed that at-of-plane testing on URM wall panel without edge restraints or
party walls is the most common viable means of assessing eot-plane
behaviour of masonry walls. The tests were carried out witkeither UDL or four
point load applied on the wall in an outof-plane direction. The walls were tested
with simply supported boundary conditions, and they are mostly according to
the provision of ASTM E72. The observed ouof-plane failure mechanisms from
these reviewed test setups were characterised by vertical arching which has
been termed as failure mechanism type F in FaMIVE. This type of @ftplane
failure mechanism occurred because the vertical strips of the tested wall panels
deflected in out of pane due to the restraint at top and bottom of the wall.
Vertical arching failure mechanism in URM wall will allow to establish the out
of-plane capacity of the plain wall and further allow assessing the improvement
in the out-of-plane capacity of the walldue to the application of any retrofit

technique.

The review revealed thatthe conventional retrofit techniques are very easy to

apply with minimal cost, their major drawback is the inadequate increment in
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the initial stiffness and higher additional deadload added to the existing
structures. Meanwhile, the innovative techniques overcome these challenges but
then present major challenges in the form of high cost of materials, complexity

in design and implementation in existing structuresTherefore, this gudy aims

to propose the possibility of using timber panels to retrofit old URM walls for
better out-of-plane performance. The proposed OSB timber material is
economical, can be easily sourced around the globe and can be considered as a
sustainable materid. The introduction of this retrofit approach using OSB timber
panel will add to the existing masonry retrofit techniques and provide
practitioners with the opportunity to choose an appropriate retrofit technique

for URM structures from the available pool.

Timber is one of the oldest structural materials used in many parts of the world.
Timber is highly known for its relatively higher strength to weight ratio
compared to concrete and mortar coating currently being used for retrofitting
URM walls. It also has higlshear strength across the grainsgood aesthetic
compared to FRP wrapping and steels bracing systerDespite these obvious
advantages and strength of timber,the literature review shows that the
potentials of timber have not been fully utilised inthe structural retrofit of anold
masonry building. Even thoughLangenbach (2007)and Pan et al. (2016)have
acknowledged the seismic performance of timbeframed structure during
earthquakes, there is little evidence of using timber panel to retrofit old
unreinforced masonry building. The motivation for proposing this technique is
that if timber-framed structure can perform well during earthquakes as
identified in the literature, then timber panel might also be used to augment the

out-of-plane performance of URM walls.

Indeed, timber-panels are currently being used forenergy retrofits such as
insulation, vapour control and airtightness inan old building (Pelenur, 2013
Giongo et al., 2017)But their application in structural retrofitting of URM wall is
still not been thoroughly studied. An experimental study bySustersic & Dujic
(2014) was the only available study on the application of timber panels as
strengthening system for existing buidings against seismic force. The Hplane
behaviour of URM retrofitted with Cross Laminated Timber (CLT) panel was

studied, and the results showed that there isa considerable increase inthe
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strength and ductility of the retrofitted wall . In(Sustersic & Dujic, 2014) a 100%
increase in ductility when the CLT panel is connected to URM walls with a
specially developed steel connection at top and bottom of the wall was observed.
However, the availability of theseunique connections in the open market is a

concern limiting the acceptability of the techniques.

While developing this works, more recent researches (Riccadonna et at., 2019;
Borri et al., 2020; Guerrini et al, 2020) involving the use of timber panel to
retrofit masonry walls have emerged. Riccadonna et al. (2019) presented an
experimental investigation to evaluate the application of Laminated Veneer
Lumber (LVL) and CLT timber panel connected to masonry wall i screw
anchor fasteners. Their study concludes that thgroposed timber retrofit
approach increases both the capacity and the stiffness of the retrofitted walls.
Also, Borri et. al (2020) proposed the combined use of CLT panel and steel cords
to reinforce rubble stone masonry walls to increase the shear response of
cracked stone masonry wall panels while also improving the energy
performance of the building. The study of Borri et. al (2020) found that the
proposed CLT and steel cords retrofit technigueenhanced the lateral capacity
of retrofitted masonry wall panels by about 150%. Moreover, Guerrini et al.
(2020) proposed masonry pier inplane retrofit system consisting of an OSB
panel connected to vertical timber strongbacks on masonry pier using anker
nails to increase the inplane shear strength and stiffness of the masonry
specimen. The significant results obtained from the Guerrini et (2020) is that an
improved seismic performance (increase in ultimate displacement by 167% and

its lateral strength by 35%) of the retrofitted wall was achieved.

The earlier and recent studies(Sustersic and Dujic, 2014Riccadonna et at.,
2019; Borri et al., 2020) proposed the application of heavy CLdnd laminated
veneer lumber panelsof around 60mm to 80mmwhich might be challenging to
introduce in old URM buildings. In contrast, this study ains to propose the
application ofan 18mmoriented strand board (OSB) type 3 panel to retrofit URM
walls. OSB is regarded as a promising wodahsed structural panel due to its
superior strength, stiffness, workability, and competitive pricing (Chen and He,
2017). This research investigated the performance of OSB type 3 panels

connected to URM wall by threaded dry rod connections and injectable chemical
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adhesive anchor readily avadble in the European market.However, it is
imperative to point out that the novelty in this proposed retrofit technique is
different from the known timber -framed masonry building (Fig. 2.3). In timber-
framed masonry building, the masonry wall is confineavith the timber frame to
enhance the stability and integrity of masonry walls for the ifplane and outof-
plane loads. But this proposed technique considers securing timber panel behind
the masonry wall (Fig 2.24). In this study, 18mm thick OSB type #%as connected
to URM wall using @8mm/L50mm threaded anchor rods together with an option
of plastic plug or injection mortarto investigate how the outof-plane behaviour
of the retrofitted URM wall changes under oubf-plane loading.The study has
proposed to investigate only the out-of-plane performance of the proposed
techniques because URM walls are more vulnerable when loaded in the @it

plane direction and generate profuse damages upon failure.

The advantages of this proposed retrofit techniquanclude ease of application
with low level of construction skills required, minimal cost compared tofibre-
based application, no heavy additionalload on the existing building due to
lightweight of OSB. The retrofit wil create a system with the same zone of
stiffness and strength as against many of the surface and joint treatment that
creates different zones. It is also a reversibleretrofit system and will prevent the
total collapse ofthe building. It proffers major increment in initial stiffness,

strength and resistant of the retrofitted wall system.

However, the limitation of the proposed system is that it reduces functional
space in the building. It also haan aesthetic or historical impact,particularly on
the external surface if sed on both sides of the wall and thus not desirable inthe

retrofit of historical heritage.



Figure 223: Timber confinement of URM

Masonry wall

Timber panel

Anchor rod

Figure 2.24: Proposed Timberpanel retrofit
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CHAPTER THREEMETHODOLOGY

3.0 Introduction

Here, the details of themethodology used in this studyfollowing the aim and
objectives already identified inchapter 1 were presentedthrough sequencesof
experimental (section 3.) and numerical studies (section 2). The integrated
approach adopted inthis study to evaluate the effectiveness of the proposed
timber-based retrofit technique has been articulated into three key stages: (1)
experimental characterisation of masonry componentsto determine the
mechanical properties of masonry brick units, morar and masonry assemblage.
This will ensure that the right material to represent the intended category of
masonry walls were selected for this study.(2) out-of-plane flexural bond
strength tests inthe form of four-point bending testing onsmall scale(665 x 215

x 102.5mm) masonry prisms. This second stage helps to assess the prospect of
the proposedretrofit technique and further aids the largerscale experimenal
study and; (3) out-of-plane testing of 1115 x 1115 x 215mm masonry wall§ he
third stage is on largerscale samples to study in detailghe out-of-plane

performance of the proposed retrofit technique.

3.1 Experimental Program

|.  Stage 1:Material Characterisation

Experimental programs were planned on brick units, mortar, and masonry
assemblage as shown in stage 1 of table 3.1. The purpose is to characterise the

mechanical behaviour of the masonry and its constituents

Before designing any retrofit scheme, an understanding of the behaviour of the
structure is essential. In the case ahasonry wall, the mechanical properties of
the constituents (i.e. masonry unit and mortar) affects its structural response
under loading. Therefore, it is a general prerequisite to know the mechanical
properties of the masonry unit and mortar constituentsof the masonry wall

before carrying out any retrofit work on the wall.

Thus, this section presents an experimental characterisation of the brick
masonry components (i.e. solid fired clay brick and cemedime mortar) that

were used to construct masonry wés for investigating the efficiency of the
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proposed timber-panel retrofit techniques. The solid fired clay masonry units
and type N (general purpose) mortar were selected because the combination of
the two is similar to what is expected in oldmasonry units (strong unit-weak
mortar joint). The material characterisation tests also help in obtaining the
strength material properties for masonry unit, mortar, and the unitmortar
interface that were used to produce detailed numerical analgs to comgements

the experimental tests carried out in this study.

For the material characterisation tests, an experimental program has been
developed based on the components (brick unit and mortar) and assemblage
(brick masonry) as shown in table3.1. Firstly, experimental studies have been
carried out to definethe consistency and compressive strength of mortar and the
dry density, water absorption, compressive strength, modulus of elasticity, and
Poisson ratio ofthe brick units, all according to the relevantBritish standard
(BS), as identified in table 3.1.

In particular, the water absorption property of the brick units is vital for the bond
between the units and mortar(BSI, 2011a) If the water absorption of the brick
units is too high, the bricks will absorbmore water from the mortar, and the
mortar will dry up quickly. This can cause dry shrinkage in mortar and reduction
in strength and durability of the masonry wall specimengArash, 2012). Also, if
the water absorption of the brick units is too low, the uit will float on the mortar
bed joint, causing excessive bleeding in the mortar joints. This can cause major
irregularities in the geometry of the masonry wall and reduction in the strength

of the joint.

