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Abstract
LIQUEFACT was a EU H2020 funded project to investigate earthquake induced liquefac-
tion potential across Europe and develop a series of tools to understand better the impacts 
that earthquake induced liquefaction disaster events have on the resilience of built assets 
and communities. A resilience assessment and improvement framework was developed to 
provide the theoretical underpinning for the LIQUEFACT project and to provide practical 
guidance on the assessment of built assets to Earthquake Induced Liquefaction Disaster 
events through the LIQUEFACT software tool and built asset management planning frame-
work. This paper outlines the theoretical basis to the resilience assessment and improve-
ment framework and built asset management planning framework and presents the results 
from a validation exercise through their application to a hypothetical healthcare scenario. 
The paper also describes the different stages of the research that led to the definition of the 
resilience assessment and improvement framework and built asset management planning 
framework. To this end the paper concludes that the resilience assessment and improve-
ment framework and built asset management framework provide a longitudinal, holis-
tic view of disaster vulnerability and resilience that can inform the selection of ground 
improvement mitigation actions to improve business continuity and resilience planning.
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1 Introduction

The UNDRR define resilience as “the ability of a system, community or society exposed 
to hazards to resist, absorb, accommodate, adapt to, transform and recover from the effects 
of a hazard in a timely and efficient manner, including through the preservation and resto-
ration of its essential basic structures and functions through risk management.” (UNDRR 
2017).

Improved resilience to disaster events relies on the complex interaction between com-
munity stakeholder groups (Boon et  al. 2012; Cavallo 2014; Cutter et  al. 2008; Hallett 
2013; Paton et al. 2013; Paton and Johnston 2017; Tierney and Bruneau 2007), and in par-
ticular on the effects that the reduced functional performance of one stakeholder group has 
on the functional performance of the others (Ali and Jones 2013; Gibson and Tarrant 2010; 
Johnston et  al. 2017). Within this complex system, the built environment, including the 
critical infrastructure that supports modern living, are key systems that if not effectively 
managed (Prior 2015) can have a major impact on the ability of a community to prepare 
for, absorb and recover from, a disaster event (Mieler et al. 2015; Wang et al. 2018).

Understanding the complex interactions between built environment systems and com-
munity resilience requires an integrated approach to assessing not only the impact that a 
disaster event has on the physical vulnerability of built assets, but also on the critical infra-
structure organisation’s ability to deliver its core product or service (Achour et al. 2011; 
Gibson and Tarrant 2010; Johnston et  al. 2017). However, whilst methods and practices 
for identifying the effects of disaster events on the physical integrity of built assets are well 
established (FEMA 2006) methods for assessing the impact that different damage levels 
(states) have on the functionality of built asset (FEMA 2012; Filiatrault and Sullivan 2014; 
Masi et al. 2013; UNDRR 2020) or on an organisation’s risk assessments and disaster man-
agement/business continuity plans (Warren 2010) are less well developed.

Whilst many authors have reported studies and developed models linking community 
factors to resilience (Ainuddin and Routray 2012; Becker et  al. 2013; Cimellaro 2016; 
Cutter et  al. 2010; Paton and Johnston 2017; Tiernan et  al. 2019; Tierney and Bruneau 
2007) far fewer have developed practical toolkits to help policy makers understand city 
vulnerabilities and identify mitigation interventions that could reduce these vulnerabilities 
and improve city resilience to future disaster events (The Rockefeller Foundation 2015; 
UNISDR 2017). Those toolkits that have been developed have tended to be either forma-
tive, where the focus is on understanding the processes that contribute to resilience, or sum-
mative where the focus is out-come based (Sharifi 2016). Toolkits tend to use scorecards 
where workshops with different end-user stakeholders identify hazard impacts/risks and 
mitigation intervention action plans (Johnston et  al. 2017; Sharifi 2016; UNDRR 2020). 
These interventions can be evaluated through a built asset options appraisal approach and 
the most beneficial integrated into the built asset lifecycle (Hallett 2013; Jones et al. 2013). 
The LIQUEFACT project has developed a resilience assessment and improvement frame-
work (RAIF) and Built Asset Management (BAM) planning tool for integrating built asset 
level Earthquake Induced Liquefaction Disaster (EILD) mitigation interventions into the 
built asset life cycle. In developing the RAIF and BAM planning tool the LIQUEFACT 
project extended the scope of BAM beyond a narrow consideration of current service level 
performance to a wider consideration of the impact that an EILD event would have on the 
ability of the built asset to continue to deliver its primary function (production or service 
delivery) following a disaster event (Morga et al. 2020). This paper presents an overview 
of the theories that underpin the RAIF and discusses the iterative research process through 
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which they were integrated into the RAIF and BAM planning framework. The paper also 
describes the validation of the RAIF and BAM planning framework through its application 
to a hypothetical healthcare scenario.

2  Background to the LIQUEFACT project

Recent events (Italy, Japan, New Zealand) have demonstrated that EILD events are 
responsible for significant structural damage and economic losses (Fioravante et al. 2013; 
Cubrinovski et al. 2014; van Ballegooy et al. 2014; Wood et al. 2016).

Several kind of phenomena are defined as earthquake induced soil liquefaction in the 
scientific and technical literature (Kramer 2014). All of them are characterized by soil 
deformations due to monotonic, transient or cyclic excitation occurring in saturated cohe-
sionless soil under undrained conditions. The undrained conditions produce a densification 
of the solid particles and an increase of the interstitial pressure and a consequent reduction 
of the effective stresses. The reduction of the effective stresses causes a reduction of the 
bearing capacity of the foundation soil (Kramer 2014). The excess pore pressure decreases 
when the liquefiable layer breaks through the impermeable soil layers resulting in a drained 
condition (Kramer 2014) and often visible phenomena such as sand ejecta on the ground 
surface.

