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Introduction: In urban areas exposed to high-magnitude earthquakes, the
drinking water supply would be severely damaged, and domestic services
would be disrupted for a large part of the population in the event of an
earthquake. The Lima-Callao metropolitan area in Peru, South America, is
expected to experience an 8.8 Mw earthquake, and it is estimated that
approximately 90% of the population would not have immediate access to
emergency water in the case of such an event. The main objective of this
paper is to define criteria for a spatial analysis method to guide the design
criteria for an Emergency Water Supply System (EWaSS).

Methods: This paper combines territorial, urban resilience and participatory
approaches and presents the results of an interdisciplinary research with social
impact. Thus, it examines the urban territory at macro-, meso- and micro scales;
physical-spatial variables indicating risk levels and possible public spaces to
implement the system; and socio-spatial variables regarding the population,
risk perception and participation in management to strengthen urban
resilience. Normative tools and the Geographic Information System are used
to spatialize and systematize quantitative and qualitative information.

Results and discussion: The EWaSS is an alternative for safe water supply in a
post-disaster situation that would provide immediate and autonomous operation
during the first 72 h of the emergency. The results show the physical-spatial and
social viability of urbanized areas and the system design criteria that guide local
actors in making decisions at the three levels of emergency management.
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1 Introduction

Assisting populations affected by high-intensity earthquakes poses significant
challenges. These include the lack of domestic water supply due to the failure of
the distribution system (ALA, 2001; Liu et al., 2020; Alberto et al., 2022), which
increases sanitary risks and can lead to additional adverse effects and even loss of life
due to the immediate unavailability of water. Since the 2000s, earthquakes ranging
from 6.7 to 9.1 magnitude have shown that the average time to restore water supply
service in Latin American countries is between 45 and 60 days. In comparison, in
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developed countries, the average time to restore service is
estimated at 33 days, only a relative reduction in the context
of an emergency (Alberto and De la Llera, 2016; Balaei et al.,
2019; Takemoto et al., 2021). It is important to consider that “in
disaster situations, the number of people demanding access to
water and sanitation services is much higher than the number of
dead, injured, displaced, or in need of medical care” (PAHO/
WHO, UNISDR, UNICEF, & IFRC, 2006; cited by IDB, 2019).

According to international experience, public management expects
emergency response to occur, on average, 72 h after a disaster (FEMA
2004; EPA, 2011). This delay can lead to further social risks, especially in
urban areas with pre-existing water insecurity and poor capacity to
attend the emergency. To prevent such situations, regulations and
academic contributions are aimed at controlling social risks (Lavell,
2005, Simioni, 2003), including three new Disaster Risk Management,
DRM, approaches 1) risks related to civil rights (IPCC, 2012) and
person-centered (Scolobig, Prior, Schröter, Jörin, Patt, 2015); 2)
interdisciplinarity and articulation of different levels of government,
private entities and civil society; and 3) participation to improve risk
perception and assume responsibility at the community level (IPCC,
2012). These approaches aim to improve the response capacity of the
different actors during an extreme natural or anthropogenic event
(Simioni, 2003).

A contribution to the traditional visions is the inclusion of an
integral knowledge of structural as well as non-structural measures in
DRM based on the risk perception of the community, for which it is
proposed to prioritize the knowledge of risks in an educational process
at different levels and with the collaborative participation of the relevant
actors of society (Lavell, 2005; Ferradas, 2008; Balaei et al., 2019;
Takemoto et al., 2021). The spatial analysis framework with
Geographic Information Systems facilitates multi-criteria assessment
for a coherent and practical characterization of the territory, allowing
interrelationship between the main aspects of vulnerability and
resilience (Barredo, 1996; Bocco and Urquijo, 2013; Aguilera,
Rodriguez and Monserrat, 2018; Moschella, 2018). Likewise, the
spatial qualitative dimension is included to make visible the
experiences and knowledge of local actors (Sepúlveda, 2018).

Despite these contributions and approaches, dealing with
emergencies at different levels of public management remains
challenging. One reason is that most DRM practitioners lack the
urban-spatial perspective and have different visions of risk
knowledge and emergency response. Moreover, these visions
focus on objective and quantifiable assessments, prioritizing
structural measures over non-structural ones.