Therefore, it is important to know the water absoption of the brick units before
using them. This will enable to design a right mortar mix with an optimum water
content that is ideal for bonding the bricksHaving identified that the selected
brick units have a low water absorption rate,hydrated lime was addedto the
mortar to have mortars with high water retention. This will create an improved
bond as there is more contact between unit and mortaaind alsocreatesthe best
conditions for early hydration of cement lime mortars Evenually, this will

reduce dry shrinkage and cracking othe hardened mortar joints.
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In addition, an unconventional test was used to determine the compressive
strength of the assemblage (215 x 215 x 215mm masonry cubic specimehe
purpose of this test is to understand how bricks and mortar work together
particularly, how the water absorption and addition of lime will affect the
mechanical properties of the masonryThis testis also important because the
results of the compression testsvere later used to calibrate the properties oflie
brick units and mortar, nonlinear behaviour ofthe unit and joint in the developed
FE modesin numerical studies in section 5.

Il. Stage 2:Small-Scale Test (Flexural bond strength of masonry prism)

Since an experimental program with fulscale testing is expensive, sma#icale
testing such as the one presented in stage 2 is ideal for insight when proposing a
new retrofit technique for masonry walls. In this stage, flexural bond strength
test according to the provisions of (ASTM, E5185) and (ASTM, E7215) was
conducted on nine 615 x 215 x 102.5mm masonry prisms (MP). Three of which
were tested as plain MP while the remaining sigpecimens were retrofitted with
an 18mm thick Oriented Strand Board (OSB) timber panel using two different
types of connectiors; C1 (adhesive anchor: a threaded dry rod with an injectable
chemical adhesive) and C2 (mechanical connection: a threaded dry radth a
plastic anchor). The purpose of this test is to provide a simplified means of
gathering data on the flexural strength of plain and timber retrofitted MP.
Precisely, the experiment evaluates the oubf-plane performance of OSB panel
in retrofitting URM prisms by comparing thgoughness,flexural strength, out
of-plane load capacity, and displacement of both plain and O$&rofitted
masonry prisms. This smallscale test helps to understand the behaviour of
masonry and the connection between masonryral timber panel.It also helps to

identify the best-performed connection types for the proposed application
lll.  Stage 3: Larger-Scale Test (Flexural strength of masonry wall)

The knowledge gained from the smalkcale test (stage 2) was then used to
perform an out-of-plane flexural strength test on sixlarger-scale single leaf,
double wythe solid (1115 x 1115 x 215mm)masonry walls. The purpose of this
test is to achieve the resarch aim, which is to evaluate how the timber panel has
aided the outof-plane behaviour of the masonry wall. Table 3.1 presentse full
experimental campaign for the study. For the largescale test, two similar

specimens were tested as plain, onsided retrofitted and double-sided



- 66 -

retrofitted walls. The plain wall was tested with both constant and variable pre
compression load to represent high implane compression usually present in
URM walls. The retrofitted walls were constructed using OSB type 3 aadhesive
anchor connection type (C1) that offer the most improvement in the flexural
bond strength of masonry prisms identified from the smaliscale test. The test
program has ensured that loading has been applied on wall retrofitted with OSB
timber on only tension face and on both tension and compression face of the
masonry wall. This is because the type of applicatiothis study is proposing is
the application of the OSB panel on the internal surface of exterior URM walls so
that external historic appeamnce of the building is preserved. The other
configuration where there will be OSB on both sides were for application on both
surfaces of internal partition walls. So, specimeswith OSB on the compression
face only was not tested because the application of the technique on tbaly

external surface is not envisaged.
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Table 3.1 Full Experimental Program

Stage 1: Material characterisation

Category Properties Relevant code

Dimension,
Dry density BS EN 77213:2000
Water

Brick absorption BSEN 77221:2011

Compressive
strength,

Modulus of BS EN 7721:2011
elasticity,

@
" @

Load on (a) bed face (b) 0f EOOT T ¢
head

Dropping value BS 4551:2005

Consistency of fresh mortar Flow value BS EN 10153:1999

Mortar l

Compressive BS EN 101511:1999
strength

Masonry unconventional test

Cube Compressive with insight from

strength BS EN 10521:1999




Stage 2: SmallScale Test (Flexural bond strength of masonry prism)

Plain MP

Retrofitted
MP

108

225

3 plain MP
specimens to be
tested

3 MP specimens
retrofitted with
Cl. adhesive
anchor

225

107

3 MP specimens
retrofitted with
C2: mechanical
connection

Plain wall

2 plain wall
specimens
tested
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3.2 Materials

Four components which are brick unit, mortar, timber panel and connections
were used for the experimental works in this study. The properties of these
materials are briefly presented here. The full details of the properties of the
materials including the tests used to determine them were presented under

materials characterisation section in chapter four (section 4.1).

I.  Brick Unit: Engineering class B solid fired clay bricks with UK standard size
215 x 102.5 x 65mm were used to construct all test specimens. Before the
construction of the test specimens, samples of the brick unit were randomly

selected and tested to determine the confmity of the physical properties
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were also to determine the suitability of the brick unit samples for the
proposed experimental campaign.

Il.  Mortar: Type N (general purpose) mortamix with a ratio of 1:1:6 (Type Il
Cement: aerial lime: sand) by volume was used to construct the specimens
with 20mm thick nominal mortar joint. The fresh mortar sample was tested

for consistency and hardened mortar cubes were also tested for strength.

The combination of the mortar specification and the selected brick unit
represents a strong unitweak mortar joint which is similar to what is

expected in old masonry units.

[ll.  Timber Panel: An 18mm thick oriented strand board (OSB) type 3, which
is a loadbearing engineered woodbased panel for use in humid conditions,
was selected for this study. The OSB is manufactured from strands of wood
which are bonded together with a synthetic resin.

IV.  Connections: Two types of connection systems from Fischer ® group we
selected for this study. The selected connections were made of A4 (1.4401
or 316) stainless steel. The connections are classified as connection type 1
and type 2. Type 1 is an adhesive anchor connection system which is a
combination of FIS V 360 S injgmn mortar and FIS A4 anchor rod. While
type 2 is a mechanical connection system which is a combination of Fischer
frame fixing SXS plastic plug made of highuality nylon and FUS A4 anchor

rod.

3.3 Numerical Analysis Program

The numerical analysis was planadto complementthe experimental works. The
purpose of this is toexpand the experimental study to evaluate the efficiency of
the proposed timber-based retrofit for URM walls. Abaqus/CAE, or "Complete
Abaqus Environment”(Simulia, 2014)was used for bothmodelling and analysis
performed in the numerical studies.Figure 3.1 below schematically represents
the full numerical analysis performed inthree stagesto follow suit with the

experimental works identified in section 3.1.
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Calibrate mortar and interface together to <¢—
generate new properties of mortar

|

Validate plain masonry prism

\ 4 (Simplified Micro Model)
Masonry Prism l
Model Validation

Calibrate the properties of OSB and
connection stiffness

Validate retrofitted masonry prism

(Simplified Micro Model) '

Figure 3.1. Full numerical analysis program

The first sectionin figure 3.1is material characterisation which is the numerical
simulation of the compression test on the masonry cubic specimen presented in
section 4.1. The purpose of this is to obtain accurate mechanical properties of the
unit, mortar and the interfacial properties of the unitmortar joint that is

necessary to produce detailed micremodelling of masonry structures. To
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achieve this, a complete description of each component was done based on the
experimental results of compression tests on brick units, mortar, andhe
masonry cubic assemblage in section 3.Basically, his was done in three steps
as can be seen from figure 3.1 with leading arrows connecting the steps. The
linear properties of the unit and joint were directly obtained from the
experiments and thenon-linear post-peak behaviour of the compressed brick
and mortar were characterised using the concrete damageplasticity model in
ABAQUS. After that, the bricknortar interface was calibrated and then the
model for the masonry cubic specimen was finally desloped and calibrated
against the experimental results to obtain strength material properties fothe
unit, mortar and interface that will be used to analyse the oubf-plane response

of masonry panels retrofitted with the proposedtechnique.

Secondly, tle numerical simulation of the flexural bond strength test on small
scale masonry prism described in section 4.2 is presented as masonry prism
model validation (Fig. 3.1). The purpose of this section is to develop a FE model
that will capture the damage andfailure pattern of the masonry prism (MP)
tested in the laboratory. This stage was done in two steps; (i) validation of the
plain MP using the already calibrated properties of the brick units and new
properties that lumped the properties of mortar and theinterface together, (ii)
validation of the retrofitted MP, here the properties of the retrofit materials
which are the OSB panel and the connections were calibrated and the
components were added to the already validatedlain MP model to generate the
retr ofitted model. The model was created with all the components in the four
point loading test properly modelled to obtain the best accurate results from the
finite element analysis. The full description of the model, material properties and
the interaction of the components considered in the model are described in

section 5.2.

More so, the numerical simulation of the oubf-plane loading test on the larger
scalemasonry wall presented in section 4.3 was then carried out in the third step
of figure 3.1 The process follows the preceding stage wittthe plain wall model
first validated and then the retrofitted wall was modelled with the addition of
OSB panel and connections. At each stage of the simulation, the developed

models were validated using the experimetal data.
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Finally, parametric studesto assess the model capability to simulate URM walls
retrofitted with different OSB panel thickness application side,and connection

layout were carried out.

3.4 Summary

The main approaches to this study are numeral and experimental study. The
focus is to obtainan accurate assessment of the proposed retrofit technique
through a thorough investigation. This chapter has briefly presented the
researchapproach, which involves the full tests carried outand the scheme for
the numerical works that were done to complement the experimental works. The
full description of the experimental works including the materials, specimen
construction, test matrix, test setup, mstrumentation and the experimental
results for each stage of the test program identified in table 3.1 is presented

completely in the following chapter four.