Whilst the causes of liquefaction (Kramer 2014) and their impact of the physical per-
formance of built assets (Cubrinovski et al. 2014) have been investigated in many studies 
(Bhattacharya and Bolton 2004; Zheng and Luna 2006; Bird et al. 2006; Bray and Dashti 
2014; Bray and Macedo 2017), their impact (along with other seismic impacts) on the 
functional performance of built assets have been less well studied. Where assessments of 
the impact of seismic activity on functional performance do exist, they tend to focus on 
loss calculations (FEMA 2012; Perrone et  al. 2019) of nonstructural components gener-
ated for insurance purposes, with very few addressing the impact that reduced functional-
ity has on organisational performance and service delivery (Achour 2011; Cimellaro et al. 
2010). To the best of the authors’ knowledge no previous studies explicitly investigate the 
link between the functional performance of built assets and the impacts of EILD events; or 
on integrating mitigation to EILD events into business continuity and resilience plans. As 
such, built asset owners and managers currently lack the detailed tools to assess the impact 
that any vulnerabilities have on their organisation’s ability to deliver its primary function 
during, and immediately after an EILD event. The RAIF and BAM developed in the LIQ-
UEFACT project address these issues.

3  Review of literature and theory

Vulnerability, resilience and coping capacity are concepts used to study the complex rela-
tionships between communities and the built environment (Cimellaro 2016; Gallopín 2006; 
Holling 1996; Matyas and Pelling 2012; Tiernan et al. 2019). In applying these concepts 
researchers have been wary of the influence that the different philosophical perspectives 
of resilience (Holling 1973, 1996) have on the inter-relationships between vulnerability, 
resilience and coping capacity. Whilst at the individual built asset level engineering resil-
ience (which considers the stability of a system near its equilibrium point) helps frame the 
impact that a disaster event has on the functional performance of built assets (Bruneau 
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et al. 2003; Manyena 2006) and its potential to ‘bounce back’ following a disaster event 
(Tiernan et al. 2019) it doesn’t consider the dynamic social nature of communities (Cut-
ter et  al. 2010). Socio-ecological resilience on the other hand considers resilience to be 
a complex adaptive system where feedback and self-organisation allow the system to re-
configure to a different equilibrium state (Boon et  al. 2012; Cavallo 2014; Hallett 2013; 
Holling 2001). In such systems adaptive capacities (e.g. social, economic) and policy inter-
ventions (community and business) help build and enhance a communities response to, 
and recovery from disaster events (Cutter et al. 2010; Pescaroli and Alexander 2016; Prior 
and Hagmann 2012; Tiernan et al. 2019). The importance of adopting a system approach 
to modelling resilience to disaster events was also noted by Melkunaite (2016) and Ostad-
taghizadeh et al. (2015) who identified system context and function as key contributors to 
adaptation and bounce-back and suggested the need for different perspectives of resilience 
to be used to reflect different system components and link built asset resilience to commu-
nity resilience (Mieler et al. 2015; Prior and Hagmann 2012; Wang et al. 2018). The RAIF 
combined both engineering and socio-ecological resilience concepts to link hazard risk, to 
system performance and community resilience.

3.1  Disaster resilience of place

Many authors have developed models and toolkits to assess the resilience of communities 
and built assets to disaster events (Becker et al. 2013; Cimellaro 2016; Cutter et al. 2008, 
2010; Matyas and Pelling 2012; Paton 2007; Paton et al. 2013; Paton and Johnston 2017; 
Tiernan et al. 2019; Tierney and Bruneau 2007) and whilst there is general agreement of 
the factors that affect community resilience, there is less agreement on how to integrate 
these into practical toolkits (Sharifi 2016). Those toolkits that have been developed (Cut-
ter et al. 2010; Prior 2015; Johnston et al. 2017; Wang et al. 2018; UNDRR 2020) tend 
to start by defining the system (domains, components, characteristic, factors) and hazard 
threat (event characteristics) being modelled and developing metrics that describe how the 
system would respond to the hazard threat. The metrics can then be combined to provide 
a measure of the system’s resilience (Morga et al. 2020). Mitigation options for improv-
ing resilience are evaluated by considering how each mitigation intervention changes the 
metric scores. The resilience scores from each system can be linked to overall community 
resilience by ensuring community goals are reflected in built environment performance tar-
gets (Mieler et al. 2015; Wang et al. 2018). This basic approach was applied to the develop-
ment of the RAIF; with the Disaster Resilience of Place (DROP) model (Cutter et al. 2008) 
providing the theoretical basis linking vulnerability to resilience and built environment per-
formance to community resilience (Fig. 1).

The DROP model (Cutter et al. 2008) links the existing vulnerability and resilience of 
a ‘place’ (antecedent conditions) to the impact that a disaster event (described by the event 
characteristics and coping responses) has on the ability of a community (absorptive capac-
ity) to recover from the event (Jones 2012). If following an event those responsible for the 
system/community integrate mitigation and preparedness into their disaster management 
and resilience planning then the antecedent conditions are improved before the next occur-
rence of a similar disaster event.