This paper proposes a spatial analysis method for defining
design criteria in earthquake-emergency water provisioning to
contribute to the management of the first 72 h of a high-intensity
earthquake scenario. The proposed method is the result of the
systematization of experiences for spatial analysis, urban design
and planning in Andean cities of intermediate size with a DRM
approach that was incorporated consistently (Santa Cruz et al., 2016;
Fernández de Córdova et al., 2017; Vilela and de Córdova, 2017;
Vilela and Moschella, 2017). The main contribution of these
experiences consisted of integrating three approaches: the
articulation of spatial urban scales, collaborative participation and
interdisciplinarity. Most of these experiences materialized in public
investment projects or were incorporated into specific urban plans
and local DRM.

The method is based on an Emergency Water Supply System
(EWaSS) to face the first moments of the emergency in
heterogeneous urban areas with pre-existing water insecurity
(Santa-Cruz et al., 2024). The EWaSS is a network of local
autonomous Spatial Supply Units, SSU, defined as the minimal
part of the EwaSS. The SSU consists of one or more Points of
Distribution (PoD) of water, the neighborhood’s community and
urban infrastructure. The PoDs are located in safe public spaces like
parks and squares.

The innovation of this research lies in the interrelation of the
following approaches: a) territorial, in the articulation of macro-,
meso- and micro scales with their respective normative tools; b)
urban resilience, for risk diagnosis and identifying a feasible
solution, based on the physical-spatial variables related to the
characterization of damage levels, seismic microzonation and the
quality of public spaces; as well as the socio-spatial variables related
to population density, socioeconomic strata and risk perception by
the population and their participation in its management; c)
participatory, by involving local actors in the co-production of
alternatives of solution through collaborative activities during the
research process.

The application of the method is demonstrated through a case
study of the design of an EWaSS, capable of operating
autonomously from the first moments after the occurrence of
an earthquake in the Lima-Callao metropolitan area where a
magnitude 8.8 Mw earthquake is predicted (IGP, 2020). This case
study was elaborated in the framework of an interdisciplinary
and social responsibility research project. From an operational
point of view, the criteria of social responsibility and those of
DRM are applied following common objectives, with
contributions from civil engineering, architecture, geography
and sociology, and with the participation of various actors of
local management.

2 Disaster risk management for safe
water in the first moments of an
earthquake emergency

The Sendai Framework for Disaster Risk Reduction 2015–2030
(PCM, 2021) outlines the new approach to disaster risk
management. This approach prioritizes prevention, preparedness,
and mitigation in the face of impending disasters and emphasizes
addressing people’s vulnerabilities to reduce existing disaster risks,
prevent the emergence of new risks, and strengthen community
resilience.

2.1 Experiences in past events

International experience with the effects of extreme earthquakes
shows that the infrastructure of the domestic water supply system
suffers massive damage. As a result, services are interrupted, basic needs
are limited, and the health risks of the affected population are increased.
Faced with such a scenario, preparedness and post-disaster response
measures recommend strengthening the self-sufficiency capacity of the
affected population in the first days of the emergency (Balaei et al., 2019;
Takemoto et al., 2021).
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For example, in New Zealand and Chile, DRM agencies
recommend having a supply of bottled water that can last 72 h after
a disaster, agree that the amount of water needed per person is 4 L per
day, and distinguish personal use from other uses. With regard to the
situations that hindered or facilitated the continuity of water supply
after a high-intensity earthquake, the following experiences were noted:

- Structural aspects (characteristics of the infrastructure): As a result
of the earthquakes in New Zealand (2011) and Chile (2010), the
drinking water network collapsed in some sectors, resulting in
service interruptions, flooding, and other negative impacts (Balaei
et al., 2019). In contrast, in the case of the earthquake in Japan
(2011), water utilities invested in earthquake-resistant ductile iron
pipes, a system that was not damaged and allowed for service
continuity. Another solution was the implementation of
underground water tanks (in the city of Sendai, Japan) for use
in emergencies (Takemoto et al., 2021). Recurrent solutions focus
on delivering water in bottles or by tanker trucks and flexible
tanks. In such cases, distribution is not always immediate, as it
depends on the availability and accessibility of the
necessary elements.

