EWB-UK Research Conference 2009
Hosted by The Royal Academy of Engineering

February 20

A Cri
trofr

Re

tical Review of
ting Methods for

Ur

reir

forced Masonry
Structures

By Andrew Smith & Thomas Redman

January 2009

Community of Practice: Habitat
Author: Andrew Smith & Thomas Redman
Institution: University of Bristol



EWB-UK Research Conference 2009
Hosted by The Royal Academy of Engineering
February 20

Section 1: Infroduction

The consequences of earthquakes can be devastating to human lives, as shown in
Table 1.1, which lists the casualties from past earthquakes.

- Year Location Casualties
1908 Messina (Italy) 70,000 to 100,000
1920 Gansu (China) 200,000
1923 Kanto (Japan) 143,000
1927 Qinghai (China) 200,000
1932 Gansu (China) 70,000
1948 Ashgabat (Turkmenistan) 110,000
1970 Peru 66,000
1976 Tangshan (China) 255,000
2001 Guijarat (India) 20,000
2003 Bam (Iran) 30,000
2004 Sumatra (Indonesia) 220,000
2005 Kashmir (Pakistan) 73,000
2008 Sichuan (China) 69,197

Total death toll: 1,556,197

Population of the City of Prague, Czech Republic: 1,212,097 [Czech Statistical Office 2008]

Table 1.1: Earthquakes Causing the Greatest Number of Casualties in the Last 100 Years
(Bhattacharya, 2007)

This review seeks to collate information on and categorise the various types of
refrofitting methods for unreinforced masonry (URM) buildings under research or
early implementation, and critically compare them to help further understand which
methods are most suitable for further research or application in developing
countries. This work is a contfinuation of the international, Mondialago Award-winning
project, ‘Improving the Structural Strength under Seismic Loading of Non-Engineered
Buildings in the &hdwidbuddupon tHeevork aamrrieéd out to date.
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Section 2: Types of Buildings Vulnerable to Collapse during Earthquakes

2.1. Infroduction

URM buildings can be broadly arranged into three common categories: adobe,
brick and stone masonry. Although cheap and easy to build, all URM buildings have
been observed to be susceptible to earthquakes.

2.2. Adobe Buildings

The popularity of adobe buildings is illustrated by the high proportion of housing

present in Latin America, Africa, India, Asia, the Middle East and Southern Europe.

I ndeed, 30% of the world’'s popul ation | ives in
20% of the world’'s urban/ sulRW0Bban popul ation, BI

However, adobe structures are highly prone to collapse during earthquakes causing
considerable damage and loss of lives, as shown in table 2.1.

Earthquake Fatalities Adobe Buildings damaged or collapsed ‘ People effected
El Salvador, 2001 1,100 150,000 1.6 million
Southern Peru, 2001 81 25,000 -
Iran, 2003 26,000 85% of infrastructure destroyed 100,000 left homeless

Table 1.1: Effects of earthquakes on adobe buildings
[based on information from Blondet (2003) & Bam Preliminary Earthquake Report,
link: http://earthquake.usgs.gov/eqcenter/eqinthenews/2003/uscvad/]

2.3. Brick Masonry Buildings

Brick masonry housing is also vulnerable to collapse under seismic loading; the 1976
earthquake in China caused the loss of approximately 240,000 lives, mainly owing to
the collapse of brick masonry structures.

2.4. Stone Masonry Buildings

Stone masonry buildings tend to perform poorly in earthquakes owing to the low
strength of the stone and mortar used and the lack of adequate wall connections.
The quality of local construction is often very low due to the lack of skilled engineers
involved. For example, in Nepal, over 98 % of buildings are constructed by the
owners following the advice of local craftsmen, Meguro et al, (2005).
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Section 3: Common Failure Mechanisms of URMs

3.1.  Introduction
From past earthquakes, the buildings discussed in section 2 have been observed to
demonstrate common failure mechanismes.

