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URBAN PLANNING AND DESIGN

Urban and architectural design from the perspective of flood resilience: 
framework development and case study of a Chinese university campus
Xu Kea,b, Wang Yanga,b, Lin Mishenga,b and Zhao Rantinga,b

aSchool of Architecture, South China University of Technology, Guangzhou, China; bArchitecture Design and Research Institute, South 
China University of Technology Co., Ltd, Guangzhou, China

ABSTRACT
In recent years, the results of resilience research have been applied to the adaptive strategies of 
urban systems facing unpredictable risks, but the exploration of resilience in the field of urban 
and architectural design remains rare. Through analysing and synthesising research on flood 
resilience, this paper discusses practical methods of urban and architectural design in the 
context of flood resilience and develops a design framework from the perspective of engineer
ing design. The specific operational steps are as follows: after vulnerability analysis of the target 
project, the components of the project are divided into three levels: planning pattern, archi
tectural layout, and architectural details. These levels correspond to three design strategies: 
multidisciplinary decision-making based on GIS analysis, quantitative evaluation based on 
Grasshopper, and architecture optimisation guidance based on nature-based solutions. 
Finally, a case study of a Chinese campus shows that design optimisation based on a multi- 
level strategy improves the overall ability of the campus to deal with rain and flood disasters, 
and provides a reference for similar engineering practice. By proposing a general framework for 
urban and architectural design, this paper promotes the development of flood resilience in the 
field of applied engineering.
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1. Introduction

Rising global temperatures are making extreme 
weather events more common, and disasters includ
ing typhoons, heavy rain, and floods have become 
the new normal (Boumphrey 2017; Liao et al. 2021). 
Flood disasters caused by extreme weather have 

brought huge economic losses to urban systems. 
According to the 2020China Bulletin on Flood and 
Drought Disaster Mitigation (2022), in 2020, 
78.615 million people were affected by floods, 279 
people were killed or missing, 5.257 million people 
were displaced, and 90,000 houses collapsed. The 
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direct economic losses reached 266.98 billion yuan, 
accounting for 0.26% of GDP. To meet the chal
lenges of climate change, the “resilient city” con
cept has attracted the attention of researchers and 
become a focus of architects and planners.

The concept of flood risk management (FRM) has 
changed with the emergence and development of the 
concept of resilience, and flood resilience has had a far- 
reaching impact on the evolution of FRM (McClymont 
et al. 2020; Zevenbergen, Gersonius, and Radhakrishan  
2020; Proverbs and Lamond 2017). In 1945, Gilbert 
Fowler White, the so-called “father of floodplain man
agement,” wrote his influential book Human 
Adjustment to Floods which criticized the reliance on 
engineered flood defenses and began to change these 
approaches. White’s philosophy about flood resilient 
construction is now widely accepted through the con
cepts of making space for water and living with floods 
(White 1942).

The focus of research on resilience in various 
disciplines has changed frequently, leading to fuz
ziness around the concept of flood resilience 
(Martin-Breen and Anderies 2011). Keating et al. 
(2017) highlighted that common challenges in resi
lience measurement frameworks are “(1) defining 
an appropriate scale of analysis both geographi
cally and temporally [and] (2) identifying the 
potential end users and potential purposes”. 
Based on more than 50 years of interdisciplinary 
resilience research, three conceptual frameworks of 
resilience can be identified: engineering resilience, 
system resilience, and resilience based on complex 
adaptive systems (Martin-Breen and Anderies  
2011). The concept of resilience of a complex 
adaptive system includes strategies to deal with 
flood disasters, moving from emphasising “resis
tance” to “recovery” to the ability to “living with 
water” (McClymont et al. 2020). Because this per
spective emphasises the concepts of “disaster 
adaptation” and dynamic disaster response and 
focuses on longer-term resilience, the theory of 
complex adaptive systems may be the most appro
priate conceptual framework given that flood dis
asters are becoming the new normal.

Although the concept of flood resilience is not 
well defined, three notable characteristics can be 
identified: (1) it emphasises the correlation of time 
and space, not only for resisting disasters, but also 
for recovery and reorganisation after a crisis 
(Keating et al. 2017); (2) allowing manageable floods 
to enter can be an opportunity to change the sys
tem to a new state (Liao 2014; Adeyeye and Emmitt  
2017); and (3) there is a shift from “fighting the 
water” to “living with water” (Restemeyer, Woltjer, 
and Margo van den Brink 2015). These characteris
tics establish a theoretical basis for the formulation 
of flood resilience strategies.

To develop a design framework for flood resilience, 
we need entry points for research. The formulation of 
a resilience strategy often starts with vulnerability ana
lysis, which is the entry point of architectural construc
tion and urban design application strategies. Some 
authors argue that if the definition of vulnerability is 
related to the ability to resist disaster-related distur
bance, vulnerability and resilience are a set of concepts 
with a negative correlation (McClymont et al. 2020). 
The Intergovernmental Panel on Climate Change 
(IPCC) has proposed a conceptual framework of social- 
ecosystem vulnerability to facilitate understanding of 
the role of nature in climate adaptation (Marshall et al.  
2010). It recognises that in each system, vulnerability 
to climate change has three dimensions: exposure, 
sensitivity, and adaptive capacity.