- Non-structural aspects (socio-cultural behaviors): The
experiences of New Zealand and Chile show that confidence
in the efficiency of institutions to distribute water promptly helped
to avoid violence over access to water. Active neighborhood
participation facilitated water distribution to the most affected
areas (Balaei et al., 2019). In Japan, discipline, calm maintenance,
public trust in state institutions, and planned scientific
management contributed to minimizing conflicts over access
to water and avoiding long queues (Zaré and Afrouz, 2012).

Recommendations from international organizations related to
DRM (UN, 2015) are aligned with the Sendai framework approach:

- The World Health Organization (WHO) recommends the
rational use of safe water sources, the design of mechanisms to
transport water from these sources, and the decentralized
management of the water system. Inspectors, NGOs, and
organized communities must take responsibility for the water
supply in their area during emergency scenarios, which require
specialized training from the state.

- The Inter-American Development Bank (IDB) points out that
post-disaster preparedness and response processes should
integrate decentralization and equity in water management
and implement alternative mechanisms to ensure immediate
continuity of water supply. The IDB recommends effective
strategies to adapt to emergency scenarios through redundancy
of water supply and the formulation, dissemination, and
application of response plans for water distribution.

2.2 Criteria for implementation of an
emergency water provision system in
urban areas

The guidelines of the Sendai Framework (2015–2030) aim to
reduce and prevent new disaster risks through measures that

integrate social, economic, political, legal, cultural, educational,
environmental and institutional factors. These measures aim to
reduce vulnerability to disasters by improving preparedness,
response and recovery, i.e., by strengthening resilience.

Resilience is understood as the ability of a system to reorganize
the relationships between its elements in order to withstand an
external perturbation without collapsing and then returning to its
initial state (Bruneau, Chang and Eguchi, 2003; Sharifi and
Yamagata, 2018; Yepes, 2020). In urban planning, resilience
refers to the ability of communities and urban infrastructure to
withstand, adapt to, and recover from emergencies and disasters
(UN, 2015).

A precisionmade by INDECI (2020) regarding resilient communities
is relevant. A community is interpreted as a set of people who share
customs, resources and culture; the effects generated by disasters, good
practices, adequate organization, support networks and coexistence.
When a community is resilient, it is constantly self-organizing to
know how to assimilate, adapt, resist and recover from the impact of
a natural or anthropogenic event that puts its lives and assets at risk.

A resilient city considers four interrelated dimensions (Bruneau
et al., 2003; Yepes, 2020):

1. Technical dimension: The ability of urban physical systems to
function at an acceptable or desirable level when affected by
extreme events, based on four attributes:

Robustness: The system has no or few physical vulnerabilities
(essentially structural), which allows it to withstand the impact of a
critical event and provide an immediate response to the
emergency scenario.

Redundancy: If major components of the system are severely
damaged by the critical event (e.g., disruption of the domestic water
supply), the system can use other elements that can replace the
function of the damaged components.

Speed: The system can recover its functions after the disaster and
provide an efficient response immediately or in the short term, which is
particularly important because drinking water supply systems are
typically only partially functional after 3 days, which is the maximum
period of survival without water in the most densely populated
urban areas.

Self-sufficiency: If the main components on which the system
depends are severely damaged by the extreme event and their proper
functioning is interrupted, other independent or alternative
components of the system can function autonomously and
temporarily provide sufficient water to the population.

2. Organizational dimension: The ability of the social organizations
thatmanage the city’s critical infrastructure to respond immediately
to the emergency in a self-sufficient and innovative manner.

3. Social dimension: Consists of actions specifically designed to
reduce the impact of extreme events in the city that limit the
provision of basic needs and generate greater inequality
between social groups.

4. Economic dimension: Refers to the ability to reduce direct and
indirect economic losses caused by extreme city events.

Meeting the emergency water needs of the population will be a
major challenge for the humanitarian response. Existing plans do
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not define parameters for providing safe or drinking water in
emergencies. Among the many parameters proposed by
international institutions, the Sphere Project (2011) and the UN
Refugee Agency (2023) are preferred references for calculating the
minimum requirements in terms of quantity, distance and waiting
time. Their recommendations for providing water to the affected
people during the earthquake emergency are presented below:

(a) Sphere Project (2011).
- The maximum distance to the nearest water point should
be 500 m.

