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ABSTRACT

Despite economic and human losses, disasters teach us very important lessorfsentes
important to collect, document, analyse and understand theisas and impacts afatural
disastessuch as an earthquake to minimize losses in future disastrous event.eploid is

an outcome of the analysis of data and information related to the damage and- post
earthquake reconstruction of residential buildingsllected during the field survey by the
authors,in light of 2015 Nepal earthquake sequenE@st,the extent ofdamage sustained

by the residential buildingen 2015 Nepal earthquake sequenisepresented focusing on
stone in mud mortamasonrytypology as this was the highest contributor to the seismic
damage Asthe reconstruction is currently ongoing and the Nepal government aims to use
this opportunity to increase the seismic resilience of communit@&sne pressig issues in

the postearthquake reconstructionin rural mountainous areassuch as building
usability/functionality, codecompliance and construction quality are discussé&tien, the
range of prevalent typologies of pre- and postearthquake residential hoses and their
distribution is presented. Since uncoursed random rubble stone masonry in mud mortar is
the most common construction type in the country, even in the peatthquake
reconstruction, theconstruction characteristics dhesetypologiesare discussedin detail

The results of nodinear seismic analysis on the prand postearthquakestone in mud
mortar masonrytypologiesarethen presentedand discusseth terms of capacity curves and
failure mechanisms. As per the seismic design code of Nepal, site specific seismic
performance assessments conducted to understand the seismic design levels of these
constructions Finally, seismic performance assessmept fa number of ground motions is
conducted on both preand post earthquakestone in mud mortar masonrtypologies in
order to derive seismic fragility and vulnerability functiom®nsidering the uncertainty in
ground motions and material quality, whi@re useful tools in understanding the associated
seismic risk as well as for developing effective seismic strengthening measures to reduce risk
in future earthquakes.

Vi



INTRODUCTION

1 INTRODUCTION

Nepal is one of the most earthquake prone countries in the world and hasriexyged several
devastating earthquakesf magnitude exceedingMw?.5 (i.e. in 1255, 1408, 1505, 1833, 1934 and
2015)Thapa and Wang, 20).3hemostrecentearthquake of moment magnitude Mw 7.8ccurred

in the central region of Nepal on April 25, 2015, at 11:56 Nepal Standard Time with the epicentre
(28.147°N, 84.708°E) located in the village of Barpak, Gorkha district, approximately 78 km northwest
of Kathmandu Figurel) with a focal depth of 15 kmUEGS, 2015 Hundreds of aftershocks with Mw
greater than 4.0 were recorded during more than a year after the earthquak€( 201); with some
significant seismic events having Mw 6.7 on April 26, 2015, and Mw 7.3 on May 12, 2015 (Figure 1).
The earthquake resulted in a Maximum Modified Mercalli Intensity of IX (Violent) with about 8,790
deaths and nearly 22,300 injas (NPC, 201k The earthquakesequence hit the residential houses
severely, affecting about 800,000 houses, thereby leaving about 8 million people hon{elEss

2019. The seismic sequence resulted in an economic loss of about $7 billion half of wasch
contributed by the housing sgor damage PG 2015.
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Figurel. Location of the mainshock and major aftershocks of the 2015 Nepal earthq&esyat et al, 2018).

After the 2015 earthquake sequenceveral postearthquake damagesurveys were conducted by
different groups of researchefscusing orthe extent and type of damage sustained by thailding
structures(e.g.Goda et al., 201%2arajuli and Kiyono, 201Bdhikari et. al., 20157arum et al.2017;
Bhagat et al., 201,8Wilkinson et al., 20)9All of these survey missions reported that thignificant
damage was sustained by lestrength masonrybuildings(i.e. stone and brick masonry buildings

1
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with mud mortar) which lacked seismiesistant features while the reinforced concrete buildings
suffered little damage. As the seismic design and building code implementation were poorly
practiced in the country, the heavy damage was inevitable.

Recently, several studies are being published focusing on different aspects of thegaistuake
reconstruction.Sharma et al. (2018&)iscusses the challenges of reconstruction such as the political
issues, lack of coordination, shortage of manpower amaterials etc HRRP (201)resents several
examples of newly built houses of different typologies in the affected districts reporting the status of
construction, technical issues such as caempliance and level of technical assistance received by
the hause-owners. The same document also reports the median cost of construction of each different
typology, based on thesurvey of several hundred households, which ranges from about $6,000 USD
for stone masonry houses to $20,000 for RC constructi®hsre aramore urgent issues which needs
attention andimmediate actiondrom NRA and other stakeholders as well as the communities such
as the workmanship and quality of construction, layouts/functional requirements of newly built
houses etcwhich will be discussd in this report.