From the perspective of architects and planners, 
flood resilience is an interdisciplinary problem, and 
the design decisions of architects and planners 
have an important impact on the building life- 
cycle. Research suggests that 20% of design deci
sions are made in the initial stages, which subse
quently affect the remaining 80% of design 
decisions (McClymont et al. 2020), and these initial 
decisions usually involve multiple influences such 
as a large number of building codes, owners’ opi
nions, interdisciplinary suggestions and architects’ 
own subjective concepts. When it comes to inter
disciplinary goal optimisation, traditional design 
methods are not well-suited to dealing with com
plex problems, and empirical methods are ineffi
cient for realising the optimal solution (Jalali, 
Noorzai, and Heidari 2020).

Manfredo and Dayer (2004) stress the importance of 
considering the impact of resilience at different spatial 
scales. As research at the community and campus 
scales is lacking, we hope to promote the progress of 
research at this larger scale. Based on this perspective, 
this study uses quantitative tools and methods to 
make design decisions in the field of urban design 
led by architects and planners, with the aim of improv
ing the ability of the built environment to deal with 
rain and flood disasters and promoting and exploring 
applied flood resilience research.

1.1. Research AIM and method

In the research on flood resilience, there is little discus
sion of spatial and building applications, but some 
scholars have begun to study and discuss architectural 
solutions (Kuang and Liao 2020; World Bank 2021), 
simulation methods and tools (Chen, Samuelson, and 
Tong 2016; Morschek, König, and Schneider 2019) for 
flood resilience. The main aim of this study was to 
investigate the potential for enhancing flood resilience 
at the campus scale from the perspective of early-stage 
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engineering design. We developed a design frame
work and evaluated its applicability in a case study.

Our research design adopted a “design science 
research process” (DSRP) methodology based on pro
cesses described by Peffers et al. (2006) and 
Mukkavaara and Sandberg (2020), in which a problem- 
centred approach drives a cycle of objectives from 
which suggestions are communicated by evaluating 
and reflecting on the results in light of existing theory. 
The DSRP model includes six steps: problem identifica
tion and motivation, objectives of a solution, design 
and development, demonstration, evaluation, and 
communication. The DSRP process was used in this 
study to develop a design framework for improving 
flood resilience (see Figure 1).

Our DSRP process was as follows:
(1) Problem identification and motivation. We 

recognised that prior literature(the previous research 
on FRM and flood resilience) lacks a design framework 
including methods and strategies for building flood- 
resilient urban spaces.

(2) Objectives of a solution. The objectives included 
consistency with flood resilience in prior literature and 
the definition of flood-resilient urban spatial 
characteristics.

(3) Design and development. A design framework 
was developed for improving flood resilience.

(4) Demonstration. The resulting process model was 
implemented for the design of Jiangxi Arts and 
Ceramics Technology Institute.

(5) Evaluation. The characteristics of the simulation 
results were compared with the objectives described 
above during a design optimisation process.

(6) Communication. This paper communicates our 
results.

2. Design framework for improving flood 
resilience

As noted above, in design practice for flood resili
ence optimisation, analysing the vulnerability of the 
research object is the entry point. Chen, Sun, and Li 
(2019) constructed a whole-process “analysis–strat
egy–scheme–feedback” mechanism for the resilient 
urban design of a micro-city cluster, and some 
authors have noted that “vulnerability and resilience 
are a set of negatively related concepts” (Klein, 
Nicholls, and Thomalla 2003). Accordingly, we 
developed a design framework of “vulnerability ana
lysis–hierarchical division of components–develop
ment of design strategies” from the perspective of 
engineering design (Figure 2). The specific steps are 
as follows:

Figure 2. Urban and architectural design framework for improving flood resilience (micro-scale).

Figure 1. Design science research process for urban and architectural solutions for flood resilience (Peffers et al. 2006).
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2.1. Vulnerability analysis

In our framework, the vulnerability analysis of the tar
get project is carried out from the perspective of flood 
resilience. The main vulnerabilities are associated with 
urban expansion (such as changes in runoff conditions 
caused by new buildings and the increase of hard 
ground, water and soil loss), climate change (this 
study specifically refers to flood disasters caused by 
high-intensity rainfall), and geological factors (topo
graphical and geological conditions of the target pro
ject). The research starts with a vulnerability 
classification, which helps to identify the key problems 
to be solved in the whole project.

The vulnerability of target projects will affect the 
catchment and runoff conditions of the site, which 
may have impacts including increases in runoff peak 
and surface runoff, decreased confluence time, and the 
deterioration of site conditions.

2.2. Hierarchical division of components

The micro-scale components of cities include build
ings, roads, pervious/impervious surfaces, green/grey 
infrastructure and water/river systems. The compo
nents of the target project need to be divided into 
different levels. From the perspectives of engineering 
design and practical experience, components can be 
divided into three interrelated and nested levels: the 
overall spatial frame, layout of buildings, and building 
solutions. Each level has its corresponding strategy.

