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On behalf of Zero Energy Mass Custom Homes (ZEMCH) Network and BMS School 

of Architecture, Yelahanka, Bangalore, the host institute, it is indeed an honor and 

privilege to share with you the full proceedings of the 9th ZEMCH International 

Conference, held from November 03- 05, 2022 at Bangalore, India. 

ZEMCH is an acronym of Zero Energy Mass Custom Home aiming to tackle issues 

arising in the delivery of socially, economically, environmentally and humanly 

sustainable built environments in developed and developing countries, which 

accommodate people with different socio-economic backgrounds that relate to 

ages and abilities. ZEMCH Network was established with the aim to enhance 

industry-academia R&D collaborations on the delivery of zero energy mass 

custom homes in developed and developing countries. 

Since 2012, ZEMCH has organized international conferences and events across the 

globe. Past conferences have taken place in Europe, the United States, South 

America, Asia, Australia and UAE. This was the first time that the ZEMCH 

conference was held in the Indian subcontinent. The primary goal of the 9th 

conference was to bring together academics and professionals to discuss the 

various issues arising in the delivery of socially, economically, environmentally and 

humanly sustainable built environments in developed and developing countries. I 

believe that our remarkable keynote sessions and technical sessions showcasing 

research work by eminent professionals and scholars, from across the world, 

provided in-depth insights, new ways of thinking and actionable tools for the 

same. 

It was a privilege for the entire BMSSA, Yelahanka family and a personal honour for 

me to convene and host this prestigious event for the first time in the Indian 

subcontinent. I extend my gratitude to all the keynote speakers, delegates, 

participants and volunteers for their time and efforts for making ZEMCH 2022 at 

BMS School of Architecture, Yelahanka, Bangalore, a grand success! 

Shaila BANTANUR 

Conference Chair 

(On behalf of the Local Organizing Committee) 
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urbanisation can negatively impact the health and comfort of urban populations. As a result, the energy 
requirements to ameliorate these extremities can be very high, which will degrade the environment in the 
long run (Pitman, Daniels and Ely, 2015) 

URBAN HEAT ISLAND 

Urban heat island (UHi) is a byproduct of urbanisation and is characterised by higher temperatures in urban 
areas when compared to a rural setting. According to the Environmental Protection Agency of the United 
States, the term Urban Heat Island is described as "built up areas hotter than nearby rural areas . UHl is 
influenced by materials and surface properties, urban morphology, and anthropogenic heat. According to 
Oke, the main types ofUHl include the Canopy Layer Urban Heat Island (CLUHI) and Surface Urban Heat 
Island (SUHl)(Oke, 1976). CLUHl can be tracked using weather stations that record air temperature, 
whereas SUHl could be measured using remote sensing techniques. UHl can significantly impact the energy 
efficiency of the communities, increase emissions, and thus climate change. It can also affect thermal 
comfort and air and water quality. During extreme heat events, UHl can further increase the stress on the 
population. The health risk of the older and socially vulnerable population can also grow further due to 
UHl, especially during extreme heat events. Some studies have investigated the presence ofUHl in urban 
settlements in India(Pandey et al., 2014; Thomas et al., 2014; Mathew, Khandelwal and Kaul, 2016). 
Research has also highlighted the significance of urban morphology and materials on the occurrence of UHl 
(Hu, White and Ding, 2016; Mohajerani, Bakaric and Jeffrey-Bailey, 2017). Especially, morphology is 
considered a mitigative measure to tackle UHl(Yuan et al., 2020; Vujovic et al., 2021). Urban Morphology 
is deemed to have a significant impact on wind movement and hence the exchange of the polluted air with 
the clean air and dissipation of the heat absorbed. Thus, it is imperative to understand the city's morphology 
so that these learnings can infonn the planning and design of urban settlements. This paper looks into the 
Surface Urban Heat Island(SUHl) and the morphological structure of large cities in India with a population 
between 5 lakh and 10 lakh. 

REMOTE SENSING 

Remote sensing works on spectral reflectance; every object on the earth's surface has a unique spectral 
signature. This signature will depend on the surface type if it is water, type of vegetation, rock etc. Advances 
in remote sensing make it possible to study UHl by calculating Land Surface Temperature (LST). Wide 
access to satellite imagery through cloud computing and high-perfom1ance computing and the availability 
of high-resolution imagery has made this possible (Wang et al., 2015). When using satellite imagery, care 
needs to be taken as the accuracy gets affected when it is cloudy. There are two different approaches for 
calculating LST: the multiple thermal band approach and the single-band approach. The split-window 
approach falls under the multiple thermal band approach; unlike the single-band approach, it doesn't need 
to use the radiate transfer equation and uses differences in absorptions of thennal bands to compensate for 
the atmosphere. Single-band approach requires the estimation of surface emissivity and atmospheric water 
vapour content. Various data sets are available, such as Bhuvan, Copernicus program and other US 
government platforms. 

Classification 

Small Town 

Medium Town 

Large City 
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Sub-Category Population Range 

Small Town I 5000 - 20000 
Small Town II 20000 - 50000 
Medium Town I 50000 - 100000 
Medium Town II 1 lakh - 5 lakh 

5 lakh - 10 lakh 
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Number of Cities as per 
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7467 
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Metropolitan City I 10 lakh - 50 lakh 45 
Metropolitan City 

Metropolitan City II 50 lakh - 1 crore 5 

Megapolis More than 1 crore 3 

CITY CATEGORIES IN INDIA

As per the 2011 census, there are 468 urban settlements in India with a population above 1 lakh. This is as 
per the classification provided by Urban and Regional Development Plans Formulation and Implementation 
(URDPFI) guidelines(Town & Country Planning Organisation, 2014) (Table 1). Lakh is used in the Indian 
numbering system and is equal to one hundred thousand. The urban settlements with a population above 10 
lakhs come under Metropolitan city and Megapolis. Most of the research is focused on this category. But 
there are around 43 cities in the large city catego1y with minimal research studies, and these urban 
settlements are in the nascent growth stage. It is essential to understand these settlements at this stage so 
that any mitigative measures, especially in tenns of morphology, can also be incorporated earlier. They will 
also contribute to a significant urban population in the future. 