- The waiting time at the water point should not
exceed 30 min.

- The maximum number of people queuing should be 250 per
tap at a flow rate of 7.5 L/min and can be up to 500 people at
a flow rate of 17 L/min.

- As a reference, the minimum amount of water for cooking,
personal hygiene and drinking is estimated to be 15 L/
person/day.

b) UN Refugee Agency (2023).
- The maximum distance to the water point should be 200 m.
- The minimum amount of water for survival is estimated to
be 7 L/person/day.

- It is recommended that each water point should be able to
serve 80 to 100 people.

More information about water supply technologies is provided
by Coerver et al. (2021).

The DRM policy guidelines reinforce the idea that providing
safe water to the population in a disaster scenario should be
organized in a system at the local government level. This system
should articulate different levels of local government, public and
private institutions, and therefore different urban scales, and
guarantee the autonomy of neighborhood organizations in safe
water distribution.

International experience shows that building trust in public
institutions and knowledge of emergency plans and protocols are
necessary to strengthen neighborhood participation. However, it is
recognized that not all levels of government are articulated, and not
all local governments have emergency response plans. Therefore, an
urgent need is to provide alternative water supply in emergencies.
These alternatives should prioritize social organizations as initiators
and decision-makers for response actions. It is recommended that
the implementation of urban resilience actions be balanced in its
technical, organizational, and social dimensions, as well as in
structural and non-structural measures.

3 Methodology for the design of
the EWaSS

The proposal for a system for the emergency water supply
system, EWaSS, is based on an earthquake scenario (magnitude,
location, and fault-rupture geometry, USGS, 2023). The spatial
analysis and design criteria for the components of the SSU
consider the technical, organizational and social dimensions of
the resilient city approach in three spatial scales: macro, meso
and micro (Figure 1).

At the macro scale, public spaces are assigned as possible points
of distribution, PoD. According to their feasibility, they are classified
as optimal, viable, or non-viable. The level of concentration or
dispersion of feasible public spaces is analyzed to define the
conditions of service of the EWaSS.

Thematic layers of the urban and socio-spatial structure,
quantitative and qualitative information (e.g., population density,
socioeconomic strata, roads and land uses, level of probable damage,
seismic micro-zoning and public spaces) are superimposed,
spatialized, and systematized with GIS (Arc View, Google Earth,
Street View) to determine the macro strategies for emergency
attention. This process is complemented by qualitative tools such
as a risk perception survey. Participatory activities with decision-
making actors, such as work tables, workshops, and in-depth
interviews, are mandatory.

In addition to the spatial analysis, it is recommended that
agreements for providing safe water and budget allocation be
made at public management levels. It is also necessary to review
the adjustments or creation of standards and other regulations that
allow for the effective implementation of a safe water supply system
in emergencies.

At the meso scale, a first approximation of the SSU networks in
urban sectors (for example, districts) is identified. SSUs are
delimited by the superposition of thematic urban information:
main roads, population density, land uses, and the PoD
classification done in the macro-scale analysis. International
recommendations for the maximum distance to the PoD, the
minimum provision of water, and the minimum waiting times
are considered to define the SSU area in an iterative process to
fulfill the technical and urban aspects.

It is recommended that the EWaSS be articulated with the
existing DRM plans, the location of road infrastructure and
shelters. Earthquake drills must include the operation of the
EWaSS. Special attention must be paid to the areas lacking
feasible public spaces.

The micro-scale phase consists of the design of the SSU physical
components: reservoirs, meeting points, paths to the PoD, and the
public spaces to install the PoD. These structural measures are
complemented by non-structural measures composed of protocols
for activating the EWaSS and audiovisual materials for
communication and dissemination. The autonomous functioning
of the SSU is based on the willingness and capacity of neighborhood
organizations to actively participate and assume responsibilities in
the operation in the event of an emergency.

Complementary elements are included for autonomous
operation: signage, alternative lighting, furniture, equipment and
materials for use andmaintenance. The SSUs are designed according
to the characteristics of the possible public spaces (optimal, viable, or
not viable), following current regulations and considering that these
can be adapted to the particular needs of the neighborhoods.