2.3. Development of design strategies

As noted above, flood resilience has three important 
characteristics: (1) it emphasises the correlation of time 
and space, not only to resist disasters but also for 
recovery and reorganisation to deal with a crisis; (2) 
allowing manageable floods to enter can be an oppor
tunity to change the system to a new state; and (3) 
there is a shift from “fighting the water” to learning to 
“live with water”. Translating these characteristics to 
the field of spatial design to guide the design strategy, 
three key points arise: designers should (1) pay atten
tion to recovery and use a combination of active and 
passive recovery strategies, (2) allow controlled flood
ing into the system to improve resilience, and (3) focus 
on “living with water” and provide as many rainwater 
management components as possible.

The corresponding design strategies are formulated 
according to the characteristics of the different levels in 
the system and engineering practice. It is important to 
note that a university campus belongs to the micro-scale 
in the context of an entire urban system, but its small 
scale means that the planning and design process can be 
combined with more sophisticated quantitative tools for 
design feedback, which has practical advantages.

Flood resilient construction strategies are categor
ized into three types as avoidance technology, water 
exclusion technology, and water entry technology 
(Proverbs and Lamond 2017). In the overall spatial 
frame, precipitation and terrain can be comprehensively 
analysed by using GIS and other tools to form 
a decision-making model dominated by planning and 
architecture and coordinated by multiple disciplines 
(Pistrika 2010). At this stage, the main focus is on deter
mining the appropriate location preliminaries for the 
buildings and landscaping based on the flow and eleva
tion of the water system within the site. The designer’s 
main approach is avoidance technology, and following 
the principles of “making space for water.”

In terms of the evaluation and optimisation of build
ing layout, a quantitative flood simulation method 
based on Grasshopper can be used for design feed
back, which is convenient for the rapid optimisation 
and adjustment of layout schemes at different design 
stages (Morschek, König, and Schneider 2019). The 
approach taken in this stage is also one of avoidance 
technology, where the designer uses simulation to 
address the main conflicts between building layout 
and rainwater runoff, and then combines this with 
water exclusion technology to solve local problems 
that are difficult to optimise.

Architectural detail can be optimised based on the 
architectural technology described in A Catalogue of 
Nature-based Solutions for Urban Resilience, published 
by the World Bank Group and the Global Facility for 
Disaster Reduction and Recovery (GFDRR) (World Bank  
2021). Of the three approaches to building level mea
sures (avoidance, water exclusion, water acceptance), 
the avoidance approach is usually preferred. However, 
we focus on the approach “NBS (Nature-based solu
tions) + architecture ” at this stage, which would be 
water entry technology, following the philosophy of 
“living with water ” while improving the quality of the 
spatial and thermal environment. Additionally, the net
work analysis is taken, adapting the approach of 
Emanuelsson et al. (2014) and Sultana and Chen 
(2007), that is, the effect of the potential flooding of 
one property on another or a combination of them. 
The results of the analysis can lead to a decision on 
mitigation measures for selected buildings.

All of these strategies are integrated to mitigate the 
potential impacts of the vulnerability of the target 
project.

3. Demonstration and evaluation: a case 
study

Based on the above research basis and design frame
work, a case study of Jiangxi Arts and Ceramics 
Technology Institute was carried out, and the specific 
solutions to the key problems and core steps of the 
target project were deepened and refined (Figure 3).
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3.1. Vulnerability analysis

Jiangxi Arts and Ceramics Technology Institute is located 
in Fuliang County, Jingdezhen City, Jiangxi Province. The 
site covers an area of 533,000 square metres. The univer
sity has a total of 11,800 students and staff with 
a population density of 22,139 people/km2, a figure that 
is in the normal range for universities in China, but which 
is much larger than the population density figure for the 
city of Jingdezhen (319 people/km2). In China, when 
dealing with floods, the management of flood risk 
schemes for campuses are generally developed indepen
dently by the university administrators, but as universities 
have relatively complete functions and good building 
quality, they are used as temporary shelters in schemes 
developed by city administrators, so they often need to 
provide a large number of shelters in the event of 
a disaster, which places higher demands on the design 
of university campuses.

Jingdezhen has a subtropical monsoon climate with 
hot summers and cold winters. It has abundant pre
cipitation throughout the year and often has sudden 
rainstorms. The month with the most rain in 
Jingdezhen is June, with an average rainfall of 
287 mm (Climate and Average Weather Year Round 
in Jingdezhen 2022). In 2012, the largest single-day 
precipitation ever recorded in Jingdezhen was 
642 mm due to Typhoon “HAIKUI,” with a return period 
of 200 years.

The site’s vulnerability background of rainstorms 
and flood disasters includes the frequent occurrence 
of climate disasters, the increase of surface runoff and 
peak rainwater runoff value caused by urban expan
sion, and the risk of geological collapse and landslides 
(Chen, Sun, and Li 2019; Dai et al. 2017).