LOCAL CLIMATE ZONE CLASSIFICATION 

There have been various explorations to understand urban morphology. But the initial studies were more 
segregated and hence couldn't be standardised. Having a standard methodology for evaluating morphology 
can make up for this gap. The local Climate Zones (LCZ) framework was proposed by I. D. Stewart and T. 
R. Oke to understand urban morphology (Stewart and Oke, 2012). They proposed 17 different
morphological classes for the categorisation of urban settlements. These classes include both built and land
cover classes (Table 2). These classes are defined by the land cover and the structural properties like
building height and spacing, pervious surface fraction, tree density and soil wetness. These classes can also
be combined to form subclasses that accurately represent urban morphological structure more complex than
the singular 17 classes mentioned. These classes are instrumental in urban climate studies as they act as
zones of representation for thermal characteristics. Hence LCZ classification helps in studying the urban
morphology in relation to the urban climate behaviour, including phenomena such as UHi. This proposed
LCZ classification framework was also subsequently validated. The classes clearly showed distinguishable
thermal behaviour (Stevan et al., 2013)(Stewart, Oke and Krayenhoff, 2014). This validation was done for
air temperature studies, but subsequent research has also focused on surface temperature. This led to
quantifying temperature differences in classes and quantifying the UHi magnitude. This is similar to the
traditional UHi studies, which looked at the difference in the urban and rural areas to quantify UHi
magnitude. This has led to LCZ classification being accepted universally to characterise the morphological
structure of the cities and subsequently in the urban climate studies. This has led to tools or databases such
as World Urban Database Access Portal Tools (WUDAPT) and LCZ Generator.

WUDAPT AND LCZ GENERATOR 

WUDAPT is an open-source, community-driven initiative to collect urban climate-related data(Ching et al., 
2018). WUDAPT initiative involves developing different levels of data starting from Level 0. The higher 
the levels, the more data resolution. LCZ mapping forms the base of Level O of WUDAPT. The 
methodology for creating these maps is available on the WUDAPT website (www.wudapt.org). LCZ 
Generator further simplifies the process of generating LCZ maps of urban settlements. This web-based tool 
uses machine learning techniques to automate this process (Demuzere, Kittner and Bechtel, 2021).The input 
of training areas by someone who understands the location is still needed to generate LCZ maps. LCZ 
generator also does quality control by checking the accuracy of the maps generated. 
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METHODOLOGY 

The first step of the process was to screen the cities from the group of 43 cities from the large city category 
available for the study. The idea is to reduce the number of parameters that can impact the thermal 
characteristics of the city. India has five climate zones: Warm and Humid, Hot and Dry, and Composite. 
Temperate and Cold. To simplify the process, only composite climate zone cities were considered as 
composite climate zone accounts for the largest population among all climate zones. Even in the large city 
category, there are numerous cities. Cities were also screened based on their city fonn, which can be radial 
or linear. Cities with linear growth were avoided. Most coastal cities or any cities adjoining a river have this 
pattern. Coastal cities were screened initially only as most are in warm and humid climate zones. Subsequent 
screening pattern checks for the presence of any significant macro factors such as Hills, rivers, lakes etc., 
which can impact the thermal characteristic of the city. Any planned city such as Chandigarh was also not 
considered for the study based on the premise that it will have a different thern1al characteristic from an 
unplanned city which is more common in India. Any presence of predominant nonresidential land use, such 
as industrial, has also resulted in the city's exclusion. 

The second step of the methodology involves checking of availability of LCZ maps for the city on 
the LCZ generator platform for shortlisted cities from the first step. All the LCZ maps generated using the 
LCZ generator are available on their platform for open use by acknowledging the tool. At least a minimum 
accuracy of 65% is considered a threshold, though the minimum requirement suggested in the existing 
literature is around 50%. For example, the overall accuracy of the Moradabad LCZ map was 73% (Niyogi, 
2021). The accuracy results can be seen in Figure 1. Similar accuracy results are available for all the cities 
considered but are not explicitly shown in this paper. The shortlisted cities were Aligarh, Jalandhar, 
Moradabad, Jhansi, Ujjain, and Saharanpur through these two steps. But only 3 cities were studied in detail 
for this study: Jalandhar, Moradabad, and Saharanpur. These cities have a population of 862,886, 887,871 
and 705,478 respectively. Further, these cities have similar form and don't have any distinct morphological 
characteristics while being in the same climate zone. 

LCZ maps are generated for a much larger region of interest by the LCZ Generator tool needed for 
accurate processing. Hence the maps are cropped for a smaller area of interest which focuses only on the 
city urban areas and reclassifies using the ArcGIS platform. Though the focus is on built cover types, the 
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analysis was done for both built and landcover types. THE SUBSEQUENT STUDY DID NOT CONSIDER 
any LCZ classification with less than 0.5% of the total analysed area. Coming to LST estimation, the Single 
band approach proposed by Qin was used in this paper (Qin, Kamieli and Berliner, 2001). The surface 
emissivity was measured using the Normalised Difference Vegetation Index (NDVI) method. The near­
surface temperatures to calculate atmospheric transmissivity. Landsat Satellite data is used in the study due 
to its high spatial resolution of 30m, making it possible to study LCZ morphology data related to LST. The 
temporal resolution is 16 days which is okay for the study. Though other satellite data products like MODIS 
have a high temporal resolution, the coarse spatial resolution(lkm) makes it unsuitable for this study. 
Landsat data from May was used for this study which has typically 2 instances of Landsat Satellite data. 
The data with the lesser cloud cover was used for the study; it is suggested to use data with less than 10% 
cloud cover while estimating LST from the data. The final step involves correlating the zonal statistics of 
LST and LCZ classes on the ArcGIS platform. To calculate the SURI, the inter LCZ difference is checked. 
The Low plant LCZ is considered the reference to calculate the SURI magnitude. In a non LCZ scenario, 
when you must quantify UHi, the rural area natural setting becomes the reference for the calculation. 

