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ABSTRACT

Floods can be considered as one of the natural hazards which cause destructive effects on the
existence of mankind. Most of the mortalities have taken place due to damages in masonry
walls of unreinforced masonry structures. These walls have failed due to its insufficient
capacity to resist lateral forces exerted by floods. A field survey that was carried out in houses
damaged due to flood revealed that, the outermost walls can play a major role in reducing
flood induced damage, if they are strengthened to resist lateral forces applied by floods.
Retrofitting of masonry walls has been recognized as a possible solution to strengthen the
masonry structures against the aforementioned forces. Many researches have done in the past
to strengthen the masonry walls by using different retrofitting types. Most of them are limited
only to in plane behavior of walls with retrofitting.

The study has focused on the out of plane loading exerted by flooding. The failure mechanism
due to floods was identified as the flexure parallel to bed joint of the masonry based on the
field study conducted in the flood affected areas of Sri Lanka. The experimental program was
mainly focused on flexure parallel to bed joint. Fired Clay Bricks (FCB) and Cement Blocks
(CB) were used as the walling material for panels, whereas geogrid and wire mesh were used
as the retrofitting materials for the research. The FCB panels retrofitted with geogrid and
rendering under saturated conditions have shown an increase of 9.2 times the flexural strength
of the reference wall panel without any retrofitting which is subjected to saturated condition
and 6.78 times for the wire mesh. For CB, it was 5.8 times and 4.5 times respectively. The
results have indicated that the masonry houses can be retrofitted and deployed to protect the
people from floods.

Keywords— Brick, Cement block, Flexural strength, Flooding, Masonry, Retrofitting



ACKNOWLEDGEMENTS
The funding provided by the Royal Society (Global Challenge Research Fund) for the

project “Safer communities with hydro-meteorological disaster resilient houses”.

Under the Research Project, | had the opportunity of gaining a very valuable
experience of how to apply the theoretical knowledge gathered throughout the four
years as an undergraduate to produce important findings for the well-being and
development of the community.

There are number of persons whom | must pay my sincere gratitude for their help
towards the successful completion of this research project and report.

First and foremost, 1 would like to express my heartfelt gratitude to my research
supervisors Prof (Mrs.) C. Jayasinghe Senior Professor in the Department of Civil
Engineering, University of Moratuwa, Prof. M. T. R. Jayasinghe, Senior Professor in
the Department of Civil Engineering, University of Moratuwa and Prof. P. Walker,
Professor in the Department of Architecture and Civil Engineering, University of Bath
who granted me the invaluable opportunity to carry out this research. This research
project would have never been succeeded without your assistance and guidance in

every step throughout the project.

I would like to deeply appreciate Dr. Shawn Platt, Research Associate, Department of
Architecture and Civil Engineering, University of Bath who provided the support,
guidance and advices in many occasions and providing worthy ideas and solutions for

the problems which arose in the project.

| gratefully thank to Dr. Dan Maskell, Department of Architecture and Civil
Engineering, University of Bath who encouraged us to complete this project

successfully.

| am thankful to Dr. H.G.H. Damruwan and Dr. J.C.P.H. Gamage for evaluating and
giving me valuable instructions regarding the research findings | have in this research

study.



I would like to show my profound gratitude to Ms. K.P.I.LE. Ariyaratne and Mr.
H.A.D.G.S. Jayathilake who gave me a tremendous support to conduct the research
throughout the year.

Finally, | pay my appreciation to Mr. N.L. Dissanayake, Mr. H.T.R.M. Thanthirige,
Mr. M.L. Perera, Mr. P.P.R. Peris, Mr. L.H.K. Chandana and all other non-academic
staff of Department of Civil Engineering, University of Moratuwa who helped me in

experimental work.
Thank you,

R.M.G.B. Ranasinghe

198008E

Department of Civil Engineering
University of Moratuwa
20.06.2020.