The DROP model has previously been identified (Davis 2017; Lundgren and Jonsson 
2012; Mieler et  al. 2015; Prior and Hagmann 2012) as a suitable framework to model 
the longitudinal relationship between the impact of a disaster event on a place (Matyas 
and Pelling 2012; Tiernen et al. 2019). Further, the explicit connection of vulnerability to 
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resilience in a longitudinal manner reflects both their dynamic nature and accommodates 
preparedness and mitigation action, which are critical to effective decision making (Prior 
and Hagmann 2012). Thus, whilst the DROP model does not include the more subjective 
aspects of resilience, and is difficult to articulate at the macro and mezzo scales (Prior and 
Hagmann 2012), it does provide a practical approach for stakeholders to frame vulnerabil-
ity and benchmark community resilience (Tiernen et al. 2019). This was demonstrated by 
the CREW project (Hallett 2013) where the DROP model was mapped against the built 
asset lifecycle to accommodate the integration of mitigation interventions into BAM busi-
ness models. The LIQUEFACT project built on the approach used in the CREW project.

3.2  Built asset management

Built Asset Management is a strategic activity designed to ensure that built assets perform 
in a way that ensures effective delivery of an organisation’s core product or service) over 
the built asset’s lifecycle (Alwan and Gledson 2015; Finch 1998; Jones 2002; Puķītea and 
Geipeleb 2017). In essence BAM seeks to map the performance of an organisation’s built 
assets to its critical success factors and understand the root cause of any performance gaps 
(obsolescence). If performance gaps exist then solutions in the form of pro-active physical 
or operational mitigation actions are developed (Smyth et al. 2017; Too and Too 2010) and 
those that offer the greatest potential (measured through an options appraisal process) to 
reduce existing or potential future obsolescence are adopted (Fig. 2).

In the context of disaster management BAM involves understanding the impact that a 
disaster event would have on an organisations built assets and on how this impact would 
affect the organisation’s ability to deliver its core product or service (Jones et  al. 2017). 
At some point in the normal built asset life-cycle a disaster event will cause a sudden and 
significant drop in the functional performance of the built asset. This drop will be a com-
bination of the effect of the impact of the disaster event on the physical, economic, social 
and environmental attributes of the built asset and will be manifest through the reduced 
ability of the built asset to deliver against its primary function (e.g. production or service 
delivery). The severity of the loss of performance can be reduced by retrofitting, before a 
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disaster event occurs, technical mitigation measures to reduce the built assets vulnerability 
and/or improve its resilience. Further, the recovery trajectory following a disaster event can 
be accelerated through the inclusion of managerial (both strategic and operational policies) 
and organisational (attitude to risk and insurance) mitigation actions in disaster manage-
ment/business continuity plans.

The LIQUEFACT project used the performance based built asset management process 
model (Jones and Sharp 2007) as the basis of a resilience assessment and improvement 
framework to identify the range of tools (Fig. 2) needed to justify the pre-emptive inclu-
sion of EILD mitigation interventions into BAM plans. The application of the performance 
based model built on exiting research (Hallett 2013) that used a similar approach to evalu-
ate the vulnerability and resilience of a major UK social housing provider’s building stock 
to extreme weather events (Hallett 2013) and develop a built asset management planning 
tool to integrate built asset mitigation interventions for flooding into long-term built asset 
management plans (Jones et al. 2017). The LIQUEFACT project extended this work to the 
development of the RAIF and BAM planning framework for integrating built asset level 
EILD mitigation interventions into the built asset life cycle.

4  Research methods

The aim of the RAIF was to provide an integrating framework linking technical solu-
tions (developed across the LIQUEFACT project) with business (BAM) and community 
models (Jones et al. 2020). An iterative, action research based methodology, combining 
both quantitative and quantitative approaches was used to develop an holistic under-
standing of the impact that EILD mitigation interventions could have on built asset and 
community resilience (Fig. 3). A quantitative approach was used to assess the potential 
of the UNDRR Disaster Resilience Scorecard for Cities to provide the basis for assess-
ing the impact built asset mitigation interventions to an EILD event have on community 
resilience (reported in Jones et  al. 2020). A qualitative approach was used to develop 
the RAIF and to provide the theoretical underpinning for the integration of tools devel-
oped across the LIQUEFACT project in a BAM planning framework. A narrative lit-
erature review was undertaken to identify the theoretical models and operational tool-
kits of community vulnerability and resilience. The literature review also examined the 
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theoretical basis for built asset management planning to support the integration of EILD 
mitigation interventions into the built asset lifecycle. The literature review led to the 
development of a conceptual RAIF model (version 1).

The conceptual RAIF model was further developed through 2 workshops in Bolo-
gna and Ferrara and a series of technical meetings with LIQUEFACT project partners 
and an International Expert Advisory Group (IEAG). The Bologna workshop (205 par-
ticipants) presented the RAIF to an expert stakeholder group with recent knowledge of 
EILD events from the Emilia Romagna Region of Italy (3rd October 2016). The Ferrara 
workshop (4th and 5th October 2016) explored the practical requirements of the techni-
cal tools needed to operationalise the RAIF. The RAIF and initial research tool specifi-
cations were reviewed at an IEAG meeting on 5th October 2017 in Naples.

A one-day workshop was held in Rome on the 17th November 2017 to test the RAIF 
and initial research tools against a hypothetical healthcare scenario. This workshop was 
attended by the LIQUEFACT partners. A simplified healthcare scenario comprising 4 
buildings located on a single site in a small city was used to test each stage of the RAIF. 
It was assumed that the buildings had been designed to resist ground shaking but not 
earthquake induced liquefaction. Version 2 of the RAIF was developed following the 
workshop.