a e T bl 2 P 

LCZ Type 

Compact low-rise 

Open low-rise 

Large low-rise 

Lightweight low-rise 

ANALYSIS 

ercen ages o fB ·11 Ar ea o Ul -Up 1 ies atyse f Cf Art 1 d 

Percentages of Built-up Area of7.5-10 Lakh Population 

Saharanpur Jalandhar Moradabad 

33.8 56.4 66.6 

64.3 32.4 30.0 

1.9 8.8 3.4 

1.7 

The analysis was done for the following cities, Jalandhar, Moradabad, and Saharanpur. As discussed before, 
all these cities are in the composite climate zone in India. The results of the LCZ classification for these 
cities with their respective LST's can be seen in Figure 2. The analysis of the LCZ classes and their extents 
in the different cities reveals the predominant morphology types in the built are Compact low-rise and Open 
low-rise (Table 2). They account for more than 88 per cent of the area in all three cities. Saharanpur, which 
has a smaller footprint than Jalandhar and Moradabad, have more Open low-rise, but Jalandhar and 
Moradabad have predominant Compact low-rise LCZ. This ties with the general understanding that open 
typologies can get converted into compact ones when the cities expand in India. From this, it can be seen 
that the morphology of large cities in India is more homogenous. In terms of urban climate response, 
heterogeneity in morphology is preferred to homogeneity (Liao et al., 2021). This homogeneity is evident 
not only in the built types but also evident in landcover types. Also, the current development pattern points 
towards a segregation of built and landcover types where most of the city center areas predominantly only 
have built morphology types. Unfortunately, if these gaps exist in the large cities category, these schisms 
will be compounded when they become metropolitan or Megapolis category cities. Predominant periphery 
areas of the cities are of low plants, bare soil, and scattered or dense trees. Saharanpur has predominantly 
scattered trees, while Jalandhar and Moradabad have low plants and bare soil. The LST results of the three 
cities for their respective LCZ classes are shown in Figure 3. Jalandhar seems to have higher LST in general 
than Moradabad and Saharanpur. Also, Dense Trees and water LCZ classes have lesser LST when compared 
to other classes. 
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Local Climate zone Map of Saharanpur, Jalandhar, Moradabad (left side- top to bottom) Urban settlements 
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The cumulative LST of an LCZ type is the mean of the LST of different cities. Only the LCZ's in 
at least 2 cities were considered for cumulative LST calculation. The LST was least in Dense trees and 
Water LCZ types (Figure 4). The highest LST was observed in the Large low-rise, Compact low-rise and 
Bare Soil LCZ. This gives an insight into the LCZ morphologies more prone to higher surface temperatures. 
The temperature differential between water and Large low-rise is 6.2°c. As mentioned in the methodology,
low plants LCZ is considered the reference to calculate temperature differential and inter LCZ SURI. In the 
case of Jalandhar (Figure 5), the SURI is most evident in the Large low-rise and Bare Soil, as high as 3°c.
When it comes to the compact Low-rise, it is around 2°c, whereas the Open low-rise has the least SURI, as
low as 0.5°c. In Moradabad (Figure 6), a similar SURI behaviour can be observed, though to a lesser
magnitude. SURI of 1.5°c is found in Large low-rise and 1.2°c in compact Low-rise. Additionally, Dense
trees and water show a positive effect in tenns of negative SURI magnitude of almost 2°c and 5°c,
respectively. Water LCZ class shows a significant cooling effect. Finally, in the case of Saharanpur (Figu

re
7), dense tress seems to have a significant negative SUHI effect of 3 .2°c than that of water which is 1.2°c.
Even scattered trees seem to have a more negative SURI effect than water to the tune of 1.5°c. But in the
case of other LCZ's, similar to that of Jalandhar are observed in terms of magnitude, where Large low rise 
seems to have the highest SURI magnitude of 2.8°c and Compact low-rise and Bare soil coming next at
1.1 °c and 0.9°c respectively. SURI magnitude is the highest in Jalandhar and very low in Moradabad.
Saharanpur also has high SURI magnitude slightly lesser than that of Jalandhar. 

The cumulative SURI behaviour of the three cities, which is the mean of the SURI of all the cities, 
was summarised in Figure 8. Dense trees and water show the most mitigative potential in reducing SURI. 
Scattered trees also show promise but were not listed in this figure because they were evident only in 
Saharanpur. In terms of the high potential of SURI, Compact Low-rise, Large Low-rise, and Bare soil 
respectively a significant magnitude of SURI. These classes need to be clubbed with other classes showing 
mitigative potential to lower the thermal stress of the city and hence reduce the adverse effects of 
urbanisation and climate change. Further, Suppose the growth projection of morphologies is not analysed 
and optimised, which is the case in the business-as-usual scenario. In that case, most periphery landcover 
types will be converted into built cover types. This will be especially stark in the large cities or medium 
towns categories in the nascent growth stage. This is not ideal for cities, especially in this era of climate 
change, where the focus is to improve the urban risk resilience of the cities. It is imperative to understand 
urban settlements' morphology and thermal behaviour to achieve this. 
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CONCLUSION 

India is urbanising at a breakneck speed, and there is a need to understand the morphology and its impact 
on the thermal characteristics of the city to mitigate urbanisation's adverse impacts. LCZ classification and 
remote sensing advancements enable us to do this. LCZ also allows us to standardise research and infom1 
urban planning disciplines, while the LCZ generator tool allows the streamlining process. The results point 
towards a homogenous structure in the morphology of large cities in India. It is necessary to investigate the 
reasons behind homogeneity due to the existing developmental controls. Also, the results show the them1al 
characteristics of different LCZ classes. While Large low-rise has a high SUHI magnitude along with 
Compact low rise. This can be alleviated with Dense or scattered trees LCZ class and water LCZ class. It is 
imperative that planning consider the morphological transitions over time and the built classes have to be 
integrated with suitable land cover classes. Cities have to expand organically integrating the green 
peripheral elements. It is widely accepted the urban risk resilience of cities against climate change can be 
improved by incorporating green Infrastructure as natural corridors and patches to protect the ecosystems 
and develop morphological heterogeneity. But planning without these specific considerations will result in 
the breakup of ecosystems which will have a detrimental effect and increase the vulnerabilities for the 
future. These changes can have a significant impact, especially if the cities are at a nascent growth stage. 
Further, planning bodies should use the LCZ classification system to bridge the urban climate and planning 
gap. 
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ABSTRACT 

"The future of Architecture is culture" as quoted by famed architect Philip Johnson is certainly unerring. 
Unequivocally, one of the stupendous attainments of Indian civilizations is the varied diversity of cultural and 
traditional localism. Culture carving architecture is an ineffable notion. On a related note, one can espy the instance 
of vernacular architecture and socio-cultural aspects converging in the alleys of Lucknow. Lucknow is a city located 
in the plains of North India, on the banks of river Gomati. The Vernacular houses of Lucknow not only harmonize 
well with the socio-cultural aspects but also respond well to the climate. The city is culturally prolific, with a typical 
composite climate having perceptible sundry seasons, the vernacular houses have been proven to be climatically 
convenient. 

The paper elucidates the three types of vernacular houses that exist in Lucknow. The courtyard type, the 
bungalow type, and rural mud house type in different locations of Lucknow are introduced because of their climatic 
feasibility. The three types are unambiguously different from one another but are thermally congenial and foster socio­
cultural events. The paper further chronicles the spaces that emerged on account of socio-cultural aspects in the Narhi 
settlement, a well-known locale in Lucknow. 

Backing the introductory line, the paper ceases with how culture and traditional architecture shape the future 
of habitats since it harmonizes surrounding, climate, geography, landscape, and the human psyche. With disparate 
cases, the paper elucidates that edifice is not just the ramification of silhouettes, but how the culture of the locale serves 
as the quintessence of a building, at the same time also bestowing the user with thermal comfort. Hereby, unveiling 
the ethos of an edifice. 