Similarly, the numerical works including the description of finite element
models, input material parameters, analysis methods, mesh sensitivity analysis
and the obtained results from the validated mode&nd parametric studywere

presented in chapter five.
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CHAPTER FOUR RETROFIT OF URM WALL WITH TIMBER
PANEL: EXPERIMENTAL STUDY

4.0 Introduction

This chaper presents the full experimental work carried out to evaluate the
efficiency of the proposed timberbased retrofit of URM walls. The experimental
work as previously identified in table 3.1 wasdivided into three main sections,

which are material characteisation, small-scale test on masonry prisms, and

larger-scale test on masonry walls

Here, the details of the experimental tests comprising the material D AAET AT 08
construction, test setups, methodology, and the obtained test results are

presented unde each section.

4.1 Material Characterisation

4.1.1 Characterisation of Brick Units

Engineering class B solid fired clay bricks (UK standard size 215 x 102.5 x 65mm)
manufactured by Weinberger were used for constructing the masonry
specimens for thisstudy. The properties of the brick units dependmainly on the

constituent soils and manufacturing processwhich varies from place to place.

So, the source of the bricks was kept the same throughout the experimental
campaign to ensure that the bricks wereof the same quality. However,
experimental tests were conducted on the bricks to determine the conformity of

OEA AOEAEO Oi OEA 1 AT OEAAOOOAOGO ODPAAEA
them. The obtained properties of the brick units from the test carad outwere

the dimension, dry density, water absorption, compressive strength, modulus of

Al AGOEAEOUh AT A O0OTEOOITT160 OAOQGET 1T &£ OEA 1
4111 Dimension of Brick Units

Six brick units were selected randomly, and meter rule was used to measure the

length, breadth, and height of the bricks (Fig. 4.1a) as recorded ifable 41. Due

to the manufacturing variations, all brick units were not of the same dimension,

but the variation in the size is not more than 2mm in any of the selected bricks.
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This will not affect the properties of thebrick unit because tre variations fall

within the allowable dimensional tolerance specified in BSI (2011a).

41.1.2 Dry Density of Brick Units

In addition to the dimension of the brick units obtained earlier, thesix chosen
bricks were weighed usingan electronic weighing balance (Fig. 4.1b) tgettheir
gross mass. After that, the samples were then dried in a ventilated oven (Fig.
4.1c) at 100°C temperature for 48hrs to ensure that the difference in mass is less
than 0.2% of the gross mass, an indication that the constant mass of the samples
has been reached (BSI, 2000). The dry density ( was calculated based on the

dry weight and volume of bricks as recorded in table 4.

a)

Figure 4.1.Brick unit samples; (a) Measuring (b) Weighing (c) Drying inside an oven
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Table 41: Dimensionand dry density of brick units

Dimension @ww®Q Volume Dry weight Dry density Av.T

Label , . . ,
m w(m3) v (ko) L Tw (kg/m 3)

BR1 0.214 x 0.103 x 0.065 3.146 2196

BR2 0.215x0.102 x 0.064 3.134 2188

BR3  0.213 x 0.103 x 0.065 3.153 2200 2195

0.0014

BR4  0.215x 0.102 x 0.065 3.150 2199 (cov=0.3%)
BR5 0.215x0.102 x 0.065 3.152 2200

BR6 0.214 x 0.103 x 0.065 3.131 2189

41.1.3 Water Absorption of Brick Units

The water absorption property of the brick units isvital for the bond between
the units and mortar (BSI, 2011a) If the water absorption of the brick units is
too high, the bricks will absorb morewater from the mortar, and the mortar will
dry up quickly. This can cause dry shrinkage in mortar and reduction in strength
and durability of the masonry wall specimens. Also, if the water absorption of
the brick units is too low, the unit will float on the mortar bed joint, causing
excessive bleeding in the mortar joints. This can cause major irregularities in the
geometry of the masonry wall and reductios in the strength of the joint (Arash,
2012).

Therefore, it is important to know the water absorption capacity of the brick
units before using them This will enable todesign aright mortar mix with an
optimum water content that is ideal for bonding the bricks. For these reasons,
the water absorption of the selected brick units was determined accordintp
provisions of (BSI, 2011b). After the constant mass of brick samples has been
achieved in section 4.1.1.2, the selected six bricks were then immersed inad-
water tank where water freely circulated on all the sides of the samples (Fig. 4.2).
After 24hrs, the bricks were removed from the water tank, and surface water
was wiped off with a damp cloth from the bricks. Then, the saturated bricks were
weighed within 2mins after removal from water. The increase in the mass of the

bricks gives the bricks waer absorption as recordedn table 42.
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Figure 4.2. Brick samples immersed in water

Table 42: Water absorption of bricks
Dry weight ~ Wet weight Water absorption

Label Av. (%)
0 (ko) 0 (ko) —— pmmhb

BR1 3.146 3.266 3.8

BR2 3.134 3.255 3.9

BR3 3.153 3.269 3.7 3.9
BR4 3.150 3.281 4.2 (cov = 5%)
BR5 3.152 3.274 3.9

BR6 3.131 3.262 4.2

4114 Compressive Strength of Brick Units

The compressive strength Q) of the brick units affects thebehaviour of the
masonry wall under loading, and it is an essential property for designing any
retrofit for masonry walls. Therefore, the compressive strength of the selected
six bricks was determined according to (BSI, 2011a). Each brick unit was
conditioned back to a constant maséBSI, 2011a) The samples were dried in a
ventilated oven at 10C temperature for 48hrs to ensure that the difference in
mass is less than 0.2% of the gross mass, an indication that the constant mass of
the samples has been rezhed. After that, the brick was laid and centred on the
platen of a 5000kN capacity compressiottesting machine with 2mm thick
plywood placed on top and bottom face of the brickin order to estimate the
strength of the brick in two orientations, three bricks each were loaded on the
header (BRXBR3) and bed face (BR8R6) as shown in figure 4.3(a) and (b)

respectively. After that, auniformly distributed load was applied gradually in
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equal increments of 4kN/sec up to the failure (splitting) of the brick units. The
loading and the results were monitored using a data logger connected to the
compressiontesting machine and’Q for each tested brick was calculated from

the failure load ard loaded area of the brick unit, as showimn table 43.

Figure 4.3. Compression test; a) load applied on header b) load applied on the bed face

Table 43: Compressive strength of bricks

Max. Load Area  Compressive strength "Q Av.'Q
Label .
0 (N) 0 (mm?2) —— (N/mm 2) (N/mm 2)
BR1 739800 111.04
106
BR2 664199 6663 99.69
(cov = 5%)
BR3 715000 107.32
BR4 1898971 86.17
87.9
BR5 1948115 22038 88.40
(cov = 1.8%)
BR6 1965100 89.17
4.1.15 Modulus of %1 AOOEAEOU AT A 0T EOOIT60 2A0

The modulus of elasticity(0 ) and the Poisson ratiqA ) are important properties
of the brick unit that measure its stiffness. They are essential for characterising
masonry wall and unavoidable for performng numerical analysis on masonry
structures. So, this study determined both propertieso QA ) alongside with the
compressive strength of the brick units.0 and A were only determined for
bricks loaded in bed face (BR4BR6) because the masonrypond pattern

considered in this study were all constructed with brick laid in bed face.

0 was determined using the stressstrain relationship obtained from the axial

compression test. Before placing the bricks under the compressieesting
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machine, FLA5-11 strain gauges were fixed in the longitudinal and along lateral
direction on each brick wnit as shown in figure 4.4 to record the strain values in
the bricks under axial compression. The stress and corresponding strain for each
unit were then calculated as showrn table 44.'0 was calculated by considering
values between 30% and 60% of themaximum stress ( ) according to
(Vasconcelos & Lourenco, 2009) and (Oliveira, et al., 2012).

4EA OTEOOIT160 OAOEIT xAO AAI AOI AOGAA AU
longitudinal strains for each brick (Fig. 4.5). Best line of fit for each brick unit
was then plotted to determine the relationship between the lateral and
longitudinal strain. Refaring to figure 4.5, the strains plot for BR5 is too scatter
and the line of fit does not seem best. Hence the result was discarded andvas

calculated using results for BR4 and BR6.
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Figure 4.5. Lateral vs longitudinal strain for brick/]
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Table 44: Modulus of elasticity and Poisson ratio of bricks

” ” p - b ‘O n_D AV rO AV
Label - b A
(N/mm2) (N/mmz2) (10%) (N/mm 2) A
BR4 86.17 51.70 1517.93 34060.75 0.379
BR5 88.40 53.04 1711.31 30993.79 32500 - 0.26
BR6 89.17 53.50 1642.92 32565.37 0.134
41.1.6 Mechanical Properties of Brick Units

Figure 4.6 presents the graphical representation of the average value of the
mechanical properties of the brick units obtained from the experimental tests
carried out on the selected brick units. In complementaryable 45 compares the
obtained brick properties from the experiments to the values declared by the
manufacturer except for b and b that were compared with the values reported
in Vasconcelos & Louren¢cd2009), Oliveira et al. (2012) and Italian Code for
Constructions (DM 14.1.2008). The purpose of this comparison is to establish if
the bricks qualities conform to the manufacturer specifications and also to

determine if they are good enough to be used for this study.

For comparing the compressivestrength "Q , modulus of elasticity © , and

01 EOQOT 1T 8,0theCaketagd of the values obtained for BR4, BR5, and BR6

were considered because the bricks were loaded in bed face as already explained

in section 4.1.1.5.

