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Abstract - This review article discusses the behavior of buildings constructed on sloped terrain. The construction of buildings on sloped terrain poses unique structural and construction challenges, including the use of appropriate building materials, design techniques, and construction methods. The article highlights that buildings constructed on sloped terrain typically utilize step-back or step-back and set-back building configurations, which help to reduce the torsional moments and stress concentrations that can occur in unsymmetrical structures. However, it is also noted that step-back frames can produce greater base shear than step-back and set-back frames. The article also points out that buildings constructed on sloped terrain tend to show different structural behavior than those constructed on flat terrain, including greater values of time period and top storey displacement.
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INTRODUCTION

Background
Given the challenges associated with building on steep slopes, it is important to carefully consider the design and construction of buildings in hill areas. The use of appropriate building materials and construction techniques can help to minimize the risk of structural failure, particularly in the event of seismic activity.
One approach that has been adopted in hill areas is the use of step-back and setback building configurations, which can help to reduce the torsional moments and stress concentrations that can occur in unsymmetrical structures. In addition, the use of reinforced concrete (RC) framing can provide greater structural integrity and resilience in the face of seismic activity.[1]
However, it is important to recognize that even with appropriate design and construction techniques, there is always a risk of structural failure in the event of a major earthquake or other natural disaster. Therefore, it is also important to ensure that buildings are properly maintained and retrofitted as necessary to ensure their ongoing safety and resilience.[1][2]
Overall, the economic development of hill areas has led to important considerations around building design and construction, particularly in the face of seismic activity. By adopting appropriate techniques and materials, and maintaining buildings appropriately, it is possible to mitigate some of the risks associated with building on steep slopes in hill areas.[4]
The growth of the population causes a lack of available flat land for building, which results in the development of mountainous regions for construction. Therefore, it is important to rethink building design, materials, and construction methods in these areas. Constructing buildings on inclined terrain offers beautiful scenery, natural drainage, and additional space on lower floors. However, building on steep slopes in the Himalayan region presents a risk of landslides that could result in the loss of many lives and property. Due to the expansion of real estate development in hilly regions, there is a high demand for constructing multi-story buildings on hill slopes in and around cities.[4]
Seismic behavior of Structures in India
The unpredictability and immense power of devastation make earthquakes the most disastrous natural disaster. People are not killed directly by earthquakes themselves, but rather by the destruction of structures, which results in a colossal loss of human lives and properties. Severe earthquakes cause building structures to collapse, leading to direct loss of human lives. In the last few decades, numerous research works have been conducted worldwide to investigate the causes of failure of different types of buildings under severe seismic excitations. The recent massive destruction of high-rise as well as low-rise buildings in devastating earthquakes demonstrates the urgent need for such investigations in developing countries like India. Therefore, the seismic behavior of asymmetric building structures has become a topic of active research worldwide. Many investigations have been carried out on the elastic and inelastic seismic behavior of asymmetric systems to identify the cause of seismic vulnerability of such structures.
The hilly regions in the northern and northeastern parts of India are considered to be under seismic zone IV and V. In India, any area with an altitude of over 600 meters from sea level or an average slope of 30 degrees is considered hilly. This includes the Himalayas, Central Highlands, Deccan Plateau, and northeast hill ranges. Hill regions are categorized into Foot-hill regions (below 1200 meters), Mid-Hill regions (1200-3500 meters), and High-hill regions (above 3500 meters), based on altitude and climate. These regions have different environmental conditions and resources available for development. Hill regions are challenging terrains for development due to difficult terrains, steep gradients, complex geological structure, climatic conditions, and rich flora. Hill towns like Shimla, Nainital, and Mussoorie, situated in Mid-Hill regions, have experienced pressure for development due to high population growth, tourism, and better living conditions. However, this development has led to environmental degradation and ecological disturbance, with overcrowding, congestion, pollution, traffic jams, inaccessibility, landslides, forest reduction, and slope failure becoming prominent issues. The demand for constructing multi-story reinforced concrete (RC) framed buildings on hill slopes is high due to the region's economic growth and urbanization. However, constructing buildings on hillsides poses challenges since they are irregular and unsymmetrical in both horizontal and vertical planes and are torsionally coupled. Moreover, the shortage of flat land in hilly areas makes it necessary to construct buildings on slopes. In previous earthquakes, RC frame buildings with columns of different heights within one story suffered more damage in shorter columns than taller ones. This increase in construction activity contributes to the population density in the area.[11]
 Rapid development and urbanization in hill towns give rise to multiple challenges, such as: 
(1) increased pressure on housing and infrastructure from a growing population of migrants and tourists, leading to more multi-story buildings; 
(2) ecological imbalance caused by high-density development, resulting in damage to natural features and drainage patterns; 
(3) problems with congestion, water scarcity, pollution, and loss of scenic beauty; 
(4) difficulties with developing steep and shaded slopes, traffic flow, water supply, and natural drainage; 
(5) susceptibility to natural hazards due to inadequate safety measures in construction; and 
(6) loss of greenery, uncontrolled construction, narrow roads, and encroachment on public areas, resulting in a concrete jungle that limits natural light, air, and ventilation and may harm human health and well-being. 
(7) Majority of buildings in hill towns lack adequate safety provisions against fire. Fire vehicles have inadequate or no access to many zones in hill towns, increasing the risk of loss of life and wealth during a fire outbreak.
(8) Existing buildings in hill towns have insufficient natural light, leading to increased use of artificial lighting even during the day. Lack of natural light and ventilation in buildings can lead to dampness and an unhealthy living environment.
(9) The construction of houses, offices, and commercial premises in hill towns disregards aesthetics and land use, resulting in conflicting land use and construction. This scenario creates a situation where construction dominates the natural environment of hill towns.[2]