In the context of Nepal, the construction characteristics, seismic capacity and strengthening needs
of the urbanconstructions such as RC buildireysd Newari constructions in Kathmandu vallegve

been studied by many researchers in thgast (e.g.D'Ayala and Bajracharya, 2008:6 ! UAT Ah Wo bl
Chaulagain et al., 2013; Chaulagain et al., 2@&utam et.al., 2016 However,the construction
characteristics and seismic capacity of rural vernacular constructionsnstancestone masonry
based typologies, practiced faenturies, havanot been studied in detailAlthough it is known that
these are seismically vulnerable, it is necessary to gfyariieir seismiacapacityand understand
deficiency and possibl&ilure mecharsms so that the construction practice of these traditional
building types can be improved in order to make these seismic resistémet.main obstacleto the
analytical/numerical stug of these masonry buildings are the modelling issues related to the
heterogenous nature of masonry and the uncertainties in the input parameters such as material
properties which can vary greatly from one buildinghe next Furthermore, as these constructions
lack quality control measures, the uncertainties further increase

In literature, here are fewexperimentalstudiesexploring the effective strengthening methods for
stone masonry in mud mortduildings.Pun (20155tudied the applicability ofalvanizedsteel wire
(GSWhor improving the seismic performance of coursed saimessed stone in mud mortar masonry
buildings by conducting static and dynamic shake table tests on unreinforced and reinforced masonry
walls. Although, the masonry bond pattern of the tested walls dbe8 O x A1 1 OADPOAOAT O ¢
uncoursed random rubble stone masonry constructidriststudyshowed that the external steel wire
mesh reinforcement could considerably improve the strength as well as ductility of Stoneud
mortar masonry wallsin light of 2015 Nepal earthquaké&yang et al. (2018onducted several in
plane cyclic tests on fulicale walls, without and with retrofitting, to study the effectiveness of {ow
cost and affordable retrofitting options. This study proved that the fragile bebawvf rubble stone
masonry walls can be effectively improved in terms of stiffness, strength, integrity and ductility with
carefully designed loveost retrofitting options using locally available materials such as wood, gabion
wires and tarpaulinBotharaet al. (2019conducted shake table tests on scaled models of semi
reinforced stone in mud mortar masonry school buildings. The reinforcement included horizontal
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bands and steel mesh on both sides of all masonry walls. This study demonstrated that such
reinforcements can prevent collapse of these buildings even under intense seismic shakinepakth
ground accelerationRGA) as high as 1.0g.

Recently, in order to develop effective retrofittimgptionsfor existing rubble stone masonry in Nepal
(both damaged and undamaged due to the 2015 earthquake sequenBe)ld Change (2019)
conducted an experimentaampaign to characterize the material properties as well as the lateral in
plane behaviour of Nepalese random rubble stone masonry walig. hysteretic reponseunder
cyclic sheaircompression loadingesults showed that the strength and ductility of rubble stone in
mud mortar masonry walls can be substantially improved by the use of through concrete and cement
plaster. The results of the material characteations tests are very useful inputs in the numerical
modelling and analysief Nepalese random rubble stone in mud mortar masonry constructions.
However,very few studieshave investigated the global building levekismic performance and
behaviour of Nepalese stone masonry in mud mortar building typolagyragain (2015¢onducted
non-linear time history analyses of common typologies of single and-staried stone masonry
buildings to deriveanalyticalfragility functionsusing the applied element methodAs there were no
reliabletestsresults availabl®n Nepalese stone masonry buildings for mechanical characterization,
this study lacks to report the relevant inputs ineir numerical analyses and hence its reliability is
limited. Similarly, Bothara et al. (20185tudied the analytical seismic performancoé unreinforced
and semireinforced singlestoried stone masonry buildings using finite element method in order to
show the benefits of minimal reinforcement on improving the seismic performance. However,
rectangular elements are used this studyto characterise the random rubble stone masonry walls
and the key inputs of material propertiesedfor rubble stone masonrgre very highagainlimiting

the reliability of the reportedcapacity curves and failure modes.

Sincestudieson seismic capacitycollapse mechanismer reliable fragility functiondor traditional

as well as newly built Nepalestone masonry typologieare currently lackingthis studyfocuseson
addressing and answering these issues. For the numerical analysis presented in this study, as the
material properties are key inputghe results ofrecen test campaignon Nepalese stone masonry
walls conducted byBuild Change (201%re used.Furthermore, advanced nafinear analysis using
element by element modelling technigue é®nductedin the present study in order to account for
the randomness of th masonry fabricThe outcomes of this study witle beneficial in a number of
ways: to appreciatéhe seismic design level$p understandthe seismic vulnerabilityand failure
mechanisms, to developffective strengthening measureand toimprove the costruction practice

of both pre-earthquake and posearthquake stone masonriuilding typologies so that the rural
communitiescan be madenore resilient to seismic hazard.