Geneanlly, the obtained properties of the bricks indicate that the selected bricks
are of good qualities and conform to the declared specifications from the
manufacturer. Therefore, the brick units are acceptable for the proposed
experiment. Hence, all the briks used in this study were sourced from the same

manufacturer (Wienerberger Ltd).
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Table 45: Mechanical properties of brick units

Values
Property '
Experiment Manufacturer Requirement
r shall not be less than 2079kg/ni i.e
2200 2310 . ,
(kg/m 3) 90% of specified density (BSI, 2000)
. shall not be more than manufacture
w (%) 3.9 S X ..
limit (BSI, 2011b)
Q 87 9 25 shall be not less than the declare
(N/mm 2) ' compressive strength (BSI, 2011a)
between 3500 and 34000 fo
32500 S o 1 1 different types of clay unit OM
(N/mm 2) yp y (5
14.1.2008)
O\ 0.26 0.15-040 range for clay unit(Lourenco, 1996)

4.1.2 Characterisation of Mortar

Mortar can be described as a mixture of binder materials (cement and/or lime)
and inert material (e.g. sand) with the addition of water to form a smooth paste.
The quality of the mortars used in bonding brick units together igssentialin
masonry construction. In this study, type N (general purpose) mortar mix with a
ratio of 1:1:6 (cement: lime: sanl) was prepared. This ratio was converted to
weight as the materials were batched in weighiThe amount of water to be added
to the mix proportion was not mentioned in masonry standard codes. Hence the
optimum water content, which gives a working consisteny was found by trial

and error using the dropping ball testin section4.1.2.1described in (BSI, 2005).

After the mortar mix ratio and water/binder ratio has been determined through
trial mixes, these ratios were then used to prepare all mortarused in the
experimental works. For consistencythe dropping ball test and flow table test
were conducted on all the batches of the fresh mortar used throughout the
experimental campaign. Also, samples ahortar cube were prepared from all
batches of mortar, and the compressive strength of the hardened mortar cubes

was determined.
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41.2.1 Consistency of Fresh Mortar (Dropping ball test)

To ensure the consistency of mortar used in the preparation of masonsample
specimens throughout the experimental campaign, dropping ball test was
carried out for all the mortar used in the specimens. The test was carried out
according to the provisions of (BSI, 2005) using dropping ball apparatus
consisting ofthe stand, acrylic ball, ring mould (& 100 x 25mm), rubber suction

hand pump, and a dial Indicator as shown in figuré.7. The test procedures are:

W The ring mould was filled with fresh mortar to level with the top of the mould

W The acrylic ball on the suction rubbemwas then allowed to fall freely through
a height of 250mm to strike the surface of the mortar in the mould

W The tip on the dial indicator was then wound down to allow the tip to touch
the acrylic ball

W After that, the penetration of the ball was measured fnm the dial indicator to
the nearest 0.1mm and recorded as shown in table@!.

W As required, the consistency of the fresh mortar was adjusted to a

penetration of 10 £ 0.5mm.

The target dropping value of 10 £ 0.5mm must be achieved before accepting the
mix ratio. In trial mixes, the 10 £ 0.5mm dropping value was achieved after the
third trials as detailed in table 4.7. The water binder ratio that gives the dropping
value of 10+ 0.5mm was then adopted as the water ratio for the mix throughout
the experimental ampaign. This test was carried out on all the mortar used
throughout the experimental campaign, and the records are presented in

appendix4.1.

Figure 4.7. Test setup for dropping ball test
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Table 46: Dropping test value of fresh mortar

Trial Cement Lime Sand W/binder Dropping testvalue
No (kg) (k) (kg) ratio (mm)
1 1.00 0.67 6.20 0.60 7.20
2 1.00 0.67 6.20 0.90 9.30
3 1.00 0.67 6.20 0.96 10.20
41.2.2 Consistency of Fresh Mortar (Flow table test)

Flow table test is the mostrecommended test on fresh mortar for bonding
masonry unit, and it was carried out on the mix ratio that gives the targeted
dropping value for all masonry samples preparation. The flow table test was
carried out according to (BSI, 1999b) by using a mouldiofv table disc, tamper

rod, and metre rule. The test procedures were as explained below:

W The flow table disc and the mould were first deeply cleaned and wetted

W The mould was then placed in the centre of the flow table disc and filled with
fresh mortar in two equal layers. Each layer was tamped 10times with a
tamping rod to ensure uniform filling of the mould

W The excess mortar was skimmed off the mould with a palette knife and any
water around the bottom edge of the mould was removed

W After approximately 15s, the mould was slowly raised vertically, and the
mortar on the disc was spread out by jolting the flow table 15times at a
constant frequency of approximately one cycle per second

W After that, the flow of the mortar was measured in two directionsat right

angles to each other using rule (Fig 4.8), and the mean was found in tablé.4.

Table 47: Flow test value of adopted mix

Trial Cement Lime Sand W/binder Flow test Value (mm)
No (kg) (kg) (kg) ratio Dirl Dir2 Mean

3 1.00 0.67 6.20 0.96 167.5 167.0 167.25
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a)

Figure 4.8: a) Test setup for flow table test, b) Mortar flow measurement

41.2.3 Compressive strength test of hardened mortar

The compressive strength of hardened mortar was determined according to (BSI,
1999c) under the universal compressiortesting machine. At least three samples
of 100 x 100 x 100mm (M23) or 50 x 50 x 50mm(M46) cubes were prepared
from each batch of mortar and cured under the same condition with the masonry
specimens. Usually, the cuds were removed from the mould after 24hours and
covered with polythene sheet for 14days and then left open for the next 14days
in the laboratory. This is to keep the curing condition of the mortar the same with
the masonry specimens as will be discussedter in the subsequent section. After
28days, the hardened mortar cubes were tested under compression testing
machine to determine the compressive strength of the mortar'Q) as shown in
figure 4.9. The mortar cube specimens were carefully aligned undére machine
with the centre of the ballseated platen so that a uniform seating is obtained.
Thereafter, a uniformly distributed load was applied gradually in equal
increments of 1kN/sec continuously up to the failure of the mortar cub€Q was
then calalated from the failure load and loaded area of the mitar cube, as

shown in table 48.

Figure 4.9: Compressive strength test of hardened mortar
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Table 48: Compressive strength of mortar

Max. Load Area Compressive strength Av."Q
Label 5
0 (N) 0 (mm?2) "Q —— (N/mm2) (N/mm 2)
M1 72300 7.23
7.11
M2 70700 10000 7.07
M3 70300 7.03 (cov = 1.5%)
M4 17600 7.04
7.06
M5 17700 2500 7.08
(cov = 0.3%)
M6 17670 7.07

4.1.2.1 Mechanical Properties of Mortar

From the tests conducted on both the fresh and the hardened mortar, the mix
ratio of 1:1:6 with water binder ratio of 0.96 gives the dropping value of 10.2mm,
and the corresponding mean flow value is 167.25mm. This mean value is the flow
value for the mortar sample and since the individual flow values from the two
directions do not deviate from their mean value by up to 10%, the result is
satisfactory as deduced from (BSI, 1999b). Also, the consistency of mortar is
good as this agrees with the ideal flow value (15075mm) for mortar joints, as
derived from (Haach, et al., 2007) as shown in figure 4.10. The hardened mortars

have an average compressive strength of 7.1N/m#{Fig. 4.11).

To maintain the consistency of all specimens constructed throughout the
experimental campaign, dropping ball test, flow test, and compressive strength
of hardened mortar samples were carried out on all the mortar used in this

experimental study and the reords of the result are presented in appendi®.1.

SCALE OF CONSISTENCE
(Flow table)
Martar better Mortar better )
Dry mortar to embedding  |CEAL to infill Fluid mortar
) | T ) Lt
150 mm - 1175 mm |- - 200 mm
[ ! l

¥
Flow values category (167.25mm)

Figure 4.10: Consistency of fresh mortar
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Figure 4.11. Compressive strength of mortar

4.1.3 Characterisation of Masonry Cubic Specimen

In order to understand how the selected brick units and the adopted mortar mix
ratio work together, the compressive strength of masonry cubic (MC) specimen
was obtained experimentally in section 4.1.3.1 through an unconventional test
developed according tgprevious tests carried out by(Arash, 2012)with insight
from (BSI, 1999a). The rationale behind this unconventional test was based on
testing the compressive strength of cubic specimens. As such, masonry cubic
specimen was pepared by bonding the brick units with mortar. In
complementary, the compressive strength of the masonry cubic specimen was
also determined by empirical calculation in section 4.1.3.2 using equations given

in (BSI, 1999a)
41.3.1 Compressive Strength of MC Specimens: Experimental

Six masonry cubic specimens (MC) of 215 x 215 x 215mm were prepared using
masonry brick units from the same stock as the ones tested earlier and a 10mm
thick mortar joint with the mix ratio described above. The MC specimens were
constructed using English bond consisting of alternate rows of headers and
stretchers (Fig. 4.12a) which is the oldest form of brick bond popular in the UK
until the late 17th century (Anon, 2009). The MCs were prepared in the
laboratory, and horizontal level surface is ensured by using a bubble level during
construction. After the construction, each sample was wrapped with polythene

sheet for 14days (Fig. 4.12b) to prevent quickoss of moisture to avoid dry
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shrinkage in the joint. Thereafter, the samples were opened and cured for further

l4days in the laboratory to allow the samples to achieve their standard strength.

After the curing of the samples has been completed in 28days, the specimens
were then ready to be tested under the compressietesting machine. However,
before testing the specimens, four linear variable displacement transducers
(LVDT) were attached to the amples as shown in figure 4.13 to measure the
deformation of the MC during esting. After that, the specimens were carefully
aligned with the centre of the ballseated platen, under the compressioitesting
machine with 2mm thick plywood placed on top and bottom of the MC under the
compressiontesting machine. A uniformly distributed load was applied
gradually in equal increments of 4kN/sec continuously up to the failure of the

specimens. The compressive strength of MC was then estimated from the failure

load and loaded area of MC, as presented in tabl®4.