The data analysis results (Figures 4–6) and practical 
experience show that the project site is located in 

Figure 3. Engineering research and design framework for Jiangxi arts and ceramics technology institute.

Figure 4. GIS analysis: (a) aspect; (b) altitude; (c) slope.
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a hilly landscape. The complex terrain and natural gully 
on the site are the biggest hidden danger. Sudden 
heavy rainfall could affect the normal operation of 
buildings on the campus. New buildings will also affect 
the original landform. An increase of hard paving and 
an inappropriate building layout may worsen runoff 
conditions, increase surface runoff, increase peak run
off, and shorten the confluence time.

3.2. Structural strategy for overall spatial frame

Based on GIS analysis, the design team made 
a preliminary judgment on the precipitation catch
ment and terrain of the site. The overall terrain of the 
campus is high in the north and low in the south, with 
an obvious catchment area (the gully), which is a great 
threat during rain storms. The structural strategy was 
developed using a multidisciplinary approach.

We aimed to implement the characteristics of “living 
with water” flood resilience by creating a flood-resilient 
landscape pattern on campus. Water interception infra
structure has been built on the site to create a rainfall area, 
rainwater flow area, and rainwater collection area accord
ing to different characteristics of rainfall, flow, and 

collection around the catchment gully, respectively 
(Figure 5). Meanwhile, sluices have been set to divide 
the gully into the three areas for multi-level regulation 
of the water system to provide active flood resilience 
infrastructure to improve the possibility of restoration. 
Many nature-based solutions are present in the 
landscape.

The three flood-resilient landscape areas are as 
follows:

Rainfall area (rainwater landscape). This area is 
located at the highest part of the terrain. Nature- 
based solutions for water delay, infiltration, and water 
storage through green infrastructure exist in this area. 
The planning scheme focuses on exploiting the stu
dent activity centre to create a rainwater landscape, 
using the natural grass slope to reduce the speed of 
rainwater loss, and adjusting the site microclimate 
through evaporation and heat absorption.

Rainwater flow area (ecological corridor). This area is 
in the middle part of the gully. Rainwater flows here in 
a resilient ecological corridor. This area is relatively 
narrow and long, with green infrastructure for water 
delay. As the site is concentrated on a south-facing 
slope, a core teaching area is set here so that the 

Figure 5. Features of three flood-resilient areas of the gully on the campus of Jiangxi Arts and Ceramics Technology Institute.

Figure 6. Runoff simulation based on Grasshopper platform: sketch phase.
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classrooms are in sunshine. The landscape design com
bines a water affinity platform and footpath to enliven 
the campus atmosphere and guide teachers and stu
dents to get close to nature. According to specific flood 
conditions, the water level on the campus can be 
dynamically adjusted through active sluice control.

Rainwater collection area (depression landscape). 
Rainwater flows into this low-lying area, forming 
a large lake. The lakeside leisure infrastructure is more 
than 1.5 m above the lake surface, and water affinity 
steps made from anti-skid materials are set at more 
than 0.5 m above the water to create a convertible 
spatial mode that is designed to leave redundancy for 
sudden flood disasters. In normal times, the water level 
in this area is relatively low, and the steps 0.5 m above 
the water surface can be used normally. In a rainstorm, 
the system allows a controllable flood to enter, and the 
steps 0.5 m above the water surface are submerged, 
while the infrastructure 1.5 m above the water surface 
can be used normally. Because of the large catchment 
area and the advantages of the natural landscape, we 
placed the library and administrative building on 
opposite sides of the lake to create the core landscape 
area of the campus.

3.3. Risk assessment and optimisation of layout 
of buildings

This part of the study focuses on the interaction 
between buildings and surface rainwater runoff and 
refines the building layout scheme according to the 
results of a rainwater simulation.

Research on rain and flood simulation began in the 
1970s. Two groups of methodologies emerged that are 
now the subject of ongoing research: empirical meth
ods and physically based hydrodynamic models 
(Hurlimann and Wilson 2018). Today, it is widely 
acknowledged that using physically based hydrody
namic models to predict flood outcomes in an urban 
context is the most realistic approach (Pechlivanidis 
et al. 2011). These models are well established in com
mercial packages such as SWMM (Bisht et al. 2016), 
HEC-RAS (HEC-RAS 2022), MIKE FLOOD (Mike Flood  
2022), and Hydro Bid (Hydrobid 2022). Architects and 
urban designers need to quickly compare proposals 
during the concept phase. Compared with the listed 
packages, the Grasshopper platform is more suitable 
for architects and planners because it has a better 
visual interface and multi-tool integration function 
and can use parametric methods to solve correspond
ing problems.

In this area, Chen, Samuelson, and Tong (2016) 
developed the rainwater+ toolkit to enable architects 
to consider rainwater runoff at an early design stage 
based on the LID (low-impact development) concept. 
Morschek, König, and Schneider (2019) developed the 

SRTF (spatial resilience toolbox-flooding) tool to 
enable designers to optimise spatial layouts according 
to rain and flood resilience evaluations in the early 
stage of the planning process. These tools provide 
a good foundation for our study. We adopted the 
research logic of SRTF and adjusted the Grasshopper 
link according to the project to conduct targeted cal
culation and comparison of specific cases during the 
concept phase.