3.2. Adobe Buildings

The heavy walls in adobe housing cause a greater resultant force on the building
from the lateral movement of the ground during an earthquake. In addition, adobe
structures lack ductility and are consequently very britlle resulting in sudden
catastrophic failures under seismic loading. Common failure modes of adobe
structures are highlighted in figure 3.1.

(iii)

Figure 3.1: Common failure mechanisms for adobe structures including:
(i) separation of walls at corners; (ii) diagonal cracking in walls; (iii) separation of roofing
from walls; (iv) vertical cracking in walls; (v) out-of-plane wall failure
[based on image sourced from CENAPRED, (2002)]

3.3. Brick Masonry Buildings
Common modes of failure for brick masonry buildings are:

1 Shear cracks in walls, which tend to be initiated at the corners of openings in
wall;

1 Out-of-plane failure in long spans where the wall topples as a result of poor
connections between walls and at roof-wall interfaces;

1 The collapse of walls can lead to the disintegration of floors and roofing and in
severe cases, total collapse of the building.
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3.4. Stone Masonry Buildings

During seismic activity, common failure modes that occur in stone masonry are:

1 De-lamination: When multi-leaf walls are insufficiently attached to one
another, they disinfegrate and crack during earthquakes;

1 Inlong-span walls, foppling can occur out-of-plane;

1 When wall connections are of adequate strength, the in-plane shear
resistance of the wall is mobilised, after which shear cracks develop. The
various mechanisms for in-plane failure are shown in figure 3.2.

(b) (c) (d)

Figure 3.2: In-plane failure mechanisms of URM walls: (a) shear failure;
(b) sliding failure; (c) rocking failure; (d) toe crushing
[based on image from Macabuag, 2007]
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Section 4: Existing URM Retrofitting Technologies

4.1. Infroduction
An increasing amount of research is being carried out investigating the retrofitting of
existing URM buildings in order to increase their collapse time under seismic loading.
This section will collate some of these methods and explore current research into
their performance.

42. Applicatiocaorefe®Shot

In research carried out by EIGawady, Lestuzzi & Badoux (2006), 3 different tests were
carried out: 1 without any reinforcement and 2 refrofitted tests. In these 2 tests, the
reinforcement arrangement was varied; in the first test, reinforcement and shotcrete
were applied to one side of the wall and in the second, the same amount of
reinforcing mesh was distributed evenly on both sides of the panel.

The tests were prepared in the following way:

1 4mm diameter shear dowels were fixed into pre-driled holes in the wall at
approximately 250mm cenftres;

1 The reinforcement mesh was fixed into place in 2 different configurations;
1 After wetting the surface of the wall panel, shotcrete was applied.

During testing, lateral loading was applied in increasing increments up to wall failure.
The results are summarised in Table 4.1.

In both of the refrofit tests, the ultimate lateral load resistance of the walls was
increased by a factor of approximately 3.6, and though the initial stiffness was
unaffected by the surface treatment, the stiffness at peak loading was increased by
a factor of 3.

1 Initially, flexural cracks 1 At75% of ultimate load, 1 Hair cracks formed at load
formed, progressively first cracks occurred of 53.8kN
worsening unfil rocking 1 Small flexural cracks 1 Visible cracking occurred
started (at 0.7% drift) formed horizontally in at 82.9kN
1 Sliding occurred followed shotcrete and 1 Flexural cracking followed
by cracking in wall toes propagated by rocking behaviour until
1 Average lateral strength 1 Separation of shotcrete failure at 126kN
of 35.5kN layer from foundations  Toe and heal heavily
damaged

Table 4.1: Shotcrete testing results

4.3. Steel Reinforcement in Peru

The Pontifical Catholic University of Peru (PUCP) and Regional Seismological Center
for South America (CERESIS) decided to reinforce some adobe buildings with steel
wire mesh, between 1994 and 1999, Bartolome et al. (2008). This steel mesh was

Community of Practice: Habitat
Author: Andrew Smith & Thomas Redman
Institution: University of Bristol



EWB-UK Research Conference 2009

Hosted by The Royal Academy of Engineering

February 20

applied externally at critfical locations of adobe walls such as at corners and free

ends. This was then covered with a layer of mortar.