Four further review workshops were held in Porto (2–4th May 2018); Oslo (1st–5th 
October 2018); Istanbul (2–6th April 2019) and Pavia (8–12th October 2019) and 
a further IEAG workshop was held in Oslo (5th October 2018). At these workshops 
each research team presented their research tools and demonstrated how they fitted the 
requirements of the RAIF and LIQUEFACT software. Detailed feedback on both the 
engineering science and practical usefulness of each tool was given to each research 
team to support the further development of their tools.

Finally, a two-day validation workshop was held between researchers developing 
the RAIF and BAM planning framework and the LIQUEFACT software (16–17 April 
2019) to test the usability of the final beta versions of the individual tools in the RAIF 
and LIQUEFACT software. The validation workshop used an enhanced version of the 
healthcare scenario used for the Rome workshop. Version 3 of the RAIF and version 
2 of the LIQUEFACT software were developed following the workshop. All of the 
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technical and business tools were integrated into a BAM planning framework following 
a half-day workshop (4th April 2019) using three different built asset scenarios (a pri-
mary health care scenario, a public building scenario, and a road transportation network 
scenario).

Detailed notes were taken at all workshops and meetings and where participants 
agreed the workshops and meetings were audio recorded. A more detailed description of 
the research process can be found in Morga et  al. (2020). The research received ethical 
approval from Anglia Ruskin University, Science and Technology Research Ethics Panel.

5  Results

5.1  Developing a conceptual built asset and community resilience model to EILD 
events

A conceptual model (the RAIF) of the impact that EILD events have on built asset and 
community resilience was developed by combining the results of the literature review with 
Cutter et al. (2008) disaster resilience of place (DROP) model and Jones and Sharp (2007) 
performance-based BAM model (Morga et  al. 2020). The RAIF adopted a two-phase 
approach similar to that developed by Taig (2012) to support an earthquake prone building 
policy review in New Zealand. Phase one assesses the impact that an EILD event has on 
functional performance of built assets. Phase two explores how mitigation options can be 
integrated into business continuity and resilience plans to reduce vulnerability or improve 
resilience. The RAIF can be applied at a single built asset/site level or to a portfolio of 
assets to assess the impact of an EILD event at the system level (e.g. healthcare system) 
and at a city/regional level to assess the overall vulnerability/resilience of their communi-
ties. This paper reports the developments of the RAIF at the individual built asset and site 
level.

The development of the RAIF for EILD events builds directly on the work of the CREW 
project (Hallett 2013). The CREW project examined the implications that extreme weather 
events (both current and as a consequence of future climate change) could have on the 
performance of public housing in London. In the CREW project Cutter et al. (2008) DROP 
model was combined with Jones and Sharp’s (2007) performance-based BAM model to 
develop a risk framing tool for built asset managers to better understand their built assets 
current and future vulnerabilities and resilience to fluvial flooding and extreme heat waves. 
In developing the risk framing tool the CREW project developed a methodology for assess-
ing the vulnerability and resilience of individual house units and identifying potential tech-
nical adaptation and mitigation options to either reduce vulnerability, improve resilience, 
or both (Hallett 2013). The CREW project also developed a methodology for combining 
the impact that an extreme weather event has on individual house units to the impact that 
it has at the portfolio level to obtain an overall assessment of the physical vulnerability 
and resilience of public housing providers housing stock (e.g. at the system level). In a 
subsequent project Jones (Jones et al. 2017) developed a methodology for integrating the 
adaptation and mitigation interventions identified in the CREW risk framing tool into the 
housing provider’s disaster management and contingency planning and developed a BAM 
planning tool that integrated the housing provider’s built assets physical vulnerability and 
resilience within its wider organisational capabilities to develop a prioritisation framework 
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for identifying and programming cost-effective adaptation and mitigation options into the 
built asset life-cycle.

The LIQUEFACT project extended the approach detailed above to consider the impact 
that an EILD event would have on the vulnerability and resilience of built assets. Figure 4 
(the final version of the RAIF) shows the results of the mapping exercise between Cutter 
et al. DROP (2008) model and Jones and Sharp’s performance based BAM model (2007) 
represented as a 5-stage decision making framework.

5.2  Validation of the RAIF

The RAIF was tested through two workshops in Bologna and Ferrara. The RAIF was pre-
sented to a stakeholder workshop in Bologna and a technical workshop of LIQUEFACT 
researchers in Ferrara. A general discussion with participants (Bartolucci and Jones 2016) 
and a short exploratory questionnaire of approaches to modelling resilience (Morga et al. 
2020) with the Bologna workshop participants confirmed the suitability of the general 
approach adopted by the RAIF. Detailed discussions with each LIQUEFACT research 
team at the Ferrara workshop confirmed the technical feasibility of the RAIF to assess built 
asset and community resilience to an EILD event and developed design guidance and data 
specifications for each of the tools/models (Bartolucci and Jones 2016). The process stages 
in the RAIF and the associated design requirements of the LIQUEFACT tools are summa-
rised in Table 1 (Morga et al. 2020).

The first versions of the LIQUEFACT tools developed against the requirements identi-
fied in Table 1 were presented at a two-day LIQUEFACT technical workshop and one-day 
IEAG workshop. During the technical workshop each research team presented the theoreti-
cal basis to their tools which were critiqued by other LIQUEFACT researchers and sugges-
tions of refinements to the theoretical base, or alternative approaches to the tool develop-
ment, were discussed. The interrelationships between the LIQUEFACT tools (the ability 

Fig. 4  The resilience assessment and improvement framework
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to share or pass data between the tools) and their integration into the RAIF and LIQUE-
FACT software were presented to the IEAG. The workshops confirmed the suitability of 
the general approach adopted by the RAIF but suggested the need for a one-day workshop 
to test the robustness of the individual theories underpinning each tool and on their ability 
to work together in the way expected in the RAIF.