Keywords: Vernacular architecture, Socio-cultural aspects, climatic feasibility, Lucknow, culture 

COMMENCING WITH PARTICULARS ABOUT THE LOCALE OF STUDY 

Lucknow is the capital of an Indian state Uttar Pradesh, the most inhabited state of India. It is a culturally 
and architectonically rich city noted for its profuse "Nawabi culture" and intricately sculpted edifices. 
Celebrated for its awe-inspiring gateways, clock tower, mosques, mausoleums, palace complexes, and 
Imambadas, Lucknow is an institution with a unique finesse of architecture. Beings who have been to 
Lucknow would acknowledge culture is not just in its architecture but in language, drapes, cuisines, folklore, 
music, etc. The cause of culture being in every nook and corner of the city is that it has witnessed varied 
rulers fluctuating from the Hindu and Mughals pursued by the British and post-independent evolution. The 
city has the earliest habitations in the central part of the city commonly called Purana Lucknow and the 
latest settlements all around the periphery. Purana Lucknow witnesses' high density and pre-colonial 
settlement buildings. The latest settlements have been established in the post-Independence period. 
Lucknow is a city, synonymous with culture. 
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Figure 1: Map of India showing Lucknow's location 

OUTRIGHT FACTS ABOUT THE CLIMATE OF LUCKNOW 

Lucknow has an acute type of continental climate because of the stretch from the sea. The air of the oceanic 
region invades this locale only for four months from June to September which originates from hmnidity, 
rain, and cloudiness. Three sixty-five days of the year can be split into four seasons. From December to 
February is the cold season. This is pursued by the hot weather which continues till mid-June. The monsoon 
climate periods from mid-June till September end. Around eighty percent of the rainfall is received during 
this phase. October and November mark the transition season from Monsoon to Winter. Residents of 
Lucknow experience extreme temperatures in summers and winters. The temperature may rise to about 
forty-eight degrees Celsius in smnmers and the temperature may fall to three to four degrees Celsius in 
winters. 

TRADITIONAL HOUSES OF LUCKNOW 

Mud houses 

A bunch of mud houses around forty-five houses, clumped on reasoning of occupation and caste is found 
on the rim of the city, which contributes to the semi-rural c01nmunity. Mud houses are built with rammed 
ea1ih with other materials like thatch and other native materials which are spread evenly across the Gangetic 
plains. Mud houses are constructed in square or rectangle shapes. Families predominantly involved in 
fanning are the occupants of mud houses. The generic form of mud house generally has shared walls with 
neighbors and encompasses an aangan (courtyard), wrapped up by ka1mas (rooms) of varied sizes separated 
by dalaan (verandah). The chowka (kitchen) is in of the rooms. The verandah outside acts as a transition 
space from the outside to the inside. The windows are small openings to the verandahs mostly facing the 
internal courtyard. The materials used for wall establishment are regionally convenient clay amalgamated 
with straw and polished with mud and cow dung slurry on the other hand, the roof is fabricated of bamboo 
purlin structure, coated with thick clay, straw mud, and cow dung slurry. Floors are also polished with and 
verandahs had thatch roofs. The built form, orientation, layout, shape, form, materials like mud, and 
fenestrations contribute to the thermal comfort of a locale. The visual comfort depends on how light 
brightens the areas and environment with the factors of spatial daylight, shadows glare, etc. 

The method to examine thermal comfort was that of the field examination approach which also has 
been used for years. As per the survey, residents experienced less warmth during summers in the evening 
while sitting near the courtyards. The mellow air of the courtyard, which was heated during the daytime 
advances and is moderately removed by cool night air from above. The cool air hoards into the courtyard 
and flows into the nearby rooms hence cooling them. Another paramount factor in providing thennal 
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comfort to the residents is the building material that is used. Mud is a non-conductor of heat. During 
summer, the outside temperature is more than the inside temperature, hence residents feel cooler in mud 
houses. The properties of materials, particularly high thermal mass have been proven to be paramount plan 
in reducing indoor temperatures to a very large degree 
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Figure 2: Mud House 

Figure 3: Lane with mud house on two side 

Figure 4: Typical mud house massing 
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COURTYARD HOUSE TYPE 

LJI ___ _ 
STREET 

, r 
Figure 5: Plan showing typical courtyard house 

One can espy plenty of courtyard-type houses in the Chowk area of Lucknow. This is one of the 
oldest markets and residential locality of Lucknow. The locale is where one can spot the cultural and 
historical heritage of Lucknow. "Tulsi kutir "is located in Chowk near the Koneshwar mandir. The 
orientation of the house is Nmih East- Southwest direction. The fenestrations and entrance are in the 
windward direction i.e on the northeast side. On the southwest side, there are no openings. The nonexistence 
of fenestrations on this side helps reduce heat. The main entrance unlatches into a narrow street, which is 
the case with almost all the houses in the Chowk area. The courtyard in the abode creates shaded spaces 
and promotes ventilation in the interiors. The eaves protrude in the courtyard, which provides shade and 
keeps solar radiation from entering the rooms. The Jharokhas window projecting from a building on an 
upper floor overlooking the road on the north side of the building catch winds that cool the rooms on the 
first floor. The walls are thick around 90 cm which acts as a backing for thermal comfort. Walls are made 
of lakhauri bricks and lime plaster. Roofs are also thick around 36cm. Roofs and walls offer great thermal 
resistance. 
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Figure 7: Chowk area of Lucknow 

Figure 8: Typical courtyard house massing 

Colonial bungalow house 
Houses of this type can be witnessed in and around Raj Bhavan colony, and Railway colony. Locales where 
higher income groups reside. These disconnected houses arranged in a centripetal manner, are located in 
huge shaded landscaped flee with flat topography. The study context is a house situated in a railway colony, 
the abode of the Divisional railway manager. The single-storied house has six rooms attached, confined by 
verandahs on two sides. House has no shared walls with any other strncture hereby the residents have the 
privilege of sun and wind. Modular bricks are used with lime surkhi mortar. High roofs are made of jack 
arches finished with mud phuska. Floors are made of brick and lime surkhi mmtar with tiles. Huge lawns 
can be spotted at the front and rear setbacks. 
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Figure 9: View of a colonial bungalow house 

Figure 10: Typical colonial bungalow massing 

VERNACULAR ARCIDTECTURE: KNIGHT IN SHINING ARM:OR 

The three types of vernacular houses of Lucknow have survived for generations. They all have existed for 
hundreds of years. Mud houses, courtyard house types, and colonial bungalow houses might be varying in 
building material and techniques, they belong to different communities with varied lifestyles and social 
structures. Yet all are comfortable and sustainable. Houses are located in the unalike background within 
city premises but seem to provide thennal comfort to the residents. 