A large earthquake (M...= 8.0) occurred in Pisco, Peru on August 15 2007 resulting in

519 deaths, the collapse of over 70,000 houses and the serious damage of more
than 33,000 more. 5 houses in Ica that had been reinforced in 1998 survived the
earthquake without suffering any damage. Major cracking or complete collapse
occurred in adjacent buildings but even the partially reinforced buildings performed
better than the unreinforced brick and adobe buildings of Peru. Furthermore, in
2001, an earthquake occurred (M.,= 8.4) in South Peru with similar results.

44. Stitching & Grout/Epoxy Injection
This method involves injecting grout or epoxy into the walls in order to fill any voids or
cracks that have formed due to the deterioration of the building. In addition, existing

cracks canehe ‘totgietdlrr usi ng st eselechhiguescamand

restore the initial stiffness of the wall. When using epoxy injection, the stiffness
increase has been shown to be less dramatic than the increase in strength,
EIGawady, Lestuzzi & Badoux (2004).

4.5. Re-pointing

In cases where bricks are of good quality but the mortar is poor, the mortar can be
replaced to some extent with a higher strength bonding material. However, Tetley &
Madabhushi (2007) found that the addition of 2% Ordinary Portland Cement to the
mortar made little or no difference to the ultimate acceleration resistance.

4.6. External reinforcement

4.6.1. Bamboo Reinforcement

The current method of reinforcement constituting bamboo is to use it as part of a
system involving buttresses, a ring beam, internal vertical reinforcement (bamboo)
and horizontal internal reinforcement (also bamboo). It has been shown that this
system increases the collapse time of adobe structure but has little capacity to
prevent cracking at low intensity ground motions.

It was proposed by Dowling et al. (2005) that the same partnership of ring beam and
bamboo reinforcement could be used with vertical reinforcement being externally
fixed post-construction (see figure 4.1). By installing vertical reinforcement after wall
construction, complications such as alignment of the reinforcement and trimming of
the bricks are avoided. Horizontal chicken wire mesh was used in one of the models
alongside the bamboo and ring beam.

During testing, all reinforced structures survived up to a 100% increase in
displacement intensity, where collapse was then imminent. Better reinforced models
survived up to a 125% increase and one heavily reinforced model up to 400%, with
collapse still not imminent.
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Figure 4.1: Bamboo reinforced wall with ring beam, Dowling et al. (2005)

462. 6Sei smipapWaldl eReinférced Podymer Reinforcement

Recent field examples have shown FRPs to be an efficient and cost effective
technique, primarily used for retrofitting damaged or re-designed buildings. Testing
of this technique was carried out on several models of URM walls with solid clay
bricks and low strength mortar, Ehsani, Saadatmanesh & Velazquez (1999). All
specimens were retrofitted with vertical composite strips, bonded on both faces of
the wall. Each wall was then subjected to out-of-plane loading and displacement
via an airbag loading system.

It was found that the ultimate flexural strength of all retrofitted specimens was
increased. Shear capacity was still observed to be the overriding mode of failure
due to stresses not being competently distributed by the composite matrix, primarily
at points of stress concentration such as the corners.

4.7. Post-Tensioning using Rubber Tyres

Post tensioning of URM walls using scrap rubber tyres, which have an embedded
steel mesh, has been proposed as a potential retrofitting solution. The tyres are
assembled as shown in figure 4.2. To alleviate stress concentrations at wall corners,
half cylindrical wooden logs are placed for the rubber to mould around. After
installation, the rubber stretches and looses its post tensioning effect, and so the
bolts are tightened after three days to ensure enough compressive force is applied.

Testing was carried out by Turer, Korkmaz & Korkmaz (2007) on a 1:10 scale model
using a simple shake table. Observations were made of models that were
unreinforced, horizontally reinforced, vertically reinforced and reinforced in both
directions. The results are shown in Table 4.2.