- o

Figure 4.13. Masonry cubic specimens with LVDTSs attached
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Table 49: Compressive strength of masonry cubic specimen

Max. Load Area Compressive strength "Q AV."O
Label 5

0 (N) 0 (mm?2) — (N/mm 2) (N/mm 2)
MC1 2302699 49.82
MC2 2078800 44 .97

46.4
MC3 2120699 46225 45.88
(cov = 4.8%)

MC4 2055399 44 .47
MC5 2075300 44.90
MC6 2245100 48.57

4.1.3.2 Characteristic Compressive Strength of MC Specimen
The characteristic compressive strength of the masonry specimenQ was
calculated according to section 10.2 of BEN 10521:1998 as larger of (a) or (b)

(a) The smaller of "Q —Sor’Q n
MM qQ — 8 — 8 (4.1)

Where:

"Q: is the normalised compressive strength of masonry specimen

"Q: isthe measuredcompressive strength of masonry specimen

"Q :isthe specified canpressive strengths of the masonry unit (75Nf 1 )
"Q: isthe mean compressive strengths of the masonry unit (87.9N/ [ )
"Q :isthe specified compressive strengths of the mortar (7NI 1 )

"Q : isthe mean compressive strengths of the morta¢7.1N/i 1 )

First, the mean compressive strength of the MC wasnverted to thenormalised

masonry strength relevant to the specified unit and mortar strengths using
equation 4.1 (BSI, 1998). This is necessabecause thecompressive strength of
the masonry units and the mortar at the time of testing deviate from their

specified values.

Therefore, Q 1@ — 8 —~ 8 =41.7N/N |

n "Q _ oo
Hence, Q p& = 34.8 N/l 1|
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(b) 5% fractile values gives; Q o 8t x Al |

The result from option (a) ishigher than (b), so the characteristic compressive

strength ('Q of the MCspecimenis taken aso & J1 |

Besides the characteristic compressive strength of the MC specimen can be
calculated using the properties of theconstituents (i.e. brick units and mortar)

according to equation 4.2 provided in (BSI 1996)
Q0 G Q (4.2)
"Q: isthe characteristic compressive strength of masonry specimen

"3, :isthe normalised mean compressive strength ofhe masonry unit, in the

direction of applied action.
"Q: is the compressive strength of the mortar (7.1N/mré)

| ®WeTfQ are constants for generapurpose mortar, which are 0.7 and 0.3

respectively
K: is a constant, function of the type of units anchortar.

In order to apply equation 4.2, he mean compressive strength of the unit
obtained from the test is first converted to normalised mean compressive
strength ('Q3; . Because the samples were ovedry, the average strength
obtained from the test is multiplied by a factor of0.8. This is to obtain the
strength of the unit relevant to airdry conditioning (BSI 201]). After that, the

equivalent mean strength was then multipled by shape factor (0.685) obtained
from table A.1 of BS EN 771:2011.

Therefore, Q TP gord Yo T @ P I
Meanwhile,Kis taken from table 3.3 of BSI 1996 as 0.55 for group 1 clay masonry

unit and generalpurpose mortar.

MM MU T X x®®=17.95N/mm?

The calculated characteristicompressive strength of MC(QQ) from the property
of the constituents equals 17.95N/mma. This characteristic value of
17.95N/mm2 is 52% of the characteristic compressive strength value gotten

experimentally. The characteristic compressive strengths obtaed from tests
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on MC specimens were higher than the strengths calculated using thenstituent
strength (equation 4.2), suggesting that equatior#.2 is too conservative.This is
supported by the claimthat the unit strength method yields more conservative
strengths when compared to the prism test methodespecially at the higher
range of masonry unit strengthdNCMA TEK 181B). Also, thisis similar to what
has been observed in previous studies bPhipps, et al., 2001jand (Arash, 2012).
(Phipps, et al., 2001)went further by increasing the value of K to 0.78 to match
their experimental observation. Their work later proposed a change in the
coefficient (K) found in BSI, 1996. However, more detailed experimental data

will be required to make such a significant contribution to the evolution of code.

4.1.4 Failure Mode of Masonry Units and Masonry Cubic Specimens
Figure 4.14 below presents the failure images of both the bikaunits and the MC
specimens after testing. Monitoring the failure pattern of both the units and MC
by eyes during the test was very difficult because the test rig was enclosed to
avoid injuries. However, adequate cameras were provided to capture ttentire

testing.

The observation shows that the failure modes of both the units and MC are
brittle. A view through the casement and video recorded during the tests
indicated that the failure of the brick units (Fig. 4a) started with a vertical crack

along the freight of the bricks causing high tensile stress in the bricks which make

them fail i.e. be broken in the end.

For the MC specimens, the failure was characterized by vertical splitting cracks
appeared first in the central unit and extended to the other uns as the stress
increased. This observation is similar to what was reported by Vasconcelos &
Lourencgo (2009) and Mohamadand Chen(2016). This failure pattern is due to
the presence of the vertical jointsand the lateral expansion of the mortar
inducing high tensile strength in the bricks. The splitting of MC on the side faces
caused the attached LVDTs on the MC sides to fall, @fhich makerecording the
continuous deformation of MC difficult because the compression machine does

not have an inbuilt LVDT.
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BR4 BR5

Figure 4.14b. Failure of masonry cubic specimens
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4.2 Small-Scale Test: Flexural Bond Strength of Masonry Prism

In this section, flexural strength of masonry prisms (MP) has been obtained from
four-point bending test conducted on MPs according to tharovisions of (ASTM,
E518-15) and (ASTM, E7215). This test helps to gather data on the flexural
strength of plain unreinforced MP and MP retrofitted with timber panel using
two selected connection types identified earlier in chapter 3. The test was cagdl
out before the largerscale experimental works described later in section 4.3. The
small-scale test helped to understand the behaviour of masonry and the
connection between masonry prism and timber panel proposed for retrofitting
masonry wall. The testprovided an insight on the effectiveness of the proposed
timber panel retrofit on flexural behaviour of masonry prisms, and it also
enabled the design and implementation of the largescale test to be

straightforward.
4.2.1 Test Specimen Characteristics

The secton describes in detail, the materials and the construction proces®r
building the tested MP specimens. The section is subdivided into material

sections and specimen construction sections.

42.1.1 Materials

In addition to Engineering class B solidired clay bricks with UK standard size
215 x 102.5 x 65mm and Type N (general purpose) mortar mix with a ratio of
1:1:6 (Type Il Cement: aerial lime: sand) that have already been fully
characterised in setion 4.1,two other materials which are oriented sgrand board
(OSB) and connections were used for preparation of specimens. Manufacturer
data sheets were used to obtain the mechanical properties of OSB and the

adopted connections. The properties of the materials areummarisedbelow:

W Oriented Strand Board (OSB)

18mm thick OSB type 3 (Fig. 4.15a), which islaad-bearing engineered wood

based panel for use in humid conditions, was selected for this study. The OSB is
manufactured from strands of wood, which are bonded together with a synthetic

resin. The stAT AO AOA DOAOOAA OI CAOEAO EIT 1 AU,

specification, the board has an average density of 650kgfn internal bond
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strength of 0.3N/mm2, and modulus of elasticity of 3500N/mn# and
1400N/mm 2for both bending in major and minor axis resgctively. The OSB type

3 that was used in this study can achieve a Euro class D fire rating under the new
Euro class system for the reaction to fire of materials. OSB panel can resist a small
flame attack without substantial flame spread for a extended period (Anon,
2018). Also, they are capable of undergoing thermal attack by a single burning

item with sufficiently delayed and limited heat release.
W Connections

Two types of connections were used in this study. The O$Bnel was securely
connected behind the masonry prism using two types of anchor systems selected
from available products by Fischer® group. Fischer anchor systems have a long
reputation in providing connections and fixings to masonry. Consequently, two
different anchor systems were selected from Fischer® products by considering
masonry as the base material, manual cleaning procedures of holes drilled,
economy, the recommended design tensile resistance ) and the
configuration of the anchorsThe criteria for selecting these connection types are
guided by the requirements of European Technical ApprovdETAG, 029)which
ensure that the selected anchorages are fit for use in solid masonry subjected to
either static or quaststatic loading, which was tested in this study. The strength
of both the masonry unit and mortar were considered in the selection of the
anchor diameter. The spacing of the anchoiis provided to meet the minimum
allowable spacing and edge clearance as spéet in the ETAG 029.The selected

connections were made of A4 (1.4401 or 316) stainless steel classified as follows;

I.  Connection Type 1 (C1): This is an adhesive anchor connection system
herein referred to as C1. It is a combination of FIS V 360 S injectimortar
and FIS A4 anchor rod. FIS V 360 S is a higlarformance injection mortar
which is approved for fixings in both perforated and solid bricks. The
selected FIS A4 anchor (Fig 4.15b) has 8mm diameter with 1.29kN
permissible tensile load.

[I.  Connection Type 2 (C2): This is a mechanical connection system classified
as C2 in this study. C2 is a combination of Fischer frame fixing SXS plastic
plug made of highquality nylon and FUS A4 anchor rod. The diameter of the

anchor rod is 8mm with a permssible tensile load of 1.39kN (Fig. 4.15c).
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Figure 4.15. Material (a) OSB timber, (b) Adhesive anchor, (c) Mechanical anchor

42.1.2 Test Specimen Construction

The MP test specimens were constructed as 9 coursstacked bonded prisms,
215 x 102.5 x 665mm with mortar joints of 10 £ 1.5mm thickness, as shown in
figure 4.16. The size of MPs constructed allowed the specimens to meet the
minimum height of 460mm required according to clause 6.1 of ASTM E51%
without cutting brick units in height. The test specimens were constructed using

English bond consisting of alternate rows of headers and stretchers.

The construction of the MP started by laying the first course of the brick unit on

a 10mm thick flat metal plate wih the use of mortar. Subsequently, all the
remaining 8 courses were laid on top of one another with a fuflace mortar bed

on all other units without furrowing (i.e with no groove or hole in the mortar
bed). During the construction of all test specimenghe mason used a plumb line
and level to align the vertical face of each specimen. In all cases, the test
specimens remained in construction position for 21days after construction to

avoid disturbing the setting of the specimens.

