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Abstract

Rooftop gardening (RTG) has become a popular concept among residents of urban areas in recent days, however
a proper guideline to practice this concept with minimum effect on the structural performance of the building is
yet to be published. Dhaka, the capital of Bangladesh is one of the most densely populated cities in the world,
where thousands of buildings, flyovers, and other infrastructures are constantly being built, and thus availability
of a piece of land is getting difficult day by day. This relentless urbanization is exacerbating climatic disasters that
are currently being elevated such as heatwaves, extreme rainfall, air pollution and so on. Therefore, there is an
immediate need to look for innovative ways to reduce environmental impacts and enhance quality of living.
Considering the scarcity of land, rooftop gardening can be a strategy in this regard. Previous studies suggested that
rooftop gardening can help to combat pollution, regulate temperature, improve drainage congestion during rainfall,
save energy by keeping the house cool, and so many other ways. Acknowledging the benefits, few studies assessed
the effect of rooftop gardening on the structural performance of the building. However, different arrangements of
rooftop gardening and the effect of the resulting loading pattern on the response of the structure is yet to be
explored. The objective of this study is to propose a layout for roof gardening that would create minimal effect on
the structural performance of the building. Different gardening arrangements and subsequent loads were applied
on the rooftop of a residential building, and structural performance were assessed in terms of maximum
displacement, story drift, torsional irregularity, P-delta effect etc. following Bangladesh National Building Code
(BNBC) 2020. Based on the analysis, an optimal RTG layout is proposed to minimize adverse effect on the
structural performance of the building, which can act as the first step for the prescriptive design of sustainable
gardens for Dhaka city.
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1 Introduction

On the verge of rapid growth of urbanization along with extreme climatic circumstances, Rooftop gardening is
preferred as an effective way to counteract such a challenging condition. Dhaka is the capital city of Bangladesh
where 24.7 million of people are currently residing, and it is expected to rise at a rate of 3% by 2030 which is
around 29.49 million people (Dhaka Population 2025; United Nations 2018). Though the buildup area of the city
expanded by 27% between the years 2001-2021, but unplanned development programs in Dhaka city cause several
kinds of problems, namely, waterlogging, urban heat island (UHI) effect, air pollution and so many that is turning
the city into challenging place to survive (Rahman 2022). Having poor drainage network in Dhaka exacerbates
load on the point of discharge result in inundation of the city right after few hours of rain. Satellite studies reveal
that this city is approximately 3.9 °C warmer than the surrounding rural landscape and increasing at approximately
0.21 °C per decade which escalating discomfort (Kabir and Ryhan 2024; Tabassum et al. 2024). On the other hand,
Dhaka was ranked as the third most polluted capital having with average smog concentrations exceeding World
Health Organization (WHO) guidelines by more than 15 times due to several mega projects, and poor waste
management (IQAir 2024; Islam, Sharmin, and Ahmed 2020; Saifuddin 2025).To wield this problem, Rooftop
gardening can be the right strategy to replicate on top of the building in an urban area that extends the net green
area of the city which helps to lower the discomfort index. Previously, several studies have been done on rooftop
gardening showed numerous benefits, including the reduction of waterlogging, the mitigation of UHI, and
improvement in air quality, basically in social, environmental and economical which gained popularity all over the
world (Brenneisen 2006; Czemiel Berndtsson 2010; Fioretti et al. 2010; Getter et al. 2009; Jaffal, Ouldboukhitine,
and Belarbi 2012; Niu et al. 2010; Shafique, Kim, and Rafiq 2018; Yang and Bou-Zeid 2019). Some studies also
proved that urban RTG can significantly boost the green cover of cities (Chen and Gou 2022; Shao et al. 2024).
Several studies have highlighted different types of structural forms of RTG (M. O. Carmody et al. 2009). All the
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investigations centering on RTG were innovative and had significant influence on the modern form of gardening.
However, study has barely been found that performed in serviceability test of the multistory building under
different types of RTG pressure. Moreover, the serviceability check for different gardening layouts yet to be
explored .While international codes and standards are gradually allowing some provisions for green roofs,
Bangladesh National Building Code (BNBC) has no explicit guidelines regarding RTG load for different gardening
types, configurations, or even how these contribute to the behavior of the building (Housing and Building Research
Institute 2020; International 2014; Landschaftsbau (FLL) 2008; Toronto 2017). So, this analysis can be an
imperative approach to figure out the right gardening arrangement which will show minimal value in the
serviceability test.