LITERATURE REVIEW

 In this study, 3 building configurations are considered: Step back, Step back set back and steep slope configurations which are compared with regular configurations of respective buildings resting on flat ground. The paper highlights the importance of uniform distribution of stiffness across the building to ensure proper distribution of transverse forces. In conclusion, the buildings on flat ground are more flexible as compared to hill buildings. Torsional forces are more significant when earthquake load is applied in Y direction.[3]

This study analysed a multistorey building on a hilly terrain for displacement, storey drift, natural frequency, time period and base shear using Response Spectrum analysis. It compares step back set back and step back building configurations for various slopes(16.32°, 21.58°, 26.56° and 31.56°.) The study concluded that step back set back configuration is more preferable as it produces lesser base shear and top storey displacement. Additionally, more heed must be paid while designing short columns on the hill side in both configurations. A decrease in time period and top storey displacement was observed with increase in slope angle.[4]

This study compares the seismic performance of soft-story buildings on sloped terrain versus soft-story buildings that have been retrofitted with shear walls using SAP 2000.
The structure is analysed using Non-linear Static Pushover analysis. Buildings retrofitted with shear wall show reduced deformation and thereby perform better as compared to regular soft storey building.[2]

In the current work, the ETABS v 9.0 finite element code was used to simulate and analyse two distinct hill building configurations: Step back and Step back set back configurations at slope angle 26⁰. The height and length of hill houses have been geometrically changed in a parametric study. Seismic forces have been applied across hill slope direction and across eighteen analytical models in all. Response spectrum method has been used for analysis. The dynamic parameters that emerged from the analyses have been compared among the hill building configurations that were taken into consideration, discussed in terms of the shear forces that were induced in the columns at the foundation level, fundamental time periods, maximum top storey displacements, storey drifts, and storey shear. The study concluded that Response Spectrum analysis is ideal for complex structures and Step back Set back configuration shows better performance under seismic loads as compared to step back configuration.[1]

In this study Step back and Step back set back building configurations on hill terrain are compared with a building on plain ground using SAP 2000 software. The building is modeled for 10 storeys and slope angle is 20⁰. Analysis is done for Bhuj and Chamoli earthquake for zone V.The study concluded that the base shear was higher in step back set back configuration for Bhuj earthquake and in step back building for Chamoli earthquake. The values of base shear,axial forces and moments are higher in time history analysis as compared to Response spectrum analysis.[5]