The standard curing procelures were adopted for all specimens by wrapping
them with a polythene sheet for 14daysAfter that, they were stored in the
laboratory air for further 14days as in the case of masonry cubic specimens
described in section 4.1.3. Samples of mortar cubes wetaken from the mortar
mix prepared for each specimen and cured under the same condition with the

test prism to monitor the quality control.

Before the construction of the specimens that were retrofitted with OSB timber
panel, the brick units in the predéermined connection locations (Fig. 4.17) were

pre-drilled. The purpose of predrilling these bricks before bonding is to avoid
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disturbing the joint of the specimens after the construction, which might have

caused the failure of the joint before testing.

The selected OSB type 3 timber panel was fixed to the masonry prism to apply
the proposed timberbased retrofit technique (Fig. 4.17). The retrofit was
applied after the specimens have cured for 21days to allow for curing of the
connection for further 7days before testing. All the test specimens and the

mortar cubes prepared during their construction were tested at 28 days.
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Figure 4.17. Retrofitted masonry prism specimen a) Drawing (all dimension in mm) bs-built
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4.2.2 Test Program/Matrix

Nine single leaf masonry prisms (MPs) were tested in the laboratory under four
point bending test using a quasstatic monotonic loading scheme. The small
scale experimental campaign presented itable 4.10involved testing: (a) three
samples of plain MP ¢ serve as references to measure the effectiveness of the
proposed retrofit techniques, (b) three samples of retrofitted MP, each
retrofitted with 18mm thick OSB type 3 timber panel using adhesive anchor
connection (C1),and (c) three samples of MP retrotted with 18mm thick OSB

type 3 using mechanical connection (C2).

Table 4.1Q Test program specimen identification
Specimen Label Description Connection Type Quantity

MPO00-1 - 1
MPOO0-2 Plain specimen
MPO00-3

MPOSBC®
MPOSBCR* Retrofitted specimen C1
MPOSBCS

MPOSBCZ
MPOSBC2 Retrofitted specimen C2

e

MPOSBC3
MPOO stands for Plain Masonry Prism
MPOSB stands for Masonry Prism retrofitted with OSB panel
C1 stands for connection type 1, i.@dhesive anchor connection

C2 stands for connection type 2, i.e. mechanical connection
MPOSBC2* was constructed to replace the damaged MPOSBC1

4.2.3 Test setup and Procedures
The MP specimens constructed on the 10mm thick steel plateere testedin the

test rig, as shown in figures 4.18 and 4.19. All the nine specimens were tested
with simply supported boundary condition with no vertical pre-compression

load. The specimen on stel plate was rested on 25mm diameter cylindrical
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roller clearly identified in figure 4.19b with the axis of the roller parallel to the
face of the specimen to allow it to freely rotate around its base while deflecting
out-of-plane and prevent restrained @d condition. At the back of the specimen,
25 x 5mm thick metal plate was fixed across the middle of the top and bottom
brick unit each. This 5mm thick plate provided a smooth contact for the @25mm
supporting rollers fixed on an existing steel reaction frene in the laboratory (Fig.
4.19c). On the front side of the specimen, two others 25 x 5mm thick metal plates
were fixed at 1/4th and 3/4t of the height of the specimen each to provide a

contact for which the loading roller rest as identified in figure 4.9c.

The loading of the specimens is such of a foyoint testing arrangement where
the loads were applied on the specimen using a Hrce hydraulic jack (4.20a)
and distributed through a spreader beam. The spreader beam spanned between
two @25mm cylindrical rollers placed across 1/4 of the height from top and
bottom support of the specimen The direction of the load application is
perpendicular to the specimen surfaceThe applied load on the prism were
monitored using a 200kN capacity ring load cell (i§. 4.20b). Simultaneously, 4
linear variable displacement transducers (LVDTs) were used to record the
deflections of the specimen along the centre, mitbp and bottom. The locations

of these LVDTs are shown in figure 4.20c. All the LVDTs were fixed on an

independent steel tripod stand, which was not connected to the rig (Fig. 4.20d).

The force and the displacements were regime monitored by connecting the
load cell and LVDTs to an electronic acquisition unit interfaced with a computer.
The test was loadcontrolled, and the loading scheme is such that an initial load
of 200N increments at every two minutes up to the occurrence of first cracks was
applied. This loading rate represents 1/10th of the expected maximum load. The
load increment was chosen so tht a sufficient number of readings will be
obtained to determine definitely the loaddeformation curve (ASTM E7215).
After the first crack appeared, the loading was increased continually atrate of

2N/sec up to the cracking/failure of MP specimens.
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Figure 4.20.Instrumentation: (a) Hydraulic jack; (b) Load cell; (c) LVDTs position; (d) LVDTs on frame

4.2.4 Test Results

The test specimens were tested to failure with the load and corresponding out
of-plane displacements monitored. The experimental results were the

expressed in term of loaddisplacement curve, which represents the relationship
between the applied outof-plane loads and the net oubf-plane displacement in

the mid-height of the test specimens.

4241 Out-of-plane Displacement

In order to estimate the net displacement in the specimen midheight, the
average value of horizontal displacement at the top and bottom of the specimen
was removed from the mean value of the displacement measured at the

specimen midheight using equation 4.2.

Q (4.2)
7TEAOAN OOAOAOEDPO ph ¢h o O 1 OAEAOO O
The average displacement at the top and bottom of the specimen deducted from
the average displacement at the midheight of the specimen accounted fothe
unexpected little displacement at the top and bottom of the MP prisms. A typical
load-displacement curve for specimen MPOQ showing load vs displacement
measured by all the four LVDTs is shown in figure 4.21VDT.1plot is overlaid
by LVDT.2 becauséhe displacement recorded by the two LVDTs are the sanié

can be observed from the curve that the specimen did not exhibit any significant

displacement (0.29mm) before the peak load. Then suddenly, after the crack
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occurred, the brick separated from the joint, and the displacemefgumped from

1mm to 9mm.
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Figure 4.21. Typical loaddisplacement curve

Figure 4.21 above presented here the displacement measurentsrfor all the
four LVDTs for only specimen MPOQ. The curve showing the load vs
displacement measured by the four LVDTs for all other specimens is presented
in appendix 4.2. In the subsequent sections, only the load vs net eaf-plane

displacement for each specimen was shown.

4.2.4.2 Flexural Strength
The flexural strength of the masonry prism was determined using equation 4.3
N —— (4.3)
2 Y
—
S Where;

"Q : Flexural strength of masonry prism

: The maximum load appliedto the specimen

0
a : Distance between back supports (outer bearing)
a

: Distance between the loadings supports (inner bearing

: Width of specimen

2]

O g

: Thickness of specimen

Figure 4.22a: Dimension on the prism
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However, equation 4.3 is only valid if the neutral axis of the section is in the
centre and used for the plain masonry prisms only. In other to obtain the flexural
strength for the retrofitted MP with the OSB added, the equation of bendin@ggn
4.4) is emgoyed.

- - (4.4)

Where;
0 dMaximum moment applied on the section
» dFlexural strength of section (i.€Q
): Moment of inertia ofthe section
U Depth to the neutral axis of the section

Equation 4.4 is first employed for the plain MP and the difference between the
flexural strength calculated and the experimental result is only 6%. Therefore
equation 4.4 is then extended to calculate the flexural resistance of the
retrofitted MP (Table 410). In order to use equation4.4 for the retrofitted MP,
the section is converted to an equivalent sectiobecause of the composition of
the retrofitted MP with two parts having different stiffness. An equivalent
thickness of the OB with respect to the masonry is obtainedoy multiplying OSB
thickness (tosb) by a factor (n) which is the ratio ofo T OT C6 O 1 1 8B OO
to the masonry (Fig. 4.22b).After that, the neutral axis of theretrofitted section

is calculated from the new thickness of the equivalent section The new
properties of the equivalent section vere then used in the equation of bending
to determine the flexural strength of the retrofitted specimens.

Emas tmas tmas
Eosb tosb Nlosh |
8 [E—
Retrofitted section Equivalent section

Figure 4.22b: Equivalent section fothe retr ofitted prism
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4.2.5 Observed Failure Pattern
425.1 Failure Pattern of Plain MPs

The failure mode of the plain MP specimen is quabrittle with plain MP showing
little deformation (0.29mm) before the separation of the brick unit from the
mortar (Fig. 4.24). This type of behaviour shows thaduring the first part of the
tests, theplain MP specimens did not exhibit any damagas also observed in
similar works by Gattesco and Boen2017) and Lin et. al (2016) After this crack
had appeared in the unit/mortar interface, the deformation measured in LVDT 1
& 2 jumped up significantly. This jump indicates a brittle failure of the plain MP
specimens (Fig. 4.23). The failures were suddeand always started with the
formation of a crack opening in one of the bed joints at the tensile face of the
specimen (i.e. the side opposing the loading face). Subsequently, the crack that
occurred in the single bed joint propagated throughout the specinrethickness

so that the unitmortar interface was completely separated in all cases.

The failure occurred within the loading span (i.e. the inner bearing) for all tested
specimens except for MPO2 (Fig. 4.23b). Thus, the result of MPGQ was
discarded be@use one of the acceptability criteria of the test is that the failure
must occur within the inner bearing (ASTM E51815; ASTM E7215; BS|, 1999).