Horizontal reinforcement Vertical Reinforcement Horizontal and Vertical

Reinforcement

1 70% increase in failure 1 40% increase in failure T More than 10% increase in
acceleration acceleration failure acceleration

Table 4.2 Perfformance of retrofitted specimens compared to unreinforced wall
[based on research by Turer, Korkmaz & Korkmaz (2007)]
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half-cylindrical wooden logs

Figure 4.2: Constructing the post tensioning strap, Turer, Korkmaz & Korkmaz (2007)

The addition of post tensioning improved the failure mechanisms of the models;
cracks were less pronounced and better spread and the brittle failure usually
associated with these buildings changed into a more ductile response so that the
roof did not collapse. The combined horizontal and vertical reinforcement resulted in
a foundation failure rather than in shear.

4.8. Confinement

This building method (shown in figure 4.6) involves introducing reinforced tie columns
that confine the building walls at all corners and intersections, EIGawady, Lestuzzi &
Badoux (2004). Europe recommends its use in EC8 and in China, it is used in new
construction as well as retrofitting existing buildings. Research carried out by Paikara
& Rai (2006) investigated the performance of half-scale masonry walls (confined
using reinforced concrete ties) under cyclic loading. The tests demonstrated that
confining wall sections into smaller elements improves the in-plane deformability and
energy dissipation of the walls.

4.9. Center Core

Thsmet hod consists of placing a grouted core in
which allows the structure to resist both in-plane and out-of-plane loading and has

been shown to double the ultimate load resistance in static cyclic tests, EIGawady,

Lestuzzi & Badoux (2004).

4.10. Mesh Reinforcement

4.10.1. Polymer Mesh Reinforcement

Two types of polymer mesh that have been used to retrofit URM structures are an

industrial geo-grid and a weaker mesh thatisusual ly used as a ‘soft
construction sites. In research carried out by Blondet et al. (2006), the mesh was

wrapped around the wall and then coated with a mud plaster finish.
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Three variations of the geo-grid (100%, 75% and 50% area coverage) and one soft

mesh system (80% area coverage) were tested. Each specimen was dynamically
tested using a uni-directional shake table. Table 4.3 summarises the results.

% Area Results

Covering

Geo-grid 100 1 Behaved as a rigid body with only small cracks developing
beyond deflections of 80mm;

1 One wallslid from its foundation during deflections of 100mm
without any significant damage;

1 Beyond deflections of 120mm walls showed signs of torsional
response, sliding at the base and additional cracking.

Geo-grid 75 1 Vertical cracks af the corners and diagonal cracks on the

longitudinal walls developed beyond deflections of 80mm;

1 Cracking confinued beyond deflections of 130mm;
1 The wall was able to keep its integrity as the mesh provided
displacement control and a means of distributing stresses.
Geo-grid ~50 (critical) 1 Cracks initiated at deflections of 80mm yet were much

larger;
1 During shaking at 130mm deflection, severe structural
damage was sustained;
1 Though collapse was averted it was clear that insufficient
reinforcement was provided.
Small cracking initiated at deflections of 80mm;
Maijor cracks were observed at deflections of 130mm;
Beyond deflections of 130mm the wall had broken infto
several large pieces and was only held together by the
mesh;
1 In places the mesh had deformed or snapped indicating
that the amount provided was barely adequate.
Table 4.3: Perfformance summary of polymer mesh reinforcement

Soft mesh 80

= =4 —A

4.10.2. Polypropylene Packaging Strip Mesh Reinforcement

This method of reinforcement uses polypropylene packaging strips that can be
found with many packaged items. The strips are intertwined to produce a mesh that
is then attached to the wall by drilling through it and using ties.

Testing under static loading had been carried out (Macabuag, 2007), in which two
scaled wall sections were constructed (with one retrofitted) and tested in a diagonal
compression machine (figure 4.4).