Lucknow's season varies from Hot and Dry between March to May to Warm and Humid between 
June and September and cold and wet from November To January throughout the year. The 
transposing the location of the sun throughout the day and all through the year consequences changing 
thermal and visual conditions yet it is commendable to observe the houses both thermally and visually 
comfortable. The flow of culture and tradition in a progressive society can be well depicted in vernacular 
houses. Verandahs, balconies, jharokhas, courtyards, thick walls and roofs, high ceilings, ventilation 
apertures, and space planning as per user's needs are the key highlights in the vernacular houses to 
contribute to thermal comfort. The traditional houses of Lucknow were built considering the major pointers 
- privacy and segregation between men and women. Lucknow has always had a Hindu population more
than Muslims but one can sense the influence of Muslim culture in many of the city courtyard houses.
Hereby, establishing the fact that socio-cultural aspects have a huge impact on architecture.

VERNACULAR ARCIDTECTURE ALIGNING WITH SOCIO CULTURAL ASPECTS 

"Narhi settlement" is located near Hazratganj. Hazratganj is the prominent shopping center of Lucknow. It 
has shopping complexes, restaurants, hotels, theaters, cafes, and many offices. 
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Figure 12: Plinth platfonn at entrance 

Jharoka or balcony 

� 

Figure 13: Jharoka or Balcony 

Balcony space on the upper floor facing the street encourages socio-cultural activities. Residents soak in 
the winter sun and relish summer breezes in this locale. Apart from this drying their clothes, women 
enjoying a cup of tea, and chopping vegetables are the activities which can be seen here. The narrow streets 
also present favorable reciprocity through the projected balconies that serve an area for enculturation with 
neighbors. Balcony width varies from 500 mm to 1250 mm. 
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Aangan or courtyard 
Aangan or courtyard acts as important locale for the residents. Aangan can be considered the focal point of 
the abode. It also serves as an antidote to extremely hot summers. Aangan or courtyard can be used as a 
semi-living area, where family interactions take place. Usually, women are seen spending time with their 
family members and after finishing their chores. Semi living area transfonns into a multifunctional space 
when it changes to a place to sleep in summer nights and winter afternoons with foldable cots. This large 
space is also used to celebrate festivals. 

--------------

Figure 14: Aangan or courtyard 

THE AMALGAMATION OF VERNACULAR ARCIDTECTURE AND SOCIO-CULTURAL 

ASPECTS IS THE FUTURE OF ARCHITECTURE 

The key advantages of vernacular architecture are establishing a paramount connection between inhabitants 
and the environment, maximum usage of local knowledge and materials, and henceforth providing a 
sustainable environment. As quoted by Frank Lloyd Wright "we have to create an architecture that speaks 
for its time and place and yet yearns for timelessness". Modem architecture encourages the latest 
technologies and construction methods, and manufactured materials are becoming a norm but such methods 
and materials have a huge impact on the enviromnent. The notion of modernity is screening the vernacular 
methods. Vernacular architecture can foster brirmning environmental abasement. Vernacular architecture 
is connected to green architectural principles of energy efficiency and utilizing materials. Architecture has 
unfolded over years and is still evolving. Design that is veracious to the earth will continue and changing 
the existing architectural elements can fix our changing needs. The unique character pertaining to a place 
can be retained, without compromising the needs of habitats. A typology that is feasible for both vernacular 
and contemporary architecture is imperative. 
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ABSTRACT 

Historic constructions are a by-product of culture, livelihood, tourism, and pilgrimage which also elevates socio­
economic beneficiaries to the local societies. It is relevant to comprehend traditional geometry, shape, and proportions 
that are the living essence of heritage structures that continued to be used, inhabited, and preserved by the local order. 
It is imperative to a) Assess the damage level of heritage monuments by evaluating the geometric configuration and 
proportions, and b) Reduce the seismic impact through structural intervention. Both these objectives can be achieved 
by assessing and evaluating the seismic-sensitive parameters during the preservation stage of the ancient heritage 
temples. To reduce the lateral force during an earthquake sustainable alternatives with minimum interventions are 
required. This will also help preserve the structure more efficiently within the existing levels of damage. Since the 
ancient monuments are the single largest segment of the tourist sector and a prime source oflivelihood, the sustainable 
preservation of historic construction against seismic forces holds major importance and concern. This paper enlightens 
the investigation of historic constructions of Kathmandu Valley Nepal which are highly enduring architectural 
amplitudes, rooted in their place. 

Keywords: Geometry, Historic preservation, Seismic Sequence, parameters, Intervention 

INTRODUCTION 

Safeguarding heritage structures is to principally serve the traditional style of an anticipated occupancy and 
cater the socio-economic needs for a contemporary society. Cultural diversity is the variability among living 
inhabitants in a given socio-economic complex (Gurung, 2000). Currently, there are more than 125 distinct 
ethnic groups in Nepal, (Mofaadmin, 2019). It is vital to maintain the social livelihood and long-term 
survival of the local systems (NPTEL, 2019). As per the seismological station located in Kathmandu; 
Nepal receives earthquakes every 75 - 100 years Figure l is one of the most ancient evolutions in the world 
(Menon A, 2015). The report from PDNA states that there is an urgent need for the preservation of three 
main historic towns of Kathmandu Valley, namely Kathmandu, Lalitpur, and Bhaktapur due to severe 
shaking amid earthquake shocks (VII-XI on the Mercalli scale) damaging the world heritage sites of 
Kathmandu Valley (Assessment, 2015). Thus, preservation of historical construction against seismic forces 
holds major significance(Standards, 2002). Since seismic forces are three-dimension (3D) higher seismic 
force causes larger deformation.The forces that pass through diverse structural features culminate in the 
foundation are significantly influenced by the overall geometric configuration (Murthy, 2006). This paper 
performs a correlation analysis on the moment of inertia MI and slenderness ratio SR on four historic temple 
sites of the Kathmandu Valley Monument zone, in Nepal. The systematic seismic assessment is used to 
investigate the structural condition of pagoda-style brick masonry temples, is the distinctiveness of the 
paper. 

BMSSA, Yelahanka 
Bengaluru, India 

291 ZEMCH 

2022 



LITERATURE REVIEW 

Figure 1 Seismic active zones of Nepal 
Source: Seismological station, Kathmandu,Nepal 

The displacement caused by the seismic force banks Inertia forces, causing structural damage to the various 
elements of the structure (Muddaraju, 2008). Consequently, the mass and centroid axis are to comprehend 
the stability of such structures. The higher mass is directly proportional to the inertia force, see equation 1, 

I=MXF (1) 

There are a few studies in the past based on Geometrical performance and structural integrity 
analysis based on IS codes (Institution, 2002) . According to (Sanyal, 2016), building configuration and 
seismic design of a structure will benefit greatly from timely interaction between architects and structural 
engineers to understand seismic behavior by four major characteristics. Namely, good geometrical 
configuration (shape, size, and structure), appropriate strength, stability, and adequate ductility (Murthy, 
2006). An exhaustive literature review was studied, to sum up, the inferences from similar established works 
that Geometrical configuration is necessary (H.Varum, 2012). For tall structures proportions are extremely 
significant, rather than only considering the height of the structure (Murthy, 2006) suggested that the 
behavior of a structure during a seismic event critically depends on the shape, size, overall geometry, 
structural systems and the role of materials are the efficient structural key drivers (Pawan, 2014). The 
present paper is a thesis research work to preserve the ancient cultural heritage of Kathmandu Valley, Nepal 
for the present and upcoming generations taking seismic disasters as a context. 