The load-displacement curve for MP0OG1 and MPOG3 is shown in figure 4.24,
having discarded the result forMP00-2. The inference from the figures 4.24
shows that the specimens remain undamaged for up to 80% and 85% of the
average failure load (2857N) for MP0&1 and MP0G3 respectively. However, as
the loading increment continues, the specimen peak load and cesponding net
out of plane displacement of the damaged specimen at the rAmkight were then
recorded as (2871N, 8.34mm) and (2843N, 9.62mm) for MPOD and MP0G3
respectively. A new specimen to replace MPBP was not constructed because

the results of MP®-1 and MPOG3 compared fairly well.
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Figure 4.23. Failure pattern of (a) MPO4L; (b) MP0O-2; (c) MPOG
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Figure 4.24. Load displacement curve for plain specimens
4.2.5.2 Failure Pattern of Timber Retrofitted MPs
Similar to the plain MP, the retrofitted specimen (MPOSB) showed little
deformation (0.5mm) before the appearance of the first crack, which is also in
the bed joint within the inner bearing. This first crack appeared at an average
load of 3640N and 3590N for MP retrofited with adhesive anchor connection
(C1) and mechanical connection (C2) respectively. As the loading continued,
other cracks appeared in the bed joints parallel to the first crack still within the
inner bearing (Fig. 4.25 & 4.26). As the applied load incread, the first crack to
appear failed completely at an average load of 5330N for C1 and 5280N for C2.
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Meanwhile, since the first crack appeared in the specimens, the effect of the
application of the timber panel at the back of the MPs caused the formatiaf
other cracks in the specimens. Unlike plain MPs, the retrofitted specimens
remained unseparated after the first crack. In order to ensure that the maximum
load capacity of the retrofitted specimen is obtained, the loading continued until
the timber panel at the back failed (broken). At this failure point, the
corresponding load vs net owof-plane displacement for all specimens including
the plain MPs were plotted for comparison in figure 4.27. On the load
displacement curve shown in figure 4.27, the pats at which each crack
developed were identified with numerals corresponding to the ones labelled on
the specimens' image in figure 4.25 and 4.26 testing. The labels drexed with
the same ink colour as shown on the graph in figure 4.27. The average mnaxm
load and corresponding displacement at failure are (21068N, 18.74mm) and
(14407N, 15.24mm) for MPOSBC1 and MPOSBC2 respectiviligtably in figure
4.27 is the strange behaviour of MPOSB&®at around 4000N applied load This
behaviour is because of th manual application of load in which thencrement in
the applied load at this point is high which cause the sudden jump in the
displacement. However, to avoid this kind of variation, @ automatic loading

program was written for the larger-scale test desdbed in section 4.3.
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Figure 4.25. Failure pattern of (a) MPOSBEA (b) MPOSBC2* (c) MPOSBCB
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Figure 4.27. Load displacement curve for plain and retrofitted specimens
4.2.6 Evaluation of Performance of the Proposed Technique
The maximum load, corresponding displacement at failure, flexural strength, and
toughness of the tested specimens is presented fable 4.11. The toughness (i.e.
energy absorbed) of the specimens is estimated from the loatisplacement
curve (Fig. 4.27) using the method based on ASTM 1609 his toughness is
estimated as the overall (i.e. the total area under the loadisplacement curve)
and the limiting toughness. The limiting toughness is the area under the curve

up to a limited displacement of span/250(BSI, 1996). This is done to understand
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the toughness gained by the specimens when undergoing an acceptable
displacement without adverse effect. Because the masonry specimens deflected
excessively during testing to get to the failure of the OSB (ieverall) which is in

AT T OOAAEAOQEIT T O1 " 3)Magpruwywplls SuBjecied td 1Atdrah AOET
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deflection is not acceptable in the real situation because this can cause visual
distress to the users of the building and can lead to damage of building parts.

Thus, the limiting toughness actually estimates the improvement due to the

retrofit application in the acceptable range.

Table 4.11 Summary of flexural strength test results

Flexural strength

. Max. load Displace N/mm 2 Toughness (Nmm)
(mm) Exp. theory) Limiting Overall

MPOO-1 2871 8.34 0.54 0.57 7600 22700
MPO0-3 2843 9.62 0.53 0.57 7600 23200
Average 2857 8.98 0.54 0.57 7600 25800
MPOSBC2 20889 19.07 - 4.01 12200 258000
MPOSBCR2* 21890 17.91 - 4.20 14000 254000
MPOSBCH 20424 19.24 - 3.92 11600 260000
Average 21068 18.74 - 4.04 12600 257333
MPOSBCZ 13950 14.07 - 2.67 8600 164000
MPOSBC2 14760 15.12 - 2.83 8000 158000
MPOSBCZ3 14510 16.54 - 2.78 8200 166000
Average 14407 15.24 - 2.76 8267 162667

In table 4.11, the average value of each property for each group of the specimen
(i.e. MP0OO, MPOSBC1 and MPOSBC?2) was evaluated and compared in figure 4.28.
The comparison shows that the maximum load that can be attained in MP when
retrofitted with OSB panel is 7.4times and 5times that of plain MPor connection

type C1 andC2 respectively (Fig4.28a). The retrofitted MPs were able to take
more loads by displacing more without suddetailure (Fig.4.28b). The increased

out-of-plane displacementis 2.1times and 1.7times that of plain MP for sample
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retrofitted with Cland C2 respectivelySimilarly, the increment in the flexural
strength (Fig. 4.28c) is also significant when MP retrofitted with OSB panel. C1

offered the most increment in theload capacity andflexural strength.
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Figure 4.28. Performance in term of (a) Load Capacity (b) Displacement (c) Flexural strength
(d) Overall Toughness(e) Limiting Toughness

Further analysis of the data presented in figure 4.28veals thatthe toughness
gained due to the retrofit application when taken up to the failure of the OSB is
enormous. An improvement of 11imes and 7times that of plain MHs recorded
for connection type 1 and 2 respectively(Fig. 4.28d) However, having
established the need for consideration of performance at the limiting
displacement, the analysis shows that the application improved the toughness
by 1.7times that ofthe plain wall for C1 and little increment of 1.1times plain
wall for C2. Even though thencrement in the load capacity of the retrofitted
specimens at this limiting displacement is about 3times and 2times that dlhe
plain wall for C1 and C2 respectively. Still, C1 offers the most improvement in the

toughness gained at both the limiting disfacement and overall failure.

4.3 Larger-Scale Test: Flexural strength of masonry wall

Theapplication of oriented strand board type 3 (OSB/3) as a prospective retrofit
material for URM walls has been introduced in section 4.2, with evidence of
improving the flexural performances. This section presents largescale
experimental works on 1115 x1115 x 215mm double wythe single leaf URM
walls to validate the observations in the smalkcale test. Herethe quasi-static

out-of-plane loading test was carried out on plain masonry wall specimens,
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single-sided retrofitted masonry walls and doublesided retrofitted masonry
walls. The flexural and displacement capacities were evaluated in both plain and

retrofitted specimens, and the results were analysed.

As previously mentioned, that the small-scale test enabled the setup and
execution of thelarger-scde test, the description of the experimental works and
results of thelarger-scale test follows the same pattern of subheadings as in the

small-scaletest described in section 4.2.

4.3.1 Test Specimen Characteristics

4.3.1.1 Materials

The materials used for the experimental works here are the engineering class B
solid fired clay bricks with UK standard size 215 x 102.5 x 65mm, type N (general
purpose) mortar mix with aratio of 1:1:6 (Type Il Cement: aerial lime: sand),
18mm thick OSB ype 3 and adhesive anchor: threaded dry rod with injectable
chemical adhesive (C1). These materials are exactly the same as the one used for
the small-scaletest. The only exception here is that only the adhesive anchor
connection type (C1) was used. C1 kabeen identified as the besperformed

connection from thesmall-scaletest described eatrlier.

4.3.1.2 Test specimen construction

Single leaf, double wythes URM wall specimens of 1115 x 1115 x 215mm (length
x height x width) were constructed. The geometry of thevalls is such that each

of the two wythes of the walls has 15 courses with each course having 5 units of
brick bonded together by 10mm thick mortar joint. The walls were built in
English bond consisting of alternate rows of headers and stretchers, whichthe
oldest form of brick bond popular in the UKsince the late 17th century. The
bonding pattern is such that the joints between the stretchers are centred on the
headers in the course above as can be seen from the plan sketches of first and

second coures of the bonding pattern in figure 4.29 and image in figure 30.

Before the construction of the retrofitted wall specimens, brick units in
particular locations were pre-drilled and bonded in the pattern to have a
connection layout, as shownn figure 4.31. The connection layout ensured that
the spacing of the connection has 50mm as minimum edge clearance and 250mm

as the minimum spacing between two connections.
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All test specimens were constructed on 1315 x 150 x 350mm (length x height x
width) reinforce d concrete (RC) footing with 2mm thick polymer (nylon) placed
on top of the RC footing to prevent the bottom of the wall from bonding to the RC
to avoid toe crushing failure during testing. The wall specimens (Fig. £Bwere
constructed and tested in plae, no movement of the wall to prevent any
significant disturbance of the wall. All masonry wall specimens were cured by
wrapping them with a polythene sheet for 14days and then cured for further
l4days in the laboratory in the open air. For the retrofittedmasonry wall, the
OSB timber panel was fixed to the masonry walls after 21days to allow for curing

of the injection mortar in the connection point.

Iy 3 second
N : g course
-
0 '  stretcher § o st
o ' course
a) T
Figure 4.29. Wall specimen bonding patternpglan drawing)
b) ; e

Figure 4.30 Wall specimen bonding patterr(image during construction)
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Figure 4.2. Masonry wallspecimens @As-built)

4.3.2 Test Program/Matrix

Out-of-plane load control tests have been performed orsix masonry wall
spedmens, as indicated inTable 4.12 Two walls identified as PW11151 and
PW1115-2 were tested as plain specimens. PW1115was tested with a vertical
pre-compression load that varied as the applied ouplane load increased while
PW1115-2 was tested with a constant vertical precompression load. For the
retrofitted specimens, two samples were tested as singlsided retrofitted

samples while the lasttwo walls were tested as doublesided retrofitted wall
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sample. An 18mm thick OSB type 3 and adhesive anchor system (C1) were used
to retrofit the URM wall specimens.The test program h& ensured that loading
has been applied on wall retrofitted with OSB timber on only tension face and
both tension and compression face of the masonry wall. This is because
proposedtechniqueis to applythe OSB panel on the internal surface of exterior
URM walls so that external historic appearance of the building is preservetdihe
other retrofit configuration is the application of the OSB panel on theuter
surface of exterior URM walls with the combination of plaster, briclpolymer
based imitating finishing or clay tiles. Theconfiguration where we have the OSB
on both sides were for application on both surfaces of walls when heritage

preservation is less stringent, and the solution is feasible.