4 Case study spatial analysis in the
metropolitan area of Lima-Callao

According to census data, the city has a population of 9,569
468 and an urban area of 101,170 ha (INEI, 2017). In this area, the
density varies in three ranges: up to 150 inhabitants/ha, 151 to
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400 inhabitants/ha, and over 400 inhabitants/ha. In the central area,
the density is beginning to be lower than in the peripheral
expansions due to the predominance of smaller lot sizes and the
recent process of high-rise housing and condominium construction
in the peripheral expansions. The Lima-Callaometropolitan area is a
political-administrative division of the province of Lima. Lima has
43 districts, and the Constitutional Province of Callao has 7.

Since the 1990s, the conformation of the urban territory of the
metropolitan area of Lima-Callao has been conditioned by (a) the
political, economic and social changes brought about by the
Structural Adjustment Program of 1990, which followed the
guidelines of the neoliberal model, and (b) the characteristics of
its location in a coastal area with foothills in the Andes and facing
the Pacific Ring of Fire, where the Nazca and South American plates
interact in a subduction process that causes high seismic activity.

Under these conditions, the urban structure of the metropolitan
area shows accelerated growth due to important private investments
that combine formal and informal urbanization processes. The
diffuse morphology of the city shows clear physical and
functional differences between the central zone and the

expansion zone towards the periphery. Its main road axes exceed
100 km from north to south and 60 km from east to west (Figure 3).
Several smaller radial axes emerge from these main axes, making the
city sprawling, low-density, and with few service centers. This
expansion occupies unmitigated risk areas due to the soil quality
and the buildings built on it (sandy areas, more than 20% slopes, use
of adobe and non-resistant materials, and precarious construction).

4.1 DRM in Lima-Peru

In Peru, there have been positive advances in DRM that would
make it possible to plan for alternative systems to provide safe water
in the post-disaster emergency of a major earthquake and for
affected populations to be prepared and take responsibility in
such a scenario. The National Policy for Disaster Risk
Management 2050 (PCM, 2021) follows the Sendai Framework’s
guidelines for prospective, corrective and reactive management. The
National Center for the Estimation, Prevention and Reduction of
Disaster Risk (CENEPRED) and the National Institute of Civil

FIGURE 1
Proposed spatial analysis at three scales to define EWaSS design criteria.
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Defense (INDECI) are responsible for preparedness, response and
recovery, and reconstruction, respectively.

The National Strategic Planning Center (CEPLAN) coordinates
the integration of DRM into the National Development Strategic
Plan. It includes the participation of private and civil society
organizations responsible for responding to emergencies. The
plan also emphasizes that participation is both an obligation and
a right, so all private natural or legal persons should align their
actions with the national DRM policy. This plan also includes the
participation of the regional and local governments that make up the
National Disaster Risk Management System (SINAGERD).

In Peru, the Ministry of Environment, the Ministry of Defense,
the Ministry of Housing, Construction and Sanitation (MCVS),
INDECI, CENEPRED, municipalities and service providers are the
main institutions responsible for preparedness and response actions
for water supply. Therefore, they must be articulated to maintain the
continuity of the water supply or restore its operation during the
emergency scenario, as stated in the Regulations for the
Identification, Evaluation and Risk Management of Critical
National Assets (Supreme Decree No. 106-2017-PCM, 2017).

The guidelines of the National Policy for DRM 2050 integrate
public and private institutions and focus actions on the restoration
of the traditional drinking water system. The recommendations of
the WHO and the IDB are incorporated in the immediate or short-
termmeasures of the Peruvian regulations. The National Emergency

Operations Plan (PNOE) (PCM, 2022) indicates that public
institutions are responsible for providing alternative means of
access to water, which should be coordinated with INDECI.
These alternatives include bottled water and water purification
tablets, among others. The PNOE indicates that coordination
should be articulated, although not all levels of government have
a specific plan for the first emergency response after a disaster.