Moment of Inertia (MI) 
During the seismic activity, seismic forces are developed. The Moment of Inertia (MI) is considered a 
property of geometry to apprehend the propensity of a structure to remain intact in its novel position about 
a reference axis passing through the Centroid (CG) resistance (LB.Prasad, 2000). Lacking shape regularity 
in building Plans and Elevations implies the absorption of seismic forces due to eccentricity of central mass 
augmenting torsion during seismic activity. This makes a structure twist and resist deformation. Thus we 
can say that if structures have the same configuration shape, with different mass, the heavier structure posses 
elevated MI along with one of the axis Ixx or Iyy. This literature review is piloted to understand the effect 
of MI on the geometrical shapes of pagoda roofs, Area Moment of Inertia/ Transfer, see equation 2. 

Io = Jc + A d1 

Where A= area of shape distributed about the required reference axis. 
le= H r2dA And d is distance from the centroid. 
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Geometrical Configuration GC, Plan Aspect Ratio PAR, and Slenderness ratio SR 
According to (S.Nienhuys, 2003) symmetrical construction is less vulnerable than asymmetrical 
construction. A high plinth platform can avoid shear stress to the foundation and absorb seismic jolts. 
Tapering roof configurations can withstand better pushover during a seismic event. The above study reveals 
the trial and error of earthquake traditional construction techniques used by the ancestors. The temple roofs 
have symmetrical geometric patterns pitching from the center of the inner masonry structure with a radial 
arrangement of rafters from the edges supported by wall plates, timber pegs, and purlins for temple roofs 
Figure 2. These rafters are responsible for the dead load of the roof. The high temple roofs are cantilevered 
and supported by diagonal wooden rafters (usually 45*<, >or = to) called iconographies. 

Figure 2: Twin-tiered Pagoda temple roofs reflecting significant geometrical configuration 
Source: KVPT Lalitpur office, Patan, Kathmandu valley, Nepal 

A large slenderness ratio enhances extreme horizontal dislodgment which is not considered desirable. The 
increased height of a structure leads to an increase in mass decreasing the overall stiffness figure 2. It is also 
known that SR is the ratio of effective height to its least effective Length see equation 3. 

Y = f (a), the function of a, similarly (3) 

More chances of bending or bucking are due to the larger length of a section. According to (Pawan, 2014), 
to understand the effect of lateral deformation (bending and buckling) the geometrical configurations 
involving Plan and structural configurntion are essential for seismic force studies. This reveals in 
understanding the below equations to be used for analysis purposes in the subsequent section of this paper. 
According to the mathematical equations 

Slenderness ratio = H/L and SRR = f (H, L) slenderness ratio of the roof is a function of effective height and 
effective length Figure 3. Similarly, Plan Aspect Ratio PAR= effective length I effective width and PAR= 
f (L, W) plan aspect ratio in plan is a function of effective length and effective width. 
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. Figure 3: Effect of slenderness ratio on tiered pagoda roofs, relationship between length and height 
Source: J.B.Johnson's Parabola critical load and Timosshenko, S.P. & Gere, J.M.(1961). McGraw- Hill. 

Second Moment of Area (Parallel and Perpendicular axes analysis) 
The second moment of area analysis is an algebraic measure for the evaluation of shape performance and 
its deflection caused due to seismic stress of existing and proposed structures (Muddaraju, 2008). The 
parallel axes method or second moment of the area also known as the Huygens - Steiner method is applied 
to determine the Moment of Inertia (MI) about any axis. It reveals that large MI leads to lesser deflection 
and forces (C.V.R, 2002). The parallel axis Method can be stated as an equation, see Equation 4. 
MI=f(L, HJ 

f x-x = J X - X + Ad2 (4) 

The above equation implies that the moment of inertia about any axis (lxx) passing through the Centroid 
(CG) of the area is either larger or smaller than the moment of inertia about any other parallel axis 
(Muddaraju, 2008). The second moment of the area method is adopted to evaluate the Intertia forces under 
various conditions and assess the performance predictions, for the parallel axes method which is the prime 
objective of the basic methodology adopted for this research paper (Resource, n.d.). More importantly, it 
identifies the property of a shape that is used to predict its deflection and bending due to seismic stress 
generated. Predictive Analysis using the Regression equation, see Equation 5 

Y = a + bx1 + cx2 + ... .. . xn (5) 

Summary of Literature Review 
An extensive literature study with the inferences was noted down. It is well established from several studies 
that MI and SR detailing are necessary to resist seismic events. It is also found that Geometry is critical to 
good seismic perfonnance (Murthy, 2006). Many works have been done regarding the resistance of Moment 
of Inertia and Slenderness ratio on various buildings. There are very few studies that have been done, based 
on the above criteria in combination (heritage architecture and seismic sensitive parameters) concerning IS 
codes for preservation purposes. 

AIM AND OBJECTIVES OF THE STUDY 

The aim is to propose a seismic vulnerability assessment methodology for brick masonry twin-tiered pagoda 
roofs on structural aspects related to the performance of heritage Pagoda temple roofs as case studies. 
The prime objective of the paper is to study the comparative performance of MI and SR using parallel and 
perpendicular axis analytical methods followed by regression analysis, see equation 5. 
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The objectives of the study can be acknowledged as follows: 
1. To perform a comparative study of seismic parameters of brick masonry temples with twin­

tiered pagoda roofs in horizontal and vertical configurations and investigate the effect of

slenderness ratio.

2. To evaluate the effect of seismic forces on different roof sections at various levels along

with the increasing height and length.
3. To investigate the perfmmance level/behavior of pagoda roof shapes in tenns of MI, SR, and PAR

using the parallel axis method, co1Telation, and regression analysis. 

METHODOLOGY 

The present paper uses IS Code 1893:2000 as a base reference for analyzing the seismic parameters. This 
study involves a comparative analysis of the behavior of low and medium-rise twin-tiered pagoda roof 
temples having different geometrical configurations both (horizontal and vertical), and slenderness ratios 
for square and rectangular plan-shaped brick masonry temples. 
The following steps of methods are adopted for analysis purposes: 

• Step 1 :Selection of 4 temples having different geometrical configuration for analyzing MI on roof
shapes and SR on No. of tiers height.