5.3  Operationalising the RAIF: the Rome sprint test

The RAIF was operationalised using a hypothetical healthcare scenario during a one-day 
workshop with the LIQUEFACT researchers in Rome. A brief description of the hypotheti-
cal primary health scenario is given in Fig. 5. The qualitative impacts that an earthquake 
event has on the functional performance of a hospital and in particular the relationships 
between physical damage to built assets and functional performance (from a socioeco-
nomic perspective) was informed by the work of Cimellaro et al. (2010), Achour (2007) 
and Achour et al. (2011).

A summary analysis of the results from the workshop is given in Table 2. As this 
was a qualitative analysis to prove the concept, no quantitative values were assigned to 

Table 1  RAIF stage and associated LIQUEFACT tools (summarised from Morga et al. 2020)

RAIF stage Practical tools

Antecedent
conditions

Hazard threat: Assessment of the vulnerability of an asset(s) to an EILD event using mac-
rozonation/microzonation maps and/or site-specific ground investigations

Hazard impact: Assessment of the potential damage profile to the built asset using fragility 
curves that combine soil profile, structure characteristics, seismic hazard and ground 
motions to assess the probability of the hazard impact exceeding pre-set damage limit 
states

Level of risk: Assessment of the damage state (slight, moderate extensive and complete 
damage) and mean damage ratio of individual assets

Impact
assessment

Loss of functionality/performance: Assessment of the impact that the each of the damage 
states would have on the functional performance (service delivery, production output etc.) 
of the built asset. This assessment will require expert judgement linking knowledge of the 
built asset user with the organisation’s business continuity and resilience plans. Summing 
the loss of functional performance of built assets within the subsystem gives an overall 
assessment of the loss of performance at the subsystem level. If this is acceptable then no 
further action is taken. If this is unacceptable mitigation options are evaluated

Mitigation
options

Lower vulnerability/improve resilience: Identify a range of mitigation options to reduce the 
vulnerability/improve resilience of the built assets to the impacts of an EILD event. The 
mitigation actions could be either technical (e.g. ground improvement mitigation actions) 
or operational (e.g. service redesign) or a combination of both

Improvement
framework

Cost Options: Perform a cost benefit analysis for each mitigation option. Cost benefit analy-
sis will need to consider both direct and indirect costs, discounted to current value, and be 
detailed enough to support an options appraisal analysis between mitigation options

Prioritise mitigations: The capacity of organisations to fund mitigation options will need to 
be established along with an assessment of the risks of delaying the mitigation interven-
tion until later in the built asset life-cycle

Built asset 
manage-
ment plan

Program mitigation works: Once mitigation priorities have been set detailed design solu-
tions need to be developed and mitigation works programmed into the built asset life-
cycle. Wherever possible mitigation works should be programmed to coincide with the 
built assets maintenance and refurbishment cycles
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any factors, variables or thresholds. A more detailed analysis of the workshop results 
can be found Morga et al. (2020).

Whilst the theoretical concepts underpinning the RAIF did not change as a result of 
the workshop, the operational assumptions did.

For Risk and Hazard Assessment a third level of site assessment was added to the 
RAIF to reflect the uncertainty associated with the macrozonation and microzona-
tion maps and their ability to reflect the level of risk at the individual built asset/site 
level. Individual site level ground investigation guidance was added to provide a final 
screening of the susceptibility of a particular site to earthquake induced liquefaction. 
Developing a comprehensive range of fragility curves for different building types and 
ground conditions was not possible in the time constraints of the LIQUEFACT project. 
As such the LIQUEFACT project produced ‘typical’ fragility curves and developed a 
rapid risk assessment procedure that end-users could use to develop bespoke fragil-
ity curves to reflect different building construction typology and ground conditions. 
Linking loss of built asset functionality to typical damage states using fragility curves 
is difficult (as they do not consider the operational or business circumstances of indi-
vidual buildings). As such, the loss of functionality would be interpreted locally by 
the end-user to reflect the operational and business circumstances of the building sys-
tem, and this would best be done through the disaster management/business continuity 
planning and built asset management process. To support this assessment the RAIF 
would require a range of damage profiles and mean damage state.

For Business Continuity and Resilience Planning only ground improvement inter-
ventions that would reduce the likelihood of ground liquefaction following an earth-
quake event, and service design and delivery models which would form the basis of 
an a customised scorecard were developed in the LIQUEFACT project. The approach 
to cost-benefit analysis changed from a wide area (geographical) disaster management 
approach to a narrow built asset/site options appraisal approach that would support the 
evaluation and prioritisation of built asset level mitigation interventions through stra-
tegic built asset management. From a community resilience perspective the UNDRR 
Disaster Resilience Scorecard for Cities was identified as an appropriate tool and a 
customised version of the Scorecard was developed for the LIQUEFACT project 
(described in Jones et al. 2020). A more detailed discussion of all of the above is con-
tained in Morga et al. (2020). The results from the workshop were integrated into the 
RAIF and the LIQUEFACT software flow diagram (Fig. 6).

Fig. 5  Summary of the Hypothetical Hospital Scenario used to operationalise the RAIF  (adapted from 
Morga et al. 2020)
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5.4  Validating the RAIF and LIQUEFACT software

The RAIF and LIQUEFACT software were validated at a two-day workshop between 
researchers at ARU and NORSAR. The workshop examined how the software could be 
applied to support each stage of the RAIF and in particular how the RAIF and LIQUE-
FACT software could be integrated into a BAM planning tool. The workshop used an 
enhanced version of the healthcare scenario used in the Rome workshop. The enhanced 

Table 2  Summary of the analysis of the results from the workshop (summarised from Morga et al. 2020)

Question Response

How susceptible are the hospital’s buildings to an 
EILD event?