Table 4.12 Test program forlarger-scale test

Specimen Description Connection  Quantity  Pre-compression
Label Type loading
PW11151 Plain - 1 Variable
PW11152  SPecimen 1 Constant
1SRW11151  single-sided 1
1SRw11152  retrofitted c1 1 Constant
2SRW11151 double-sided 1
2sRw11152  "etrofitted ¢l 1 Constant

PW standsfor Plain Masonry Wall
1SRW stands for Masonry wall retrofitted with OSB panel on one side
2SRW stands for Masonry wall retrofitted with OSB panel on two sides

C1 stands for Connection type 1 (Adhesive Anch@onnection)

4.3.3 Test setup and Procedures

The general test setup (Fig. 4.38&4 .34a) was designed to replicate a foupoint
loading test arrangement, which is suitable for assessing the flexural behaviour
of masonry wall as described in ASTM E725. Each wall specimen was tested by
applying an outof-plane load in the middle section of the wall to induce an
approximately constant flexural stress in the central area of the wall. The load
was applied to each tested specimen using a hydraulic ram and svdistributed

through a steel spreader arrangement in the central area of the wall (Fig. 443).
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The spreader arrangement spanned between the fourth course from the top and
bottom of the wall specimen. All specimens were tested with simply supported

boundary condition and a vertical precompression load on top of the walls.

The simply supported boundary condition of the test specimen was achieved by
supporting the back of the wall specimen across the middle of the top and bottom
course with supporting steelframes. The support frames were connected to an
existing stanchion as a reaction frame at the top and bottom of ¢hwall (Fig.
4.34c). @25mm roller was placed between the back face of the wall and the
supporting steel plate on the reaction frames to prowe for smooth distribution

of load action across the length of the wall and avoid point contact. On the front
side of the specimen, two number of 50 x 5mm thick metal plates were fixed at
1/4th and 3/4th of the height of the specimen each to provide a adact for the

roller on the steel load spreader arrangement.

Meanwhile, all the test arrangemerd were carried out while the specimen
constructed on the RC footing still rested on the four 60mm square pipes placed

at each corner of the RC footinglrhese sgiare pipesensured that the wall was

stable during preparation and also allowed the placement of 50mm diameter

roller under the specimen before the start of the load application. Once the

setups werecompleted, the 50mm diameter roller was slide under thepecimen,

and the four 60mm square pipes were removedlhis allowed the wall specimen

to rest on the 50mm diameter glindrical roller (Fig 4.34d), with the axis of the

oi11 A0 PAOAI T AT OI OEA OPAAEI AT 60 EAAA

while deflecting outof-plane and prevent restrained end condition.
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Figure 4.33.Larger-scale test arrangement (drawing scheme)
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Figure 4.34.Larger-scale test arrangement (Asbuilt)
4.3.3.1 Loading Procedure
The loading is such of a foupoint testing arrangement where the load was
applied on the specimen using a hydraulic ram and distributed through a
spreader beam arrangement. The spreader beam spanned between two @25mm
cylindrical rollers rested on 5mm metd plate placed at 1/4th of the height from
top and bottom support of the test wall specimen. The direction of the load
application was perpendicular to the wall specimen surface. The test was load
controlled, and the loading scheme was such that an initidad was applied
continuously at a rate of 1kN/min for up to 5kN and then maintained the load for
5mins period. The purpose of maintaining the applied load was to allow the wall
assembly to come to substantial rest before taking the next set of readiras

recommended in (ASTM E725). Also, this helped to observe any time
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dependent defamation and load redistribution. The load steps were repeated
continuously for 10kN, 15kN, 20kN, 25kN, and 30kN load and maintained for
5mins period at each load step (Figd.35). After that, the load was increased
continuously to the failure of the test specimen. In order to obtain the maximum
capacity of the retrofitted walls, the applied load was increased continually after
the first crack until additional cracks were formed in the retrofitted specimens

and ultimately the timber at the back of the masonry walls were broken.

For the constant precompression load, a 305 x 305 x 240 UC section amounting
to 3kN load was placed on top of the wall. In the case of variable vertidaad
(PW1115-2), a hydraulic jack was placed on top of the UC beam with an initial
load of 10kN (selfweight of UC inclusive). The vertical load in PW1112 further
increases as the applied out of plane load increases. The m@mpression load
applied simulated a vertical load on the wall, which might be due to a light roof

or even an upper portion of the wall.
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Figure 4.35. Applied outof-plane load history.
4.3.3.2 Instrumentation
The values of the applied load on thevall were monitored using a 200kN
capacity ring load cell. Simultaneously, 8 linear variable displacement
transducers (LVDTs) were used to record the deflections of the test specimen
along the wall centre, top and bottom. The locations of these gauges were as
shown in figure 4.36. All the eight ¥DTs used during the test were fixed on an

independent steel tripod stand, which was not connected to the test rig. The force
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and the displacements were reatime monitored by connecting the measuring
equipment (load cell and LVDTS) to an electronic acqutsn unit interfaced with

a computer.
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Figure 4.36. Position of LVDTs on wall specimen
4.3.4 Test Results
The experimental results were expressed in terms of load vs displacement curve
representing the total applied outof-plane load against the net oubf-plane
displacement for both plain and retrofitted specimens. The maximum oubf-
plane loads and the correponding net outof-plane displacement of the plain
walls were obtained to establish the baseline for estimating the effectiveness of

the proposed retrofit technique.
43.4.1 Out-of-plane Displacement

The net out of plane displacement in the migheight ofthe wall was estimated by
deducting the mean displacement recorded at the top and bottom of the
specimens from the average midheight displacement. This deduction accounted
for the unexpected displacement at the top and bottom of the wallhe net out
of-plane displacement was obtained using either of the two options below

because the two options give the same results.
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0 Option 1: Right and Left side

In this option, the wall was divided into two sides, the displacement on each side
of the wall wasestimated and averaged to give the net otdf-plane displacement

of the wall as shown from equation 4.4.6

Considering figure 4.36,

Q 4 (4.4)
Q 4 (4.5)
Q ) ) (4.6)

0 Option 2: Top, Mid and Bottom

Here, the wall was considered as a single part with three regions g top, mid
and bottom. In other to estimate the net displacement in the specimen mid
height, the averaye value of horizontal displacement at the top and bottom of the
specimen was removed from the mean value of the displacement measured at

the specimen midheight using equation 4.7 to 4.10

Q 4 — (4.7)
Q — (4.8)
Q —_— (4.9)
Q Q 4 z z (4.10)

Where; Qrefers to displacement at a particular position of LVDT in figure .86.
4.3.4.2 Behaviour of Plain Masonry Wall

Figure 4.37 below presents the loadlisplacement curve for the two tested plain
masonry wall specimens (PW11151 and PW1115-2). The damaged pattern
after the test is shown in figure 4.38 and 4.39. The observed failurattern in the
plain walls is characterised by the sudden formation and rapid opening of the
crack in the unit/mortar joint interface throughout the whole wall specimen
thickness. The failure of the plain masonry wall is quadirittle and always

started with the formation of a crack opening in one bed joint at the tensile face
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of the specimen (i.e. the side opposing the loading face). Subsequently, the crack
occurred in the bed joint was propagated through the perpend joint to the next
bed joint. The crack acurred throughout the whole thickness of the wall so that
the unit-mortar interface was completely separated (Fig 4.39). In the case of
PW11151, where the precompression load applied varied according to the
applied out of plane loading, the failure ocawed across 3bed joints as shown in
figure 4.38.

The load-displacement curve in figure 4.37 shows that the two plain specimens
have a quasilinear behaviour up to about 15000N load, which corresponds to
the onset of crack formation in PW11182. After that, the load continuously
increased with a little increase in the outof-plane displacement before the
specimen failed. At the failure point, the displacement suddenly increased. This
increment is due to the brittle nature of the failure pattern. The maximumoad
attained by PW11152 is 38330N and the corresponding net oubf-plane

displacement at this point is 5.25mm.

From figure 4.38, specimen PW1118 appeared very stiff because the applied
pre-compression loads keep increasing as the load increases, pretiag
significant out of plane displacements. However, at about 25000N load capacity,
there is an onset of crack 1 in the specimen which later failed at maximum load
of 39720N with a corresponding net outof-plane displacement of 3.4mm. Then,
because of tke increasing precompression load, there is a redistribution of the
stresses in thewall, which then allowed PW11151 to carry more outof-plane

load until another crack (crack 2) formed at 65000N\applied out-of-plane load.

Clearly, the applied load on PW115-1 has passed the normal load capacity of
the wall, which is 38330N for PW11152. So, the loading was stopped after the
failure of crack 2. This is to avoid the total collapse of the wall and damage to the
instruments. It was evident that the higher pe-compression load increased the
out-of-plane capacity of the wall. However, the increasing preompression load

as the outof-plane load increases is not realistic. Therefore, the load at the first
crack of PW11151 (39720N) and the maximum load of PW1112 (38330N)
were chosen as the maximum load capacity of the plain specimen. The average

of these two value (39025N) was chosen as a baseline to evaluate the
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effectiveness of the proposed timbertretrofit technique in both single-sided and

double-sided retrofitted walls.
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Figure4.37. Load vs Displacement curve for plain specimens

Crackl

b) crack number 1 on the 8 bed joint
Crack2

a) PW11151 at the end of the test c) crack number 2 on the 4 bed joint
Figure 4.38. Failure pattern of PW11158L


































































































































































































































