The rain and flood risk assessment method devel
oped based on the Grasshopper platform enables 
designers to intuitively judge the advantages and 
disadvantages of different layout schemes, and then 
select the layout scheme with the greatest potential. 
We designed several layout schemes based on func
tional rationality, landscape pattern, and other 
factors.

3.3.1. Rainwater simulation settings
For the rainwater simulation, we drew upon the SRTF 
toolbox, which can help to minimise the risk of flood
ing and simultaneously reduce the costs arising from 
the implementation and maintenance of drainage 
infrastructure. The rain runoff simulation was con
ducted with the help of the interactive physics/con
straint solver Kangaroo for Grasshopper.

In the simulation process, particles are affected by 
gravity and produce a runoff-like path along the ana
lysed surface. Three parameters can be set individually 
to match several different rainfall events: (1) the num
ber of particles, (2) the size of particles, and (3) the 
number of iterations. It is important to note that simu
lating actual rainfall requires a huge processing capa
city, which ordinary computer processing systems 
cannot achieve. Morschek, König, and Schneider 
(2019) attempted to simulate a real rain environment 
(>100 mm/day) by setting each particle as a sphere 
with a diameter of 30 cm to represent approximately 4 
litres of water per square metre, to simulate the rainfall 
in 1 hour. In our case, as we did not need to vary the 
rainfall conditions during the experiment, the layout 
was the only experimental variable.

3.3.2. Building information input and terrain 
analysis
In terms of building information input, we evaluated the 
footprint of the buildings, while the upper part of the 
building was regarded as an ideal green roof that could 
fully treat and absorb rainwater. When dealing with the 
input building model, the building was treated as two 
parts: the shape of the bottom floor of the building was 
the evaluation object, and the spatial form of the top 
floor of the building affected the number of particles in 
the rainfall simulation. In terms of terrain treatment, the 
input terrain needs to be larger than the evaluation range 
because the rainwater impact of the surrounding terrain 
should be considered.
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3.3.3. Risk assessment of the layout scheme
In the simulation evaluation, the location in which the 
rainwater particles gather and the contour of the bottom 
of the building are projected onto the same two- 
dimensional plane at the same time. By evaluating the 
number of rainwater particles in a certain range around 
different buildings, the degree of influence of rainwater 
scouring and aggregation can be assessed. Buildings that 
are greatly affected by surface runoff and rainwater accu
mulation are marked as coloured blocks with different 
colours from white to red according to the degree of 
influence. According to the simulation results, the 
scheme reaches a steady state after 60 iterations, so the 
three rainwater simulation conditions of I (iteration) = 20, 
I = 40, and I = 60 were taken as the evaluation criteria.

3.3.4. Optimisation and improvement process
The above methods were used for design feedback in 
three different design phases of the project: sketch, 
preliminary design, and design refinement. The three 
phases of the optimisation design and their simulation 
feedback results are described below.

4. Phase 1: sketch (Figure 6)

i. In the initial stage of rainfall (I = 20), most of the 
buildings with potential risks are located in low-lying 
terrain.

ii. During the rainfall event (I = 40), the risk of surface 
runoff scouring buildings in the south of the campus 
gradually increases (colour deepens and the number of 
affected buildings increases), and some buildings in 
the north near the gully are at risk.

iii. In the later stage of the rainfall event (I = 60), the 
buildings are affected by the accumulation of rain
water, and there is a risk of inundation in the south 
and in some buildings in the northwest.

Analysis: In the sketch step, the buildings in the 
south and northwest do not perform well in the simu
lation experiment. We have avoided the gully on the 
site for most of the buildings, but due to the lack of 
vertical design, many of the simulated surface rain
water particles are blocked by buildings, so it is difficult 
for water to flow naturally to low places. This is 
because architects tend to pay more attention to the 
function of the building during the sketch stage and 
do not consider the terrain.

Optimisation direction: Solve the main contradic
tion through reasonable vertical design. Specifically, 
the potential risks to some buildings in the south and 
west can be improved using sites with water seepage 
potential around key buildings (set as flat ground so 
that rainwater particles cannot move in the simula
tion). In the overall site design, the rainwater runoff 
relationship can be treated separately through 
a stepped terrace design. Step-by-step treatment of 
rainwater can increase the length of time for which 
rainwater flows into the gully and achieve the purpose 
of flood delay.

5. Phase 2: preliminary design (Figure 7)

i. In the initial stage of rainfall (I = 20), the buildings in 
the middle are dark, indicating that the architectural 
form and surrounding sites are not conducive to runoff 
and catchment.

ii. During the rainfall event (I = 40), the buildings in 
the middle are still dark and some buildings on the 
north side become darker.

iii. In the later stage of the rainfall event (I = 60), 
some buildings in the middle and west have a great 
risk of rainwater inundation and accumulation, 
whereas some buildings in the south are at less risk 
compared with the preliminary scheme.