This study summarises the development of seismic provisions as they pertain to analysis, discusses the current situation, and envisions potential future developments.The study shows that the recent seismic codes have generally embraced  nonlinear analysis as an optional method; nevertheless, in some codes, it is required for particular structural systems. Nonlinear response history analysis is the most advanced method available for analysis. However, it is not often used owing to its complexity. Currently, various analysis procedures are available for various degrees of complexity. The study concludes that appropriate application of these procedures along with accurate design, detailing and construction may lead to better performance of buildings during earthquakes.[6]

ETABS 2015 is used in the current study to analyse four models with various configurations. Buildings with step-back and step-back setbacks have been contrasted with storey drift, time period, and story shear, and a suitable layout for a hilly terrain has been offered.  When compared to step-back buildings, step-back setback layout has a lower maximum story displacement. The study suggests the use of step back set back configuration for hilly areas.[7]

The seismic behaviour of two hill building layouts is examined in this study: Step back setback and step back. A finite element modelling software was used to create each model, and the Response Spectrum approach and Non-linear Static Pushover analysis were used for analysis.The hill slope considered is 26⁰. The study concludes that step-back buildings show least time period and top storey displacement. It is observed that in setback step-back buildings, the base shear value is reduced by about 26 % as compared to step back buildings and 33% as compared to normal building on plane ground. Moreover, it has been discovered that step-back structures have higher story drift than other arrangements, making them more susceptible to seismic forces.[8]

In this study, the behaviour of a G+ 6 storey framed building with a shear wall on a sloped ground is examined at sloping angles of 15⁰, 30⁰, and 45⁰. The analysis is done to determine how sloping ground affects structural forces. The study found maximum displacement at 45⁰ and hence concludes that the risk and slope angle are directly proportional. The study also suggests positioning shear wall in the corners to effectively counter the axial forces.[9]

In this study, the effect of various slope angles(0⁰,15⁰,30⁰,45⁰) on structures resting on sloping terrain is studied considering fixed as well as fexible base(SSI). The structures are analyzed using equivalent static force method (ESFM), response spectrum method (RSM), time history method (THM), nonlinear static method (NLSM) and nonlinear time history method (NLTHM). Results from nonlinear time history state that for both fixed and flexible bases, displacement in the direction of force (X direction) decreases with increasing slope angle. Yet as the slope increases, so does the displacement in the force's transverse direction (Y direction). Maximum torsion is also directly proportional to slope angle.The study concludes that in all cases, models with SSI exhibit more structural responses than the models with fixed base.[10]

CONCLUSIONS

(1) The growing population creates a shortage of level ground for building construction. Transforming steep land into a flat surface requires significant financial resources and time, making it an uneconomical option. Constructing buildings on sloped terrain presents asymmetrical features that attract a considerable amount of seismic force, making them more vulnerable to damage during an earthquake. Therefore, it is crucial to implement suitable building configurations for sloped terrain. 

(2) The behavior of buildings constructed in step-back and step-back setback configurations on steep slopes is distinct from those constructed on flat land. The formulae outlined in IS 1893 (Part 1): 2002 (Clause 7.6) are inadequate for accurately determining the time period in the longitudinal and transverse directions. As the equivalent static method relies on time period values, it should not be used for designing hill buildings. Rather, a response spectrum analysis of a three-dimensional model of complex structures like hill buildings should be conducted to determine their true behavior. 
(3) Compared to response spectrum analysis, time history analysis yields greater values for base shear, as well as for axial force and moments. 
(4) Step back frames result in higher base shear compared to step back-set back frames.
(5) Step back frames have a longer time period compared to step back-set back frames.
(6) Step back frames have greater top storey displacement compared to step back-set back frames.
(7) Short columns on the higher side of the sloping ground are most affected in both step back and step back-set back frames and require special attention during design.
(8) Step back-set back frames are more desirable than step back frames as they have a better performance during seismic activity.
(9) Increasing the number of bays results in a decrease in time period and top storey displacement, making more bays better under seismic conditions.
(10) Increasing hill slope results in a decrease in time period and top storey displacement.
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