It was found that the horizontal strips prevent separation of bricks on the same row.
Vertical bands increase the frictional resistance between rows and consequently
prevent sliding. In conclusion, this method effectively improved the shear resistance
of test specimens under static loading, however, there was a recurring problem of
the mesh snapping at points of stress concentration such as the wall corners.
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Figure 4.4: Non-retrofitted & retrofitted wall panel,
Tokyo University (2007)

A similar test was carried out at Tokyo University, Meguro et al. (2005), under
dynamic loading conditions. The testing showed how the retrofit improved the
specimen seismic performance significantly, displaying increased load resistance
and ductility before failure.

4.9.3. Comparing Various Methods of Mesh Reinforcement

Experiments were carried out by Tetley & Madabhushi (2007) to compare various
retrofitting methods including intfroducing steel reinforcing bars, a steel mesh cage
around the wall and a similar mesh formed from plastic carrier-bags. All tests were
made with 1:5 scale adobe walls consisting of gravel, simulating adobe blocks and
mortar made from kaolin clay and sand.

The control wall failed at an acceleration of 0.32g. The steel caging method was
tested by constructing a 13mm by 13mm net mesh and then constructing the wall
within it. Mortar was then plastered over the steel mesh. The results were a significant
increase in ductility demonstrated by large deformations before failure occurred
and an increase of acceleration resistance by a factor of 3. The final failure, at an
acceleration of 1.02g, was due to a separation of the mesh from the base.

A similar mesh was installed but using plastic carrier-bags instead of steel. The bags
were cut info 20mm strips, braided together and then used to form a 50mm by
50mm square mesh, which was fixed to the wall using simple tacks. 3 courses of
masonry were then built on top of the mesh to fix it properly, after which plaster using
mortar was applied. Testing showed increased ductility and tensile strength of the
wall. The transverse wall failled at 0.64g and then total in-plane failure occurred at
1.02g (double the control wall resistance).
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4.11. Summary of Previous Research into URM Retrofitting Techniques

Technology

Surface treatment using
Shot-crete

Conclusions

Increased lateral load resistance by factor of 3.6 under staftic
loading as well as ductility of wall.

Re-pointing with 2%
Ordinary Portland Cement

No noticeable improvement in performance under dynamic
loading.

Bamboo Uncertainty about performance of vertical internall
reinforcement at low earthquake intensity.
6Sei smic wal I pShown tobe effective at increasing wall resistance to lateral

acceleration.

Post-tensioning using
rubber tyres

Combining horizontal and vertical reinforcement improved
the lateral acceleration resistance of the masonry models by
100% and increased their ductility.

Confinement

Confinement improves in-plane deformability and energy
dissipation of the walls.

Polymer Mesh

Can prevent partial or total collapse of brick-masonry
building during earthquake. Placing mesh at critical wall
locations may improve efficiency of method.

Polypropylene Packaging
Strips

Demonstrated improved shear resistance of brick walls under
static loading and significant increase in performance under
dynamic loading.

Steel Mesh Cage

Improved lateral acceleration resistance and increased
ductility of adobe wall under testing. Proven to be highly
effective in adobe houses, surviving two major earthquakes in
Peru with litfle or no damage.

Plastic Carrier Bag Mesh

Similar performance to steel mesh cage.

Table 4.4: S ummary of previous research into URM retrofitting techniques
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Section 5: Discussion

5.1. Introduction

This section will assess the suitability of the methods discussed for application in
developing communities by discussing them according to 3 different criteria.

5.2. Economic assessment

Retrofit method

Surface treatment (shotcrete)

Economic features

Requires purchase of shot-creting system including pressurised
hoses and pump, although initial installation costs could be
offest by refrofitting many houses. Also requires manufacture of
concrete and use of steel reinforcement mesh and the
inclusion of at least one experienced worker, making it foo
expensive for application in poor communities.

Stitching & grout/epoxy
injection

Minimal costs as such products are readily available and can
be easily applied.

Re-pointing

Minimal costs as only requires the manufacture of a stronger
mortar.

Bamboo reinforcement

For 1000 sqg. ft house, cost of reinforcing is $225, in comparison
to $400 when using steel reinforcement.