Figure 7. Runoff simulation based on Grasshopper platform: preliminary design phase.
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Analysis: According to the results of the preliminary 
stage, sites on the west and south sides have water 
seepage potential (the simulation is set as flat), which 
has been improved overall, but some buildings are still 
not ideal.

Optimisation direction: Optimise architectural form 
and the deepening design of site elevation.

6. Phase 3: design refinement (Figure 8)

i. In the initial stage of rainfall (I = 20), only a few 
buildings are coloured, and the overall performance 
is good.

ii. During the rainfall event (I = 40), some buildings 
are coloured and dark near the gully and in the risk 
areas in the south and west.

iii. In the later stage of the rainfall event (I = 60), two 
buildings in the middle, one in the south, and one in the 
northwest are at risk. Most of the buildings perform well 
in the simulation, and the rainwater particles are evenly 
distributed in the open plain or collected in the gully.

Analysis: Through the optimised design of building 
form and the fine adjustment of site elevation, the 
number of buildings affected by surface runoff is 
reduced, but a small number of buildings are still 
affected. Most buildings perform well in the experiment.

Optimisation direction: Improve performance by 
adjusting site elevation or adding grey and green 
infrastructure.

6.1. Optimisation guidelines for building 
solutions

The biggest challenge when creating optimisation 
guidelines is to implement the relatively macro-scale 
concept of “resilience” into specific architectural 

designs. However, some effective methods have been 
suggested based on previous case studies from around 
the world (World Bank 2021). The following three ques
tions should be considered: (1) What solutions should 
we choose? (2) Are these solutions useful? (3) How 
should the solutions be applied to specific architec
tural designs?

The building solutions mention in this chapter are 
derived from the solutions that combine NBS with 
buildings mentioned in ’A Catalogue of Nature-based 
Solutions for Urban Resilience’. These solutions are 
mainly to restore nature’s water cycle process through 
the use of NBS-related measures at the building scale 
to alleviate flood problems caused by urban sprawl.

6.1.1. Nature-based building solutions
Our current research focus, flood resilience, often 
appears in the context of planning and landscape but 
there is little discussion in the context of architecture. 
A Catalogue of Nature-based Solutions for Urban 
Resilience, published by the World Bank Group and 
the Global Facility for Disaster Reduction and 
Recovery (GFDRR) (World Bank 2021), mentions archi
tectural solutions in the construction of resilient cities. 
These solutions include roof and facade greening, 
which creates opportunities to collect, store, and 
reuse rainwater, and even improves air quality and 
reduces temperature. Studies have reported that par
ticipating in flood management through building solu
tions such as green roofs and green facades can reduce 
the demand for regional natural infiltration areas 
(Akther et al. 2018; Eisenberg and Polcher 2019). 
Specifically, collecting and storing rainwater through 
green roofs enables rainwater retention, flood peak 
reduction, and pollutant removal, reducing the peak 
load of rainwater and sewage systems, and allowing 

Figure 8. Runoff simulation based on Grasshopper platform: design refinement phase.
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buildings to actively participate in the water system, 
which contributes to the improvement of flood resili
ence. Such building solutions are similar to those sug
gested by previous research (Restemeyer, Woltjer, and 
Margo van den Brink 2015) such as making buildings 
more actively participate in FRM to achieve the pur
pose of “living with water”.

6.1.2. Indicators of usefulness
The NBS catalogue focuses on intensive and extensive 
green roof types. The natural processes that green 
roofs are associated with are evapotranspiration, tem
porary storage and buffering of rainwater, and sunlight 
absorption. Extensive green roofs are basic lightweight 
systems characterised by minimal maintenance and 
management. The NBS catalogue sets a performance 
threshold for extensive green roofs. They should have 
at least 25 L/m2 storage capacity and 95% coverage 
after three years. Intensive green roofs are accessible 
for public or recreation purposes and also need regular 
maintenance, which leads to higher costs compared 
with extensive green roofs.

The usefulness of green roof technology is mainly 
reflected in rainwater retention, which can reach 20– 
50 L/m2 for extensive green roofs and 30–160 L/m2 for 
intensive green roofs (Eisenberg and Polcher 2019). 
The water retention rate decreases as rainfall increases, 
and due to different technical standards, the retention 
rates of green roofs in rainfall events show individual 
differences. Luo, Zhou, and Zhang (2018) evaluated 
green roof performance in terms of storm-water runoff 
control under Hangzhou climate conditions, and found 
that green roofs could effectively reduce runoff 
volume by 53%–62%, reduce runoff peaks by 50%, 
and delay the peak runoff by 8 min compared with 
a control roof. In a study conducted in the United 
States, the retention rates of green roofs in light rainfall 
events (<25.4 mm), medium rainfall events (25.4– 
76.2 mm), and heavy rainfall events (>76.2 mm) were 
88%, 54%, and 48% respectively (Carter and 
Rasmussen 2006). However, Simmons et al. (2008) stu
died the performance of six different extensive green 
roof designs vegetated with native species with either 
non-reflective (black) roofs or reflective (white) roofs, 
and found that the maximum run-off retention was 
88% and 44% for medium and large rain events, 
respectively.