Geo-locating your sites onto macrozonation/micro-
zonation maps will identify which of the sites are 
susceptible to a ‘most probable’ or ‘most severe’ 
earthquake scenario

What is the level of susceptibility for the buildings 
on the susceptible sites?

A detailed analysis of ground characterisation and 
earthquake hazard characteristics of the susceptible 
sites will allow a RAG (Red, Amber, Green) rating 
of the sites susceptibility

What is the potential impact of an EILD on the built 
assets on the sites?

Combining the foundation/soil characteristics and the 
building typology on the highly susceptible sites 
will allow a risk RAG rating for each building

What is the potential level of damage to the build-
ings?

Fragility curves will allow the level of damage to be 
predicted for high risk (or any risk level chosen by 
the client) buildings. The damage level would be in 
the form of qualitative assessments of damage state 
and level of confidence (e.g. a high probability of 
experiencing a moderate level of damage)

What does this level of damage mean to the ability 
of these buildings to function?

The ability of the buildings to deliver their core ser-
vice needs to be assessed on a building by building 
basis using the hospital’s risk assessment, disaster 
management, and business continuity plans. This 
analysis would be expressed in terms of the loss of 
functionality over time. Loss of functionality would 
be informed by expert opinion of those responsible 
for the hospital’s disaster management plans as part 
of a wider disaster risk assessment

What can be done to reduce the disruption that 
an EILD would cause to the functionality of the 
buildings?

A range of ground mitigation interventions could 
reduce the impact that an EILD would have on the 
buildings. Changes to healthcare service design and 
delivery models could reduce the impact that dam-
age to buildings could have on functionality

What is the cost of retrofitting ground mitigation 
interventions?

Although costs are building and site specific indica-
tive costs will identify a number of potential mitiga-
tion interventions that can reduce damage levels at 
an acceptable cost-benefit ratio level

How can these mitigation interventions be imple-
mented?

Detailed site analysis and mitigation design will 
confirm the potential of each cost-effective ground 
mitigation intervention. The most effective ground 
mitigation interventions will be programmed into 
the hospital’s built asset management plans. A 
service delivery scorecard will assess the potential 
of changes to service design and delivery models
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version retained the same overall objectives as the Rome workshop (Table 2) but the evalu-
ation of each stage of RAIF was considered in greater detail.

Through the LIQUEFACT software users can geo-locate their assets against the mac-
rozonation and microzonation maps in the software and identify those assets/sites that are 
potentially susceptible to an EILD hazard (Fig. 7).

For potentially susceptible sites users can commission a detailed ground investigation 
(e.g. CPT data, SPT data or VS30 profile) and this data can be used by the software to 
customise the level of susceptibility to specific site conditions. Users can either use inbuilt 
earthquake scenarios or enter their own earthquake scenario data.

The LIQUEFACT software produces a number of measures for liquefaction potential 
(e.g. Liquefaction Potential Index, Liquefaction Severity Number, Equivalent Soil Profile 
and settlement) along with a qualitative assessment (very low to very high) of the liquefac-
tion risk level for each location (Fig. 8).

Fig. 6  The LIQUEFACT software flow diagram

Fig. 7  Example of screen shots for EILD susceptibility
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The risk level can be generated against a number of earthquake scenarios to allow 
users to build risk profiles that reflect their local attitudes towards risk. Those build-
ings requiring further investigation can be identified by considering the impact that the 
building’s function has on the organisations critical success factors. For example, in 
the healthcare sector scenario, buildings that provide primary care services and are at a 
‘high’ level of risk may be investigated further whilst ‘high’ level risk buildings provid-
ing back office support may not be. This assessment will be made with reference to the 
user organisation’s risk assessment and disaster management/business continuity plans.

For those buildings identified for detailed investigation the user describes the build-
ing typology (e.g. construction material, structural system, number of stories, founda-
tion system) and the LIQUEFACT software generates damage profiles (probability of 
slight damage, probability of moderate damage, probability of extensive damage, prob-
ability of complete collapse) and the mean damage ratio (referred to as the Mean Loss 
Ratio) for the building against each earthquake scenario. The LIQUEFACT software 

Fig. 8  Example of liquefaction risk levels for a range of buildings

Fig. 9  Example of damage and losses associated with each building
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also estimates the expected annual loss (physical damage, contents damage, and busi-
ness disruption) associated with the Mean Loss Ratio (Fig. 9) for each building.

Finally, the LIQUEFACT software suggests a range of possible cost-effective mitiga-
tion options based on the cost to implement a given ground improvement mitigation tech-
nology to each individual structure/infrastructure; the benefit (in terms of reduced loss) 
when applying the given mitigation technology; and cost-benefit ratio which is linked to 
the expected annual loss. This process is repeated for a range of mitigation options, which 
includes vertical and horizontal drains, deep dynamic compaction, vibro-compaction, blast-
ing compaction, vibro replacement, induced partial saturation, compaction grouting, low 
pressure grouting, jet grouting, deep soil mixing (Flora et al. 2020). This process allows the 
user to prioritise potential mitigation options that can be further evaluated through direct 
discussions with specialist contractors prior to commissioning a full feasibility study of the 
mitigation intervention.