DRM guidelines are being incorporated into laws and
regulations so that the central, regional and local levels of
government have the necessary means to coordinate management
actions, such as water supply in emergencies. The National DRM
System is in charge of formulating and approving standards and
plans and evaluating, directing, organizing, supervising, monitoring,
controlling, and executing processes following DRM-related laws
and regulations. Specifically, the following legal framework (Table 1)
will be taken into account to identify sites for the location of the
alternative water supply system:

The guidelines for the implementation of the Emergency Water
Supply and Response Protocol for the Affected Population are based
on the Emergency Operations Plan for the Province of Lima
2021–2023 (MML, 2021a) and the Contingency Plan for a Large-
Scale Earthquake Followed by a Tsunami in the Province of Lima
2021–2023 (MML, 2021b) (which does not include the
Constitutional Province of Callao). Based on these guidelines, the
phases for implementing immediate or short-term measures for

TABLE 1 Legal framework for the design and implementation of the Emergency Water Supply System (EWaSS) in public spaces.

Regulatory instrument Regulatory specification

Law on the Management and Protection of Public Spaces (Law No. 31199, 2021) Chapter I, art. 6 - clause 1: Local governments have jurisdiction over the public spaces
under their administration

Chapter III, art. 16 - clause 3: It does not constitute a denaturalization of the collective
use and enjoyment of green areas for public use if facilities or compatible uses are
incorporated to fulfill the purpose of public recreational use of urban green areas

Chapter III, art. 16 - clause 4: The execution of infrastructure works of essential public
services, regulated by special norms, does not affect the intangibility of green areas for
public use

Supplementary Final Provisions, art. 2: The authorization or granting of rights to public
spaces for public service purposes in favor of public entities shall be regulated following
the National Superintendence of State Property rules

New Regulation of the National System of State Assets (Nuevo Reglamento del Sistema
Nacional de Bienes Estatales, 2021)

Chapter I, subchapter XI - art. 90: There shall be no denaturalization or obstruction of
public property if

- The act on public property is intended to develop complementary services that
contribute to the fulfillment of the public use or service

- The activity for which the property is intended is compatible with the use of the
property or its zoning

National Building Regulations (MCVS, 2021) Standard OS.030 - Storage of Water for Human Consumption: Storage systems that
provide water for human consumption shall have an additional volume for supply in
emergencies such as fire, temporary interruption of the supply source, or partial
shutdown of the treatment plant

- Reservoirs shall be located in open areas

- Studies of topography, soil mechanics, variations in phreatic levels, and soil chemical
characteristics must be available for design purposes

- Reservoirs should not be located on land prone to flooding, landslides, or other
hazards that affect their safety

- The form of reservoirs should not entail costly structures
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water supply after a large earthquake are outlined (INDECI,
2015) (Table 2).

As part of its emergency plan, the city water company SEDAPAL
has some facilities (static tanks, reservoirs and wells) that would be
operational after an 8.8 Mw earthquake to supply water to the
nearby population, independently of the regular supply network,
which would be interrupted due to infrastructure damage. In the
scenario of a possible disaster leading to a shortage of drinking
water, SEDAPAL would be responsible for delivering bottled
drinking water to the population in need within 24–72 h.
Subsequently, bladders or flexible tanks should be installed
within a period ranging from 24 h after the earthquake to the
seventh day, as indicated by the Metropolitan Municipality of
Lima (MML, 2014).

4.2 Earthquake scenario

According to the Institute of Geophysics of Peru, there is
enough accumulated energy to generate an earthquake of
magnitude Mw 8.8 (CENEPRED, 2020) in front of the Lima-
Callao coast. In this scenario, 45% of its population would
experience a high level of damage, 33% a medium level of
damage, and 25% a low level of damage (CISMID, 2013). In
this area, 41% of the urban area would collapse or suffer severe
damage to its buildings, which is considered a high level of
damage; 33.43% would suffer moderate damage; and 25.37%
would suffer light or no damage. The grouping of high,
moderate and light corresponds to the five levels of damage
(CENEPRED, 2020), as shown in Table 3.

In the case of the Lima-Callao metropolitan area, the emergency
facilities of SEDAPAL would be able to serve only 10% of the
population living near them (an estimated 500 m walk). Meanwhile,
90% of the metropolitan area would be left without safe water after

the 8.8 scenario. In this area, 74.79% of the population lives in places
with buildings that would likely collapse or be highly or moderately
damaged by the impact of a seismic event, and only 25% of the
population lives in places with buildings that would suffer only light
damage (Figure 2).