2 Methodology

A study proposed that 60% roof area coverage for gardening in Dhaka causes effective ramification in runoff
reduction which is about 29% (Hailiang et al. 2022). So, 60% of the roof area was considered for gardening in the
analysis in light of prevailing Dhaka’s drainage congestion. This paper accounted for three types of gardening
namely, extensive gardening having substrate thickness 0.5 feet, intensive gardening having substrate thickness
6.5 feet (Administration 2011), and BNBC prescribed gardening that substrate thickness was not reported in the
code. A total of 18 finite element models (FEM) were analyzed that six models for each of gardening types across
six distinct gardening layouts. The goal of the study was to know how structures behave and show stability for
different gardening layouts under distinct types of RTG. Here structural performance was being assessed in terms
of story displacement, story drift, tortional irregularity, P- delta effect where BNBC-2020 guidelines were adhered
to the resulting values. Lastly, outcomes of all models are being compared and propose an optimal RTG
arrangement which acts as effective and shows minimal instability under gardening loads.

3 Numerical Modeling

In order to simulate roof gardening patterns on top of a residential building as shown in Figure 1, where FEMs
were analyzed using ETABS-v20 under ACI 318-14 structural design standards. To preserve the model’s
simplicity, a uniform slab thickness of 6 inches was assumed for all floor levels. All the load parameters were
assumed as BNBC standards except rooftop gardening load, which were specially defined and are provided in
Table 1
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Figure 1. Illustration of the model (a) 3d View (b) Plan View

Table 1. Applied Gardening Loads properties.

Types of Loads Values (psf) Remarks
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Extensive Load 60 Lightweight planting
BNBC Load 100 Rooftop garden loading per BNBC
Intensive Load 350 Deep soil, heavy vegetation, possible tree
planting
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Figure 2. Illustration of the Gardening layouts
4 Result And Discussion

The results obtained from 18 FEM models under different rooftop gardening scenarios subjected to different
intensity of gardening loading across six distinct layouts (see Figure 2). Static analysis was used to access story
displacement due to wind load, story drift under earthquake, torsional irregularity and P-delta effect through the
influence of loading.

4.1 Story Displacement

Story displacement occurs due to lateral force such as wind load, earthquake load, or any uneven loads. This paper
measured story displacement for wind load using specified serviceability load combinations according to BNBC.
BNBC limited the story displacement to 1/500 times of the height of the building above ground where maximum
allowable story displacement is measured as 1.92 inch. Models were analyzed for four distinct load combination
accordance with BNBC, but data showed for comb-1 (+wy) and comb-2 (+wy). Figure 3 presents the comparative
roof lateral displacements across six structural cases with three RTG loadings. Case-4 and Case-5 display a
noticeable variation under BNBC and intensive loading where BNBC loading shows high displacement due to the
structural dynamic associated with mass and stiffness distribution in comb-1. Lower gravity loads reduce the
inertial mass , making the system more flexible and more prone to lateral displacement. Conversely, intensive
loading contributes additional mass and stiffness that enhances stability and resistance against lateral force. But
lower vertical loading does not equate to improve lateral performance, rather it mostly depends on the mass-
stiffness interaction that shows in Figure 3 for comb-2 where BNBC loading experience lower displacement.
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Figure 3. Roof-Story displacement under combination-1 and combination-2
4.2 Story Drift
Story drift is a relative lateral displacement between two adjacent floors under the action of lateral force, and it
measures horizontal movement of one floor respect to the floor below. The maximum limit of story drift ratio for
ten feet typical height, having no shear wall is as 0.02 accordance with BNBC-2020. In the comparative analysis,
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it found small scale variation in drift along the height of the building. Maximum drift ratio was observed a sideward
parabolic trend (Figure 4) i.e. approximately at 3™ floor shows peak drift. Among all cases, a large drift ratio is
observed for case-1 and case-4 for intensive loading whereas other cases show small changes which are
insignificant in both X and Y direction. Whatever, one significant trend is visible that while gardening loads were
increased, subsequently drift ratio and the variation among the cases raised.
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Figure 4. Drift Ratio in X-direction (a) and Y-direction (b)