• Step 2: Analyzing model combinations for seismic sensitive parameters by parallel axis and
correlation analysis.

• Step 4: Regression modeling of pagoda structures using ANACONDA 6.1.4 Jupyter software.
• Step 5: Comparative study of results in tenns of Moment of Inertia, slenderness ratio, plan aspect

ratio center of gravity, and roof displacement during the period of seismic force.

Study Area and Limitations. 

R•--•rch M•t.hodolon 

I Literature Review 

T 

Object.Ives of Study 

MS Excel 

T 

Data Processing 

Auto-CADD 

Correlat.lon & Rearesslon 

Discussions and Conclusion 

Figure 4: Research Design Methodology 
Source: Authors 

The scope of this research paper is restricted to the variables influencing the heritage temple typology only, 
by keeping the context as seismic activity Zone - V, of Nepal. The geographical context for the study is the 
Monument Zones a region of the historic cities in the Kathmandu Valley of Nepal (UNESCO, 2006). The 
selected study area is declared the World's most seismic hazardous zone having a high MMI scale (VII-XI 

) with a 7.8 ML to 8.1 ML considered severe. (NSC, 2016). 
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S.No.

1. 

2. 

3. 

4. 

Table 1: Data set Parameters assumed for analysis 
Source: Authors 

Selected Parameters Value Precident 

Seismic Active Zone V (VII-XI) As per IS code 1893:2000 

Zone factors(Z) 1.00 As per NBC -105, clause 

Importance factors (I) 1.5 NBC -105 pg.15,19 

Roof types Pagoda Style 

Pagoda roof Processing and Analysis 

pg.14 

This section deals with the selection of Temples and their plan shapes (Square and Rectangular) Error! 

Reference source not found. as per the IS Code (13828:1993, 1998) procedures. The roof shapes are 
analysed for defining the parameters of temple pagoda roofs, the elementary assumptions, and the geometry 
of the selected Temples for the study are argued. This includes the assessment of MI and SR for Trapezoidal 
shape pagoda roof sections keeping in view the PAR perfonnance assessment of the Pagoda roof sections. 

Square Plan Shape Rectangular Plan Shape 

Figure 5: Geometric Plan shapes adopted for analysis 
Source:Authors 

Geometric configurations and roof shape details 
This section deals with the performance assessment of the heritage temples. The temples are assessed in 
Ms. Excel and Anaconda software for the parametric test. The parallel axis analysis for MI of the pagoda 
roof discussed in the above sections was conducted. To evaluate the MI on pagoda (trapezoidal) roof shapes. 
The moment of Inertia versus slenderness ratio at each analysis step was obtained. The graphical 
representation and plot curves are presented in each case. A comparison study is carried out to observe the 
difference in performance behavior of each selected temple. The analysis is carried out by conducting the 
parallel axis method for MI, a con-elation for evaluating the relationship between the MI, SRR, and PAR. 
The material properties and the geometric parameters considered in the study are enumerated as suggested 
by IS 1893:2000. 

Consider four twin-tiered temples with 3.15, 6.5, 6.8 & 19.5 mt story height. Thus the four temples have a 
slenderness ratio SR of roof and overall as mentioned through a detailed description of all the pagoda roofs 
is presented in Table 1. 
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Selected Roof 
Case Heigh 
Study t 

T-1 19.5m 
Pashupati
Nath
T-2 6.5 
Changu 

Narayan
T-3 Bishnu 3.15 
Narayan

T-4 6.8 
Char
Narayan

Table 1: Data Evaluation and assessment 
Source: Authors 

Slenderness Slenderness Ratio Plan area 
Ratio Roof Overall (SRO) ratio Roof 
(SRR) (PARR) 

0.97 1.97 1.0 

0.65 2.12 1.0 

0.79 4.34 1.0 

1.05 2.59 1.0 

Plan area 
ratio overall 
(PARO) 

171.60 

120.00 

23.66 

95.91 

RESULTS AND DISCUSSIONS 

Case I: Effect of Ml on collapsed Temple 

IxxO 

1692.2 
7 

93.87 

6.04 

52.71 

i= 
i f,(11< 

"-
i ·�
.i-

Case 1: Effect of Ml on un- collapsed 

Temple 

• 

.,,.,,,_.�CMd>ll lT<'!.I 

• Han,e,.ro.oal ( tr4) 

• Tlapezoodal ll•.JI 

• ffil�n>+dal {Tr:2) 

100,, 

i 8°" 

'a 60t4 

f 40'Jf, 

� 20'Jf, 

.i: 
"" I I I I I I 

r 2°"- • r,ap,e,10klal {Tri) 
Area(A) b<X IU """ 

Independent Variables 

!t-hl (hi V<:(dJ .... .-(.-.. Ix,, 

INOf'PfNt�Hl VA.RIAfllE'i, ■Trape-Loiddl (Trl) ■Trapeioidal (rr2) 

Figure 6: Comparison of Critical Seismic Variables Source: Authors. 

The comparison of results obtained from the above analysis based on seismic sensitive parameters has been 
carried out tier-wise for each vertical and horizontal axis passing through the centroid and then for overall 
effective height, length and width. It has been observed that as the slenderness ratio increases, the structure 
becomes more acute. The effect of MI and seismic forces increases for the higher slenderness ratio and 
defines in what way shape configurations will behave during the seismic force. The values of Ixx and Iyy 

were studied for understanding the bending and twisting effect of MI. It is interesting to note that MI of a 
rectangular base (horizontal) is twice the MI of the triangle (vertical and trapezoidal) in this study. In case 
one it is observed that the performance of twin-tiered pagoda brick masonry roofs with larger height faced 
complete collapse when compared to lesser height temples. 

It is observed that the high slenderness ratio increases the buckling effect of the roof sections 
reducing the stability during the seismic force event, irrespective of its wide plinth base. However, the effect 
of PAR is unity Table 1, which reveals that all selected structures are stable in plan configurations. This 
reveals that the base platform must be grounded but on the superstructure part and the heavy mass 
arrangement of trapezoidal roof section geometry along with its centroid (h, Y c) needs correction Error! 
Reference source not found., Table 2. However, temples with a low plinth platform (horizontal) and small 
slenderness ratio (vertical) performed better against the seismic forces in case one Error! Reference source 

not found .. Additionally, the role of material quality and its deterioration along with poor maintenance, 
rotten wooden members, and loose connections have been observed during the site visits responsible for the 
cause of damage in both cases. 
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Figure 7: Relation between centroid distance and area of roof sections Source:Authors 

Further, it is observed that the geometrical configuration in case two, the twin-tiered pagoda temple has an 
appropriate slenderness ratio assembly is least effective of seismic forces Error! Reference source not 
found .. The use wooden wedges rather than nails for the connections supplements flexibility to the temples' 
facilitating interlocking structural provisions. The twin-tiered temple partakes in a proportionate geometric 
roof configuration with a lighter and smaller rooftop of trapezoidal shape than the heavy bottom and larger 
roof of trapezoidal shape is causative to good seismic performance Figure 4. Thus the analysis demonstrates 
both positive and negative seismic perfonnance revealing that is not just influenced by configuration alone 
Figure 5 but also by many other factors as mentioned above. It is also analyzed through correlation analysis 
on the above data that as the Plan Aspect Ratio (PAR) increases Table 2, the structure becomes more critical 
to seismic forces. 