6Seismic wall pa
[netcomposites.com 2008]

* Edlass costs $2 - $4 per kg. Field experiments have shown that
retrofitting with a composite material is cost-effective.

Post tensioning (rubber tyres)

Combined cost of scrap tyres and connectors is ~$0.6 / m2. This
can be further reduced by mass production of connectors.

Confinement

Cost-effective for application in new building, costing little in
comparison fo the overall construction costs. As a reftrofif,
requires demolition and reconstruction of wall sections making
it uneconomical for this purpose.

Polymer mesh reinforcement

Industrial geogrid | Mesh cost: $2/m? | Application cost: $19/m?

Soft polymer Mesh cost:
mesh $0.5/m?

Application cost: $4/m?

PP strip reinforcement

Demo by Tokyo University and JICA (Japanese International
Cooperation Agency) in Kashmir following the major 2005
earthquake, performed a retrofit at an estimated 5% total cost
of house. Actual cost, when implemented by rural masons is
expected to be much lower, Macabuag (2007).

Steel mesh cage

For 1000 sq. ft house, costs $400 when using steel reinforcement.

Plastic carrier bag net

This retrofiting technique would cost very little due to the
availability of plastic carrier-bags and the cheap cost of mortar
to apply to the wall surface.

Table 5.1: Discussion of retrofitting technologies according to economic criteria
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5.3.

Retrofit method

Surface treatment
(shotcrete)

Sustainability assessment

Sustainability features

Use of concrete in small quantities (i.e. not taking advantage
of thermal mass), is unsustainable.

Stitching & grout/epoxy
injection

Re-pointing

Minimal amount of material requir e d and \Y;

application make these methods sustainable.

er

Bamboo reinforcement

Provided bamboo is responsibly sourced, this method is
sustainable. Requires very little processing and can be easily
disposed of at the end of its design life.

6Seismic wallp

Manufacturing glass reinforced fibres uses a lot of energy. Also,
there is a danger of harmful fumes being released if the
materials were burned in a fire.

Post tensioning
(rubber tyres)

Considered a sustainable solution as it involves re-using a
resource otherwise wasted; 190 million tyres a year are sent to
landfill in the U.S.A [ridelust.com]. This would reduce the need
for large tyre fires that pollute the environment.

Confinement

This is a relativel y * heavy'’ engineering
requires materials and methods that are intrinsically
unsustainable.

Polymer mesh
reinforcement

Polymer mesh requires use and processing of petrochemicals,
which is not sustainable unless sourced from recycled or re-
used units.

PP strip reinforcement

There is plenty of scope for re-use or recycling due to the
massive volume of consumer goods that are protected by
these packaging strips.

Steel mesh cage

The manufacture of steel is unsustainable and disposal at the
end of the design life will be difficult in a developing
community.

Plastic carrier bag net

Approximately 17.5 billion plastic carrier bags are thrown away
in Britain every year [thegreenstoreonline.co.uk]. Re-using
these bags is therefore considered a sustainable solution.

Table 5.2: Discussion of retrofitting technologies according to sustainability criteria
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Retrofit method

Surface treatment
(shotcrete)

Buildability assessment

Buildability features

Application requires frained specialists. Even when applied by
experienced workers, there have been difficulties noted in the
application process such as excessive dust and noise, which
would make it very disruptive for occupants.

Stitching & grout/epoxy
injection

Little technical knowledge required and materials can be easily
fransported, applied and removed.

Re-pointing

Little technical knowledge required. However, some sort of
temporary works may be needed to support the sfructure.

Bamboo reinforcement

If fixed to wall exterior, method is easily buildable. If horizontal
reinforcement is tied on the exterior of the wall, it will overlap
openings causing practical and aesthetic problems. Mud bricks
surrounding the bamboo will not provide adequate profection
against water intrusion and also makes maintenance/inspection
of bamboo difficult. Installation is quick to learn for local builders
but they need to understand the key earthquake engineering
concepts involved.