Following the validation workshop the BAM Planning tool (Table  3) was developed. 
The BAM planning tool provides a 10 step approach for built asset managers to assess the 
impact that an EILD event would have on their built assets and evaluate the potential of 
mitigation interventions to reduce the impact.

Finally, the applicability of the RAIF and BAM planning tool were tested in a half-day 
workshop in Turkey held with LIQUEFACT researchers against three different built asset 
scenarios (a primary health care scenario, a public building scenario, and a road transpor-
tation network scenario). The workshop confirmed the suitability of the BAM planning 
framework (and its associated tools) for assessing the potential of ground mitigations to 
improve the resilience of built assets to an EILD event.

6  Discussion

Improving resilience to EILD events is a complex task, requiring actions by both technical 
and non-technical stakeholders to understand the impacts that an EILD event has on the 
functionality of built environment systems and how any loss in functionality is managed 
to reduce its impact on the wider community. The RAIF and BAM tool described in this 
paper provide the conceptual framework and business support tool to allow engineers/built 
asset managers identify the potential impacts that an EILD could have on built assets and 
evaluate the potential of mitigation interventions to reduce this impact.

The development of the RAIF and BAM planning tool brought together a range of tech-
nical experts and end-user stakeholders in an iterative research process to develop, test and 
validate a conceptual model of built asset resilience to an EILD and to operationalise the 
model through a 10 step BAM planning tool. The conceptual model was based on a com-
bination of Cutter et al. (2008) DROP model and Jones and Sharp’s (2007) performance 
based BAM model; interpreted in the context of the built asset life-cycle.

Whilst the research methodology used in the LIQUEFACT project did not strictly fol-
low an action research methodology, as there was no direct testing of the prototype by end-
users against real world situations, it did follow action research principles: planning, imple-
mentation, reflection and review with internal and external stakeholders and international 
advisors (Fig. 3). Adopting such an approach allowed the LIQUEFACT research teams to 
develop theoretical solutions that addressed engineering science in the context of its practi-
cal application by both technical and non-technical stakeholders. In essence researchers 
were required to explicitly consider a ‘so what’ question at each stage of their research; 
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having to justify to the wider LIQUEFACT team, expert stakeholders and the IEAG not 
only the engineering/scientific significance of their work, but also the practical impact that 
their results would have. Whilst addressing the route to impact of research as an integral 
part of the research process did cause tensions between some members of the project team 
it ultimately produced a set of end-user tools that could be readily integrated into the LIQ-
UEFACT software; which was a primary requirement of the LIQUEFACT project.

Studies that have examined the resilience of existing built assets to disaster events 
(Johnston et  al. 2017; Melkunaite 2016; Taig 2012) have tended to develop explanatory 
or descriptive models that, whilst helping frame and understand the disaster risks, do 
not contain the business tools needed to justify the inclusion of mitigation interventions 
into BAM plans. Whilst the background theories used to support the development of the 
RAIF were well established in their own fields, they had not previously been combined 
to provide a longitudinal, holistic model of the resilience of existing built assets over their 
life cycle. The LIQUEFACT project successfully combined the different theories into a 
holistic framework for assessing the potential impact of an EILD event on existing built 
assets and identifying potential mitigations to improve the resilience of the built assets. The 
longitudinal model underpinning the development the RAIF and BAM planning tool also 
addressed the problems identified by several authors (Alwan and Gledson 2015; Ebinger 
and Madritsch 2012; Munir et al. 2019; Smyth et al. 2017; Too and Too 2010) of linking 
built asset performance to BAM planning. By adopting an iterative research methodology 
the individual LIQUEFACT tools were developed, tested and refined as the project pro-
gressed which resulted in a holistic toolbox that supported a pro-active, rather than reac-
tive, approach to BAM decision making to improve built asset resilience to disaster events.

The testing of the RAIF and BAM planning tool against a range of hypothetical sce-
narios identified a number of issues that require further research before fully operational 
tools can be developed. Whilst the macrozonation/microzonation maps provide an initial 
screening tool for built asset managers to identify which of their built assets are potentially 
susceptible to an EILD event, the level of granularity of the maps is not sufficient to iden-
tify susceptibility at the individual site or built asset level. As such site based investigations 
will be needed and although the LIQUEFACT software provides guidelines on how to 
commission such studies their costs are likely to be high compared to the potential benefits 
that could accrue from reduced losses to EILD events. As such it is unlikely that detailed 
site based investigations will be performed unless the built assets located on the site have 
a critical impact on the overall resilience of the organisation or wider community. More 
research is needed to improve the granularity of the macrozonation/microzonation maps or 
reduce the cost of site based investigations.

Translating seismic activity and ground/building typology into functional damage states 
proved very difficult. The traditional approach of using fragility curves to predict the level 
of damage did not provide the level of detail required to allow the impact of an EILD on the 
functional performance of built assets (impact on primary services) to be assessed. From 
an operational perspective built assets functional performance is not only affected by the 
damage to structural elements, but also by damage to the non-structural elements (Achour 
2007; Achour et al. 2011; Cimellaro et al. 2010). It became clear from the technical model-
ling undertaken that the very localised nature of EILD occurrence, combined with the rela-
tively low levels of structural damage caused by EILD events, made it difficult for struc-
tural engineers to directly model the impact of an EILD event on non-structural elements; 
or present their data in a form that allowed built asset managers to quantify the impact of 
an EILD on the delivery of their primary services. As such the RAIF relies on the expert 
judgement of local built asset managers to interpret the impact that the damage states have 
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on service delivery as part of their disaster risk management and business continuity plan-
ning. Going forward the authors suggest the need for fragility models for EILD events to be 
developed that reflect the ‘functional service level’ requirements of a built asset.