100% 
� 
�8°" 
;_
0 � 
l 40% 
� 20% 

: 

0% 

Case II: Effect of Ml on un- collapsed temple 

He,ght (h) Ye (d) Area (A) 

Independent Variables 

■TrapezOldal (Trl) ■ TrapezOtdal (lr2) 

IU 

100% 

0% 
bo<C 

Case II: Effect of Ml on collapsed Temple 

!-!eight (h) Ye (d) Area (A.I '"' 
Independent Variables 

lu 

■ Trapezoidal {Trl) ■ Trapezoidal fTr2) 

Figure 8: Effect of MI on the collapsed temple 
Source: Authors 

bo<c 

The result analysis reveals that the square configuration performs best during seismic activity as compared 
to rectangular or elongated plan configurations with appropriate width at the base. 
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In comparison as a whole, the present study demonstrates that the structures whose slenderness ratio of roof 
SRR viz. 0.65, and 0.79, Table 1 and slenderness ratio overall SRO viz. 2.12, and 4.34, Error! Reference 
source not found. did not perform seismically sound with respect to the ratio of effective height to effective 
width, whose Plan Aspect Ratio is 1.0 Table2. The study concludes that the temples with slenderness ratios 
less than 4 have reasonable seismic perfornrnnce, as larger SR are more suspectable to bending and lower 
SR value adds rigidity. Above this, the worst effect of roof height and seismic forces needs structural 
retrofitting during the preservation stages. Hence, they should be discarded due to their unsatisfactory and 
weak perfonnance when analyzed on the above-identified parameters which can be detrimental and cause 
devastating effects, if they are not furbished with appropriate geometrical configuration (plan- horizontal 
and elevation- vertical), along with earthquake-resistant materials, elements, and traditional techniques. 

Table 2: Data analysis case I and II 
Source: Authors 

Case 1. Moment of Inertia (Ml) and Slenderness Ratio of Un- Collapsed temple 
Temple Shape Height Ye Area Ixx Iyy Izz 

(h) (d) (A) 
Pashupati Trapezoi 2.1 1.5 46.4 39.45 823.05 862.50 
Nath dal (Trl) 
Temple Trapezoi 6.5 2.27 56.05 137.22 618.88 756.10 

dal (Tr2) 
Trapezoi 1.0 1.3 11.6 7.96 16.43 24.39 
dal (Tr3) 
Trapezoi 1.4 2.02 16.32 29.02 19.25 48.27 
dal (Tr4) 

Trapezoi 0.5 0.8 2.16 0.69 0.31 1.00 
dal (Tr5) 

Moment of Inertia (MI and Slenderness Ratio of a Collapsed temple 
Temple Shape Height Ye Area Ixx Iyy Izz 

(h) (d) (A) 
Changu Trapezoi 3.5 0.98 15.6 6.76 70.85 77.61 
Narayan dal (Trl) 
Temple Trapezoi 2.4 4.7 6.48 1.49 10.10 11.59 

dal (Tr2) 

Ixxc 

8.2 

8 

2.5 

2.41 

0.76 

Ixxc 

5.0 

3.0 

Case 2. Moment of Inertia (Ml) and Slenderness Ratio of Un- Collapsed 
temple 
Temple Shape Height Ye Area Ixx Iyy 

(h) (d) (A) 
Bishnu Trapezoi 1.1 1.5 0.65 4.35 3.48 
Narayan dal (Trl) 
Temple Trapezoi 1.2 1.1 1.98 1.98 0.77 

dal (Tr2) 
Moment of Inertia (Ml) and Slenderness Ratio of a Collapsed temple 
Temples Shape 

Char Trapezoi 
Narayan dal (Trl) 
Temple Trapezoi 

dal (Tr2) 
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Height Ye 
(h) (d) 
4.5 2.1 

3.1 1.4 

Area Ixx Iyy 
(A) 
0.84 15.75 5.09 

5.38 5.74 0.85 
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Izz Ixxc 

4.26 2.0 

0.94 1.5 

Izz Ixxc 

100.40 6.0 

10.5 3.51 

IxxO 

1692.2 
7 

IxxO 

93.87 

IxxO 

6.04 

IxxO 

52.71 
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Multiple R 0.906966742 
R Square 0.822588671 

Adjusted R Square 0.467766014 

Standard Error 0.368232913 
Observations 4 
ANOVA df ss MS F Sizni/icance F 
Regression 2 0.628704522 0.314352261 2.318309315 0.421202242 

Residual l 0.135595478 0.135595478 
Total 3 0.7643 

Coefficients Standard En-or· t Stat P-value Lower 95% 
Intercept 0.428659399 0.49508651 l 0.865827264 0.545701035 -5.862011172

Ixxc 0.054319318 0.065383561 0.830779439 0.558676606 -0.776457595
SIT 0.719624078 0.35595692 l 2.021660583 0.292433031 -3.803237444

CONCLUSION 

The above analysis demonstrates that the performance of heritage temples during the ea.tihquake differs 
from temple to temple. An up-front conclusion can be observed that the slenderness ratio SR affects the 
stability of low and medium twin-tiered pagoda roof brick masonry structures during the seismic event. 
Hence it can be considered an appropriate parameter to address stability. Based on literature reviews 
irregular geometric configuration undergoes compressive loads making a member deflect perpendicularly 
(vertically) generating torque on the particular axis Ixx or Iyy. This exposes that there is a need to focus on 
the axis with the maximum MI value. 

Additionally, it is analyzed that brick masonry temples also called un-reinforced masonry (URM) 
with timber as roof elements (sal wood, case of KV, Nepal) performed better than brick masonry in the lime 
mortar or mud mortar. 

Also, the role of material quality and its deterioration along with poor maintenance, rotten wooden 
members, and loose connections have been observed during the site visits responsible for the cause of 
damage in a few cases. If the deflections are larger, the structure collapses. The structure behaves like a box 
and the elements contribute to the resistance if the deflections are lower. Most importantly, it is also 
concluded that the structural shape of tiered Pagoda temples and dome shapes performed better than 
Shikhara-style temples with square and rectangular Plan shapes. The complexity of such analysis signposts 
the necessity of further study. 
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