4.3 Torsional Irregularity

Torsional irregularity means an uneven distribution of stiffness that causes the building to twist around the rigid
structural section when subjected to lateral forces, namely, earthquake load. Basically, when one side of a
building’s floor is stiffer or more massive than the other, thus building can experience torsion. This paper recorded
the torsional irregularity by Amax /Aave ratio following BNBC. The Comparative representation of the torsional
irregularity is shown in Figure 5. Both case-1 and case 4 shows distinguishable curve that make them apart from
the other cases. They notably perform higher torsional irregularity under all gardening type due to asymmetric
mass-rigidity alignment for different gardening loads. On the other hand, the remaining cases show almost similar
trends. Nevertheless, the result show that case-2 and Case-5 perform comparatively less torsion because of the
symmetrical loading on top.
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Figure 5. Torsional Ratio in X-direction (a) and Y-direction (b)

4.4 P-Delta Effect

P-delta effect is a second order effect of a building that causes additional moment and deflection that arouses due
to interaction between building’s axial loads and lateral displacements. BNBC provides the safe limit as stability
coefficient is 0.1. P-delta effect in response to earthquake is illustrated in Figure 6, where the result was presented
in comparative way. Like the previous measure of serviceability, case-4 performed distinguishably in p-delta test
as maximum stability coefficient result for intensive gardening whereas other cases showed almost similar value
under each of gardening types along x and y direction respectively. It is practical since the model were only eight
story that made the structure less prone to p delta effect.
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Figure 6. Stability Coefficient in X-direction (a) and Y-direction (b)

5 Conclusion

The Bangladesh National Building Code (BNBC) is the most reliable source of information and guidance for
practicing engineers, as it covers all sections of building design and construction. However, it appears to lack
detailed guidance regarding rooftop gardening (RTG). The limited inclusion of RTG in the BNBC often
discourages engineers from considering the structural effects of different gardening types beyond the prescribed
loads in the code. In this modern era, when open land for planting, particularly for gardening, is becoming
increasingly scarce, RTG has emerged as one of the most effective solutions to address both environmental
challenges and societal needs. Since the BNBC does not provide comprehensive guidance on RTG, specifically
regarding gardening types, layouts, and their structural effects, this study aims to establish a relationship between
building serviceability and various gardening loads corresponding to distinct RTG layouts. Variations in gardening
layouts can lead to differing performances in buildings.

Based on this study, the following specific conclusion can be drawn:

e As RTG loads increased, the building showed a gradual increased results in sway, earthquake drift,
torsional ratio, and stability coefficients, demonstrating a clear relation between loads and structural
responses.

e  Gardening with the same roof span coverage in different layouts showed varied results of the parameters
of considered structural responses that make the necessary check under distinct RTG layouts before the
design.

e  When RTG loads are applied at any single side of the roof like Case-1 and Case-4, it experienced the
worst responses in terms of considered serviceability test. Therefore, such arrangement of the gardening
on the roof may be discouraging to practice.

e  When gardening loads are distributed, applied along the periphery of the roof, building performed better
results in serviceability, experiencing less impact on the building i.e. Case-5.

This study aimed to analyze an eight-story residential building with a specific plan layout at a designated location.
However, there is still scope to investigate the building’s performance in serviceability tests under different
locations, building heights, and garden layouts, particularly for high-rise buildings. Furthermore, conducting a
dynamic analysis of the cases considered in this paper would be highly interesting and is recommended for future
research.
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