The RAIF assumes that the impact that EILD events have on the operational perfor-
mance of the subsystem to which the individual built assets belong can be assessed by 
aggregating the impacts of each individual built asset. Whilst this assumption is valid from 
a technical perspective, it doesn’t account for the wider complexity within the subsystem. 
For example, the overall resilience of a healthcare system is governed by the ability of the 
system to reorganise following a disaster event and a simple summation of impacts across 
the system does not model this phenomena. The LIQUEFACT project began the devel-
opment of a multi-criteria (technical, operational, and organisation/managerial) critical 
infrastructure resilience assessment tool for EILD events (Morga et al. 2020) but further 
work is needed before this tool can be applied in a qualitative or hybrid (semi-quantitative) 
approach.

The LIQUEFACT project developed a number of EILD mitigation interventions (ver-
tical drains, horizontal drains, partial ground saturation) and these, along with existing 
EILD mitigation interventions are incorporated in the LIQUEFACT software. In addition 
the LIQUEFACT software also provides a detailed cost-benefit tool to allow specific miti-
gation interventions to be assessed at both the individual built asset and portfolio level 
(Wanigarathna et al. 2018; Morga et al. 2020). The cost-benefit tool was derived from an 
options appraisal approach which assumed that the risks to the organisation’s built assets 
were sufficiently high to warrant full investigation of potential mitigation interventions. 
As such, whilst the approach is consistent with that used for other (non-disaster related) 
built asset mitigation interventions, and with the localised nature of EILD events, it doesn’t 
fully address the impact that the residual asset value (i.e. where the disaster occurs on the 
built asset life cycle) has on mitigation priority decision making. Further work is needed to 
introduce residual asset value into the cost-benefit model.

The BAM planning tool presented in this paper (Fig. 9) describes a management deci-
sion support tool for built asset managers to assess their built assets’ vulnerability and 
resilience to an EILD event. However, given that the tool was developed from a previous 
version that assessed the impact of extreme weather on social housing (Hallett 2013) the 
authors believe that the principles behind its design can provide the basis for the develop-
ment of similar business tools for other earthquake impacts and disaster events.

Finally, the RAIF assumes that the impact of an EILD event on overall community resil-
ience can be assessed by combining the impact that an EILD event has on each subsystem. 
Whilst detailed discussion of this stage is beyond the scope of this paper the LIQUEFACT 
project developed a customised version of the UNDRR Disaster Resilience Scorecard for 
Cities (UNDRR 2017) which can be found in Jones et al. (2020) and Morga et al. (2020).

7  Conclusions

This paper describes the development of a RAIF and associated BAM planning frame-
work to support both technical and non-technical end-user stakeholders identify the 
impact that a EILD event would have on the functional performance of their built assets 
and identify a range of physical and operational mitigation intervention options that 
could reduce this impact. The paper used a series of hypothetical scenarios to prove 
the concepts behind the RAIF and BAM framework but, due to lack of time, it was not 
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possible to validate the RAIF of BAM framework against a real organisation. This work 
still needs to be done before firm conclusions about the validity of the RAIF and BAM 
framework can be drawn, or before the effectiveness of EILD mitigations to improve 
built asset resilience can be made.

This paper argued the need for a longitudinal, holistic view to be taken of disaster 
vulnerability and resilience, where hazard and risk assessment leads to specific actions 
to improve business continuity and resilience planning; suggesting that the integration 
of the DROP model (Cutter et al. 2008) with a performance based built asset manage-
ment model (Jones and Sharp 2007) can provide such a view. Although the DROP 
model (ibid) was originally developed for assessing community resilience to disaster 
events the author’s believe that it’s application at an organisational level demonstrates 
the models wider applicability to understand the link between vulnerability and resil-
ience for other location based disaster events; and demonstrates its ability to provide the 
theoretical basis to holistically address both engineering and socioecological resilience 
concepts.

The RAIF was operationalised through the development of a BAM framework to pro-
vide a business decision tool to support pro-active mitigation planning to lower built 
asset vulnerability and increase resilience to EILD events. Whilst developing the tool 
identified a number of conflicts between quantitative and qualitative approaches to dis-
aster risk management it again reinforced the need for real-world solutions to adopt a 
holistic, systems view of resilience (Melkunaite 2016; Mieler et al. 2015) that combines 
both engineering and socioecological resilience concepts (Holling 2001). The challenge 
going forward is to develop multi-disciplinary models and tools that effectively combine 
quantitative and qualitative metrics into the disaster risk management and business con-
tinuity and resilience planning. This is an area of research that needs to be addressed if 
built asset resilience is to be improved.

The development of the RAIF and BAM framework adopted a interactive research 
methodology that sought to actively engage end-user stakeholders as full members of 
the research team; as opposed to research subjects to studied. Whilst this methodology 
at time caused tension between team members the authors believe that it provided a 
robust methodological framework that supported the delivery of an engineering proto-
type (the LIQUEFACT software and tools) that reflected the needs of end-users. Asking 
the ‘so what’ question (so what does this particular piece of research add to the RAIF, 
BAM framework or LIQUEFACT software or tools) challenged researchers to justify 
how their research activities supported real-world impact. The authors would recom-
mend a similar approach to those researching multi-disciplinary real-world problems.

Finally, although the focus of the research presented in this paper is EILD events the 
authors believe that the approach described in the paper along with the generic BAM 
planning framework can provide the basis for developing similar solutions for other dis-
aster events.
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