TABLE OF CONTENTS

Declaration of the candidate & SUPEIVISOIS ..........coiuieiiieiiiiiieiiie e I
N 01 1 - Uod USRS ]
ACKNOWIEAGEMENTS. ... Il
R 101 oo L3 T [ o SRR SUSSPRRSTI 1
1.1 Research background ... 1
1.2 MASONIY SEIUCKUIES ...ttt 2
1.3 ODJECHIVE. .. 4
1.4 MEethOAOIOGY ...c..veeieieiie e 4
1.5  Arrangement of the thesiS.........cccveiir i 5
2. LITEIatUI FEVIBW. ... eieiiieiie ittt ettt ettt 6
2.1 INEFOTUCTION. ...ttt ettt 6

2.2 Investigate the magnitude and the nature of the damage, types of structures

affected, impact on human lives in post disaster Stage ...........ccceevvveeviveevieeesiiiee e, 7
2.3 Unreinforced Masonry (URM) StFUCIUIES .........eeevvreeiireeiiee e 8
2.3.1 Forcesacting on urm WallS...........coovvveiiiieiiiic e 9
2.3.2 Out of plane behavior of masonry wallS............cccccoovveiviie i, 10
2.3.3 Retrofitting of URM StrUCLUIES .........ccovvveeiiieeiie e 16
2.4 SUIMIMAIY cutiiiiiiiei ittt e et e e e e e e e s st e e e e e e e s s a bbb e e e e e e e e s s nnbbbbenaaeeas 21
3. FIEIA STUAY ..o 22



3.1 I OTUCTION. e e 22

3.2 FHEIA SUIVEY ... 22
3.3 STUAY AIBA ..ottt 22
3.4 Data collection and survey format ............ccevveiiiriiienieenie e 23
3.5 ANAlYSIS OF FESUITS ... 25
3.5.1 GeOgraphiC data.........c.eeivieiiriiiieiii e 25
3.5.2 Details of surveyed flood affected hOUSES .........ccceevvvveviiveiiieeicecee 28
3.5.3 Certificate of Compliance (COC)......ccceiiiiiiiiiiiiieiiie e 32
3.5.4 Physical observations due to flood...........cccovveiiiiiiiii i 33
3.5.5 PhYSICAl IMPACES .....ooiiiiiiiiiiiie e 35
3.5.6  SOCIOECONOMIC IMPACES.....ccvveiiiieiieieiie sttt 38
3.6 Proposed solution for flood resilience..........ccocvovviiieiiiiiiee e 40
4. EXPerimental STUAY .......cccuuieiiieeiiie st 41
ot 11 oo [0 Tod 1 o o FO PP O PP RUP PR 41
4.2 Materials used fOr the StUY.........cooiiiiiie i 41
4.2.1 IMASONEY UNIES ...uviieiiieeiitieesiee e sttt e e tee e tee et e e et a e et e e et e e st e e st e e anneeeanes 41
4.2.2 IMOTTAN ...t 50
4.2.3 Retrofitting materialS..........ccocvveiiiiiiie e 58
4.3  Construction of masonry wall panels...........ccccovveiiiieiic e 60
4.4 Testing of wall panels for flexure parallel to bed joint..............ccccoviiiinenn, 63
4.5  EXPerimental FESUILS.........ccvieiiiie it 64
4.6 Analysis of experimental reSUItS...........cceoiiieeiiiie i 66

4.6.1 Strength increase in flexural strength (parallel to bed joint) with different
typPes Of retrOfitting.........coiieeiiie e 67

Vi



4.6.2 Impact of saturation of wall panels under flood situation..................c........ 69

4.6.3 Failure types observed in wall panels during the experimental program ....70

4.6.4 COSESIUAY ...c.eeeieieiie it 73
5. Practical application of the outcome from the experimental program................ 74
6. Conclusion and fULUIE WOIK ..........cccuiiiiiireiiii e 77
TS0 R @70 o] U1 [ o SRS TR 77
T V| (1] £ /o] o PSRRI 78