The report is organized as followArst, the extent of damage sustained by the dential building

hit by the 2015\ epalearthquakesequencas discussedAs the reconstruction is currently ongoing,
some pressing issues in the peastrthquake reconstructiorin rural mountainous areasuch as
building usability/functionality code-compliance andconstruction quality are discussedhen the
rangeand distribuion of different typologies ofpre- and postearthquakeresidential houses ithe
affected districtsis presented.Since uncoursed random rubble stone masonry in mud mortar
(referred asSMMhereafter)is the most common construction type in the country eevin the post



DAMAGE TO RESIDENTIAL BUILDINGS

earthquake reconstruction, theonstruction characteristics of these buildingse discussed The
results ofadvancedon-linearseismicanalyss onthe representative index buildings of thare- and
post-earthquake SMM typologies is then presented in terms ofcapacity curves and failure
mechanismsAs per the seismic design code of Nepal, site specific seismic perfornaasessment
is also conducted to understand the seismic design levels of these structuréen, seismic
performance assessmerfor a number of ground motiongs conducted on botlpre- and post-
earthquake SMM typologies in order to derive seismic fragility and vulnerabifiiyctions,
considering the uncertainty in ground motions and material qualityhich are useful tools in
understanding the associated seismic rik well as for developing effectivseismic strengthening
measuresto reduce riskn future earthquakes

2 DAMAGE TO RESIDENTIAL BUILDINGS

Extensivedamage to many public and private buildings wasserved in the 2015 Nepal earthquake
sequence The residential houses were hit hard by the earthquake and its afterstresksting in

about half a million houses destyed and more than 250,000 houses partially damaged@, 201k

In several cases, whole villages were turned into rubble in areas where old vernacular constructions
such as stone masonry in mud mortar (SMM) houses with minimal seismic resistant featuees we
mostly present. In some of the severely hit districlEiqure2) such as Sindhupalchowés high as

90% of the total housesufferedheavy damage to complete collapsédRRP, 2017
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Figure2. Map showing the categorization of eaiquakeaffected 31 districtsNPC, 201}
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Chitwan

Fouse Damage Grading by DRteE:
Digtriot Oradge1 Orade2 Oraded Orade 4 Qrade 6 Total
Bhastacur 1S 1132 4547 13128 10,968 30,520
Dhacg 4351 752 15218 6,080 353% a1
Dotsina 1383 2993 6520 13,409 35384 80,639
Goriha a3 85585 15507 25% 2,425 78,074
Kanmandy 1918 2973 6,908 16,099 2483 51,131
Kaweodarchonk 830 1"nie 25130 28574 23859 85,019
Laitpur 1746 22 5282 1,152 27 3303
Meinzrour 250 21935 18523 10,928 7868 0=
Nuwsiot 2815 274 8209 328 40295 TT&E
Oxhalchunge 7561 8605 220 7546 E-% ~1
Ramecnhrap 21z 7451 6545 205% 1490 55,623
Rasuwa m 34 ™ 2084 8178 12644
Shanl 13089 14488 17086 15318 [R11) = %~
Snarusakchowk 1233 2009 zn 10,796 TIAR 88,741
TOTAL 5 826888 162448 224228 124267 877,261

Note:

Legend

- Damage Grade 1
- Damage Grade 2
- Damage Grade 3
l:' Damage Grade 4
_! Damage Grade 5

This map highlights the areas by Damage Grade
present in 14 most affected districts of Nepal.

Creation Date: 26 DEC 2016; Projection: WGS 84; Map Data Source: NRA; . " » w
Map Doc Name: DamageGrade Datum: EVEREST 1830; | Geo Data Source: DoS, MoFALD; | e ¥

Figure3. Damage grade distribution a&sidential houses in 14 most affected distridi&RA, 2016).
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DAMAGE TO RESIDENTIAL BUILDINGS

As can be seen frofigure3which presents the distribution of damage grade at building level in the
affected districts, the highest damage grade i@amage grade &s mostly concentrated in the rural
mountainous regbn where the SMM typology is most common, and in the Kathmandu valley where
the traditional Newari construction in adobe/brick in mud mortar construction was most common.
Among the damaged buildings in all the affected districts, about 96% were of loadrzgemasonry
typology and only 4% of the damaged buildings were RC constructid®$(2015. Figure4 shows
example photographs of typical damage susted by lowstrength masonry and nomngineered RC
construction during the 2015 earthquake sequence. Typical damage to different typologies of
residential buildings, cultural heritage structures as well as school buildings due to the 2015
earthquake sequerecan be found in more detail Bhagat et al. (2018)
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Figure4. Damage sustained by residential buildings in the 2015 Nepal earthqakaut-of-plane collapse of
brick in mud mortar masonrwallin traditional Newari construction (Photo from Bhaktapug)) outof-plane
collapse of SMM masonry (Photo credit: Build Charayg] (c)Completecollapse of norengineered RC
construction.
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Figureb. Distribution of damage to SMM typology in the affected distrigtsRRP, 2013
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