It has been reported that the rainwater retention 
rate of green facades (facade-bound greening) can 
reach 15%–30% (World Bank 2021). Although experi
mental data are lacking, especially for China, green 
facades can be considered to have positive effect on 
flood resilience.

Based on the literature, we believe that nature- 
based solutions have indeed been shown to be useful 
for improving flood resilience, but there are individual 
differences in the effects of different technologies. 

Because of this, architects should comprehensively 
weigh various factors in the design in relation to cost 
and construction units before making design deci
sions. The actual effects need to be verified by mea
surement after project completion.

6.1.3. Guidelines for architectural design
In our case, through the fine-grained design of impor
tant node buildings, we made comprehensive use of 
nature-based solutions: 1) ground-based and facade- 
bounded green facades; 2) extensive and intensive 
green roofs; and 3) a rainwater courtyard and rainwater 
collection technology combined with green facade 
technology to form an overall rainwater treatment 
system.

Figure 9 shows how flood-resilience technologies 
can enable the designer to control the overall design 
in combination with economic overall construction of 
the campus and the characteristics of architectural 
design. Importantly, these building technologies not 
only enable the building units to participate in the 
overall flood regulation of the campus but also play 
a positive role in the promotion of and education 
about the concepts of resilience, thermal comfort of 
indoor and outdoor environments, biodiversity and 
reducing air pollution. Furthermore, we still need 
a network analysis to guide our decisions on cost 
input, which will be carried out in the next step.

6.1.4. Network analysis
Network analysis is taken to inform the designer’s 
decision-making behaviour and determine the priori
ties of the buildings. The approach (Figure 10) is 
described as ’screening’ to indicate that it fails to pro
vide absolute measures of risk. Instead, the methods 
provide relative and indicative measure of risk, aiming 
to identify those assets (buildings) that are at most risk 
from flooding and those pose most to other parts of 
the network (Emanuelsson et al. 2014). We adapt their 
ideas to our project which considers the campus as 
a functional system, to analyse the priorities of the 
three key assets in the design in terms of “functional 
coupling” and “cost-benefits.” The steps are as follows:

(i) Define the boundaries of the network to be 
analysed and identify assets within the network. 
All buildings that functionally related in this 
case.

(ii) Define the sample of flood events to be consid
ered for each asset and estimate the flood 
exceedance probability and vulnerability. All 
the buildings, in this case, are newly con
structed and have almost the same structural 
quality, so the vulnerability to flooding is con
sidered to be the same and is 1.0. The probabil
ity depends on the frequency of flooding and is 
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0.005 (with a return period of 200 years), using 
the typhoon “ HAIKUI ” as a reference.

(iii) Identify types and locations of dependencies 
and create network diagrams (Figure 11). The 

connection is established according to the 
interdependence of functions.

(i) Assess the strength of each dependency 
(considering whether it is classed as 
a “tight” or “loose” coupling) and assign 
a strength score. The strength score for this 
case will depend on the condition “whether 
there is redundant space available to replace 
functions that have been disabled by flood
ing”, if this condition is met, meaning that 
the missing functions can be compensated 
for at less cost, the score will be 0.5, if not, 
the score may be 1.0.

Figure 9. Design guidelines for important buildings on campus.

Figure 10. Overall view of flood risk tool (Emanuelsson et al.  
2014).
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(ii) Quantify the extent and importance of conse
quence for each flood event considered. The 
direct consequence in this case is based on an 
analysis of the costs required for restoration 
based on the real construction costs (assuming 
that the building structure is not destroyed by 
the flood). Then the cost of the damage is con
verted to 10,000,000, e.g. if the library costs 
8,640,000 to repair, the value of its conversion 
is 0.864; Here it also includes an analysis of the 
consequences arising from dependencies.

(iii) For consequences arising from dependencies, 
adjust the consequence score by multiplying 
with the associated strength score. (Table 1 
take the office building as an example.)

(iv) Quantify risk for each asset by multiplying the 
adjusted consequence by the relevant probabil
ity (Table 2).

The score obtained for each building is utilized to 
rank the buildings according to flood risk and ulti
mately identify which building would benefit most 
from post-screening analysis and potential flood miti
gation measures. This information is critical for this 
step, which would be further analysis potentially lead
ing to a decision on mitigation measures for the 
selected buildings. Depending on the results in the 
library requires the most flood mitigation measures, 
while the office building is more important in the net
work than the activity centre.

7. Discussion

7.1. Research contribution

This paper describes the goal of improving the flood 
resilience of a built-up environment through spatial 
design, and discusses the usefulness of various meth
ods based on previous research. We also develop 
a framework to improve flood resilience from the per
spective of engineering design, which integrates qua
litative judgment methods of engineering experience 
with some quantitative optimisation methods. This 
open framework can be expanded when new design 
methods are certified in the future. Finally, a case study 
is used to demonstrate the potential of the framework 
in a real-life application.