vii



LIST OF FIGURES

Figure 2. 1: Prevailing studies relevant to masonry structures 6
Figure 2. 2: Arrangement for the testing 11
Figure 2. 3: Structural functioning of reinforced masonry wall subjected to loading
(out-of-plane) 12
Figure 2. 4: Failure of the reinforced wall due to shear 13
Figure 2. 5: Testing arrangement of the wall panels 14
Figure 2. 6: Annual time series for damaged or destroyed houses in Sri Lanka due to
disasters (excluding Tsunami) 15
Figure 2. 7: Profile of houses destroyed and damaged due to disasters excluding
tsunami: 1974 -2008 15
Figure 2. 8: Set up for static cyclic load test 18
Figure 2. 9: Test apparatus with CFRP applied to wall 21
Figure 3. 1: 2017 Flood level in Kalutara district, Source: BBC 22
Figure 3. 2: Survey Locations 23
Figure 3. 3: Different attributes of the survey 25
Figure 3. 4: Percentage of houses which are within the distance of 1 Km and more
than 1 Km to the closest body of water 26
Figure 3. 5: Elevation from river water level (in ft) 27
Figure 3. 6: Types of access roads 27
Figure 3. 7: Types of Drainage Network 28
Figure 3. 8: Age of houses 29
Figure 3. 9: Raw materials used for foundation 29
Figure 3. 10: Materials used for floors 30
Figure 3. 11: Materials used for Walls 31
Figure 3. 12: Roofing Materials 31
Figure 3. 13: Whether they have obtained any technical assistance 32
Figure 3. 14: Whether they have obtained a CoC 33
Figure 3. 15: Flood Heights 34
Figure 3. 16: Flood Duration 34
Figure 3. 17: Damages occurred to the components in building envelope 35
Figure 3. 18: Wall failed in flexure parallel to bed joint 36
Figure 3. 19: A collapsed and cracked wall 36
Figure 3. 20: Damages took place in the roof 37
Figure 3. 21: Damages occurred to the plaster board ceilings 37
Figure 3. 22: Damages emerged to the floor 38
Figure 3. 23: Loss of days of work due to flood 39
Figure 3. 24: Satisfaction with electricity 39
Figure 4. 1: Masonry Units 41
Figure 4. 2: Testing the compressive strength of masonry units 43
Figure 4. 3: Determination of initial rate of water absorption for FCB units 47

viii


file:///E:/MSc/My%20Thesis/Final%20Evaluation/18.06.20/20.06.20%20Finalthesis.docx%23_Toc43646788
file:///E:/MSc/My%20Thesis/Final%20Evaluation/18.06.20/20.06.20%20Finalthesis.docx%23_Toc43646795

Figure 4. 4: Compacted mortar in the mold 51
Figure 4. 5: Condition of the mortar after removing the mold 51
Figure 4. 6: Mortar after jolting for 15 seconds 52
Figure 4. 7: Flexural Testing of a mortar prism 55
Figure 4. 8: Compression testing of a mortar prism 56
Figure 4. 9: Testing arrangement for water absorption coefficient of mortar prisms 56
Figure 4. 10: Geogrid 59
Figure 4. 11: PVC coated Welded Wire mesh 59
Figure 4. 12: Different variables introduced for wall panel construction 60
Figure 4. 13: Steps followed from construction to testing of wall panels 63
Figure 4. 14: Experimental Setup 64
Figure 4. 15: Variation of flexural strength parallel to bed joint for FCB wall panel 66
Figure 4. 16: Variation of flexural strength parallel to bed joint for CB wall panel 67
Figure 4. 17: Flexural strength increase in parallel to bed joint of retrofitted FCB wall
panel 67
Figure 4. 18: Increase in flexural strength parallel to bed joint of retrofitted CB wall

panel 68
Figure 4. 19: Percentage reduction of flexural strength of masonry wall panels from

dry condition to saturated condition 69
Figure 4. 20: Observed failure patterns during the experimental program 72
Figure 5. 1: Front view of the model house 75
Figure 5. 2: Procedure of retrofitting with geogrid 76

LIST OF TABLES

Table 2.
(2005).
Table 2.
Table 2.
Table 2.
Table 3.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.

1:

O o0 NO U, WNEPEFPBRWDN

Actions to be considered in the context of flooding, source: Bowker et al.,
10

: Various retrofit configurations for masonry wall panels 18
: Experimental results and comparison 18
: Experimental Results 20
: Areas and Number of houses utilized for the survey 24
: Normalized compressive strength of FCB (oven dry condition) 44
: Normalized compressive strength of the FCB (saturated condition) 44
: Normalized compressive strength of the CB (oven dry condition) 45
: Normalized compressive strength of the CB (saturated condition) 45
- Initial rate of water absorption for FCB units 47
- Initial rate of water absorption for CB units 48
: Total water absorption for FCB units 48
: Total water absorption for CB units 49
: Summary of the properties of masonry units 49

10: Flow values of mortar used to cast and render with different conditions
for FCB wall panels 53



Table 4. 11: Flow values of mortar used to cast and render with different conditions

for CB wall panels 54
Table 4. 12: Physical properties of mortar used for FCB wall panels 57
Table 4. 13: Physical properties of mortar used for CB wall panels 58
Table 4. 14: Properties of wire mesh and geogrid 59

Table 4. 15: Average flexural strength parallel to bed joint of FCB wall panels 65
Table 4. 16: Average flexural strength parallel to bed joint of CB wall panels 65
Table 4. 17: Percentage increase of the flexural strength values compared with dry

plain masonry 69
Table 4. 18: Cost per square meter of wall panel 73