6Seismic wallg

Manufacture of glass reinforced fibres must be under strictly
confrolled conditions. Understanding of the setfting process is
also required meaning that method is difficult fo build for
unskilled workers. Easy to apply but removal is extremely difficult.

Post tensioning
(rubber tyres)

Retrofit is reasonably simple but as straps protrude away from
walls, they are difficult to mask with plaster resulting in significant
architectural impact.

Confinement

Application is very intrusive requiring demolition of wall sections.
Also, requires the use of tie-beams to be effective.

Polymer mesh
reinforcement

Industrial geo-grid Tough nature of material and lack of
flexibility makes application and removal
of this method difficult.

Soft polymer mesh Mesh can be easily deformed so
fransportation, application and removal

are easy.

PP strip reinforcement

Retrofit is simple enough for application by local craftsmen and
homeowners without any prior knowledge/expertise on
earthquake engineering, Meguro et al. (2005).

Steel mesh cage

Steel cage can be attached to a building if specific instructions
are given, but this is not ideal and if problems arise technical
knowledge is required to solve them. Demolition of the steel
mesh presents difficulties.

Plastic carrier bag net

The materials used are light and flexible. However, it takes a
very long time to construct the mesh, which is a barrier for this
method  unless the mesh  manufacture can  be
industrialized/streamlined in some way.

Table 5.3: Discussion of retrofitting technologies according to buildability criteria
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Author: Andrew Smith & Thomas Redman

Institution: University of Bristol




EWB-UK Research Conference 2009
Hosted by The Royal Academy of Engineering
February 20

Section 6: Conclusions

6.1. Summary of review
This review has outlined the following areas:

1 Section 1: The problem posed by earthquakes for developing counties and the
importance of this work;

1 Section 2: The main types of URM buildings affected by earthquakes, including
adobe, brick and stone masonry buildings;

1 Section 3: The common mechanisms of failure for URM buildings including:

(0]
(0]

Out-of-plane wall toppling in long spans;

In-plane wall failure, including shear, sliding, rocking and toe-crushing
failures;

De-lamination of double-leaf walls;

Connection failures including wall-to-roof, wall-to-floor, wall corner
connections;

1 Section 4: The existing methods of retrofitting URM buildings currently under
research or early stages of application, including:

(0]

(0]
(0]
(0]

O O O O

Surface tfreatment using shot-crete;

Stitching & grout/epoxy injection;

Re-pointing with 2% Ordinary Portland Cement;
External reinforcement:

A Bamboo;

A “Seismic Wallpaper’ ;
Post-tensioning using rubber tyres;
Confinement;

Centre core;
Mesh reinforcement:

A Polymer Mesh;

Polypropylene Packaging Strips;
Steel Mesh Cage;
Plastic Carrier Bag Mesh;

Pl i

1 Section 5: Discussion of feasibility of various retrofitting techniques for application
in developing communities assessing them according to economic, sustainability
and buildability criteria:

(0]

The conclusions of this discussion are shown in table 6.1.
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Suitability for application in developing communities
Poor Moderate Njgelgle]
Retrofitting § Surface treatment T Bamboo 1 Polymer mesh
Method using shotcrete; reinforcement; reinforcement;

T ‘Sei smic wal9y Posttensioning 1 Polypropylene
or glass reinforced using rubber; packaging strap
fibres; 1 Steel mesh reinforcement;

1 Confinement. cage; 1 Re-pointing;

1 Plastic carrier 1 Stitching & grout/epoxy
bag mesh. injection.

Table 6.1: Suitability of various retrofitting methods for application in developing communities

6.2. Recommendations for further work

Although this review has assessed the feasibility of applying the various existing URM
retrofitting methods in developing countries, it is difficult fo make direct comparisons
regarding the structural performance of the fechniques. It is therefore
recommended that further work is carried out, which can provide some sort of
structural classification of the methods discussed in this review.

It is also recommended that the dissemination of these techniques be studied, as this
would contribute significantly towards the understanding of how suitable they are
for application in the areas that they are needed, across the globe.
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