Figure 11. Interdependency network for case study area. ACT, 
activity centre; LIB, library; OFF, office; COM, communication 
centre; TRA, training centre; TEA 1–5, teaching building 1–5; 
DOR 1–8, dormitory building 1–8.

Table 1. Consequence scoring from dependencies of OFF.

Buildings dependent upon OFF Type Coupling Strength score
Consequence 

(dependencies)
Consequence 

score

ACT Administrative Management Loose 0.5 0.03902 0.01951
COM Administrative Management Loose 0.5 0.03451 0.01725
TRA Administrative Management Loose 0.5 0.13902 0.06951
TEA1 Teaching Management Tight 1.0 0.04398 0.04398
TEA2 Teaching Management Tight 1.0 0.04398 0.04398
TEA3 Teaching Management Tight 1.0 0.04398 0.04398
TEA4 Teaching Management Tight 1.0 0.04398 0.04398
TEA5 Teaching Management Tight 1.0 0.04398 0.04398
LIB Administrative Management Loose 0.5 0.08155 0.04077

ACT, activity centre; COM, communication centre; TRA, training centre; TEA, teaching building; LIB, library

Table 2. Risk scoring for case study three buildings of the campus.
Buildings Probability Direct consequence Direct risk Dependency consequence Dependency risk Combined risk

LIB 0.005 0.864 0.00432 0.62344 0.00312 0.00744
OFF 0.005 0.514 0.00257 0.36695 0.00183 0.00440
ACT 0.005 0.555 0.00278 0.27750 0.00139 0.00416

LIB, library; OFF, office; ACT, activity centre.
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Although there has been an increase in research on 
flood resilience, there have been few explorations of 
applied technologies in this field, especially from the 
perspectives of architectural and urban design. The 
contribution of this paper is to provide an experimen
tal design framework for architects or urban designers 
of similar projects. Meanwhile, we hope that architects 
and urban designers will pay more attention to the 
concept of resilience to promote the further develop
ment of research in this field.

7.2. Additional considerations

From an applied perspective, this paper reveals the 
potential contributions that designs at different spatial 
scales can make to flood resilience, and provides 
a feasible framework for designers. In the current engi
neering context, flood resilience is used as an optimi
sation aid of design, rather than being a core design 
goal, but further research in this field may cause 
a change in traditional design thinking.

It should be noted that the research methods used 
in this study had additive positive effects. We do not 
know whether, in other projects, this simple superposi
tion of methods will bring positive effects to the whole 
system or whether this superposition will produce 
interactive negative effects. The effectiveness of this 
framework needs to be further verified by experiment.

The study focuses on the early design stages and 
the framework is based on actual engineering design 
processes. However, the methods used in the frame
work, in particular, the GIS-based and GRASSHOPPER- 
based simulation analysis methods, can also be used in 
the post-design stage as a tool for resilience study. But 
methods that can be utilized at the building level 
require a comprehensive consideration of the benefits. 
The validation of effectiveness of these building solu
tions should be verified through the actual measure
ment of rainfall and runoff data in the post-design 
stage, which requires a long-term plan to develop 
a healthy feedback pattern for optimisation.

The original aim of this research was to reduce the 
threshold of interdisciplinary judgment of architects 
and urban designers to facilitate appropriate design 
decisions by the main decision-makers. From this per
spective, the unification of design platforms and the 
further simplification of the design process to develop 
a comprehensive platform with application value and 
rapid design feedback still needs to be considered, 
which will require further demonstration and ongoing 
research efforts.

Actual engineering experience should also be con
sidered. In real projects, additional design is often 
rejected because the long-term economic costs and 
benefits cannot be foreseen. Therefore, it is necessary 
to further consider reducing the technical cost and to 

accurately estimate long-term economic benefits. At 
present, research on the concept of resilience in spatial 
design is still in its infancy. Despite its various limita
tions, we believe that our effort and results are worth 
sharing, and we hope that our work will help research
ers and engineers in the same field.

8. Conclusions

This paper presents a design framework from the per
spective of flood resilience. The application of the 
framework as a design prototype used by architectural 
designers in the early design stage is demonstrated 
using a case study of a university campus project in 
Jiangxi Province, China. The main aim of this paper is to 
draw architectural designers’ attention to the impor
tance of FRM in different design dimensions, and make 
designers aware of the features that must be consid
ered when designing a resilient spatial form.

At present, domestic research on resilience, espe
cially rainwater flooding resilience, is still in its early 
stages, and there has been little in-depth research 
on the spatial form and design practice of urban 
designers and architects in China. From 
a perspective of engineering design, this study com
prehensively applies different levels of resilience 
design methods at the scale of the university cam
pus. We hope our practical exploration will be ben
eficial for similar university campuses and urban 
design projects.

We hope that this design framework and work
flow will be referenced and applied, and will 
become a conventional tool for urban design and 
architectural design optimisation. However, further 
research is still needed in this field to supplement 
the toolkit for flood resilience, and to determine 
which scenarios this workflow can be used in, and 
what types of tools can solve resilience problems 
most efficiently.
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