4.3 Spatial analysis of the macroscale: the
metropolitan area

Currently, a large part of the city would face a serious situation
after a major earthquake. These unserved areas of the city
correspond to the neighborhoods with the largest number of
inhabitants. In Figure 4D, the red areas are unserved zones
corresponding to recently densified urban settlements.

At the metropolitan scale, the criteria for the location of the
EWaSS have been identified using the local management
standards, according to which it is feasible to occupy public
green spaces (Law No. 31199, 2021). The viability of use for water
supply is determined based on the characterization of the
urbanized area in terms of seismic microzonation, level of
housing damage, population density and socioeconomic strata.
There are three conditions for public green spaces: optimal,
viable and non-viable (Figure 3; Table 4). The area to be
supplied has a radius of 500 m from the household, which is a
feasible distance to cover carrying the weight of water, according
to the Sphere Project (2011).

According to Table 4, the metropolitan area is characterized in
terms of the location of water supply points:

a) Non-viable public spaces (36.2% of the total public spaces
identified). They are predominant in the peripheral expansion
zones. Based on the north-south and east-west road axes, the
characteristics of these spaces are described (Figure 3).

TABLE 2 Phases of emergency response after an earthquake (INDECI, 2015).

Activation and initial intervention First response Complementary response

Between 0 and 12 h after the disaster Between 12 and 24 h after the disaster After 24 h

It involves the self-help of the population affected by the
disaster. It requires solidarity and coordinated support
among individuals, families, and communities to help the
injured and victims using available resources, including
water. These actions facilitate rapid adaptation to the
disaster scenario

The distribution of humanitarian aid begins in the
disaster areas. It includes bottled water, tents,
shelters, food, tools and household items for the
affected population. This action requires a
multisectoral and multiscale articulation of the
SINAGERD.

During this period, humanitarian supplies such as bottled
water or water purification tablets are distributed. The
regional government must support this action, and the local
government, social organizations, NGOs, and others must
respond to the emergency

TABLE 3 Damage levels used in the 8.8 Mw earthquake scenario.

Damage
level

Description
(CENEPRED, 2020)

Repair costs (%)of the initial value of the
building) (CENEPRED, 2020)

Damage level used
in this study

% of the
urban area

I Very low Less than 15 Light 25.37

II Low 15–30

III Moderate 30–60 Moderate 33.43

IV Severe 60–85 High 41.20

V Collapse More than 85
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- Towards the north and northeast, a clear concentration of
non-viable public spaces is identified, forming extensive but
non-continuous patches, especially at the edges of the urban
sprawl. In these areas, the population density varies, and the
lower socioeconomic class predominates. In the northern
end, with low density, the main reason for the non-
viability of public spaces is the damage that would be
caused to the surrounding houses due to the low quality of
the buildings. In the northeastern zone, of medium and low
density, located on the edges of the urban sprawl, the main
reason for the non-viability is the low quality of the soil, the
slopes of more than 20% and the possible damage to the

housing. Moreover, as for the high-density northern zone
near the center, non-viable public spaces are predominantly
located in areas of severe damage and collapse (Figure 4D).

- To the east, the distribution of non-viable public spaces is scattered
in the ravines of the hills. These are places with a high density on
the left bank of the Rimac River (Figure 4C), amedium density on
the right bank, and a low socioeconomic stratum. According to
the seismic microzoning (Figure 4A), the soil is of type I. It should
be noted that the non-viable public spaces in the ravines of the
Rimac River are exposed to the risk of landslides and mudslides.

- Towards the south, there is a high concentration of these
spaces, which form an extensive patch in an area consisting of

FIGURE 2
Population not served by SEDAPAL’s emergency infrastructure, by level of damage.
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sandbanks, with a high density of land occupation and a low
socioeconomic stratum. The main causes of the non-viability
of these public spaces are the seismic microzonation, since
soils of type III and IV predominate, and the levels of serious
damage and collapse due to the low quality of housing

construction. In addition, some areas on the coast are
exposed to soil liquefaction.

- Towards the center and west, the public spaces of the non-
viable classification form smaller patches than in the previous
zones and are scattered, especially near the Pacific Ocean, on

FIGURE 3
Classification of public spaces into optimal, viable and non-viable for the location of EWaSS water supply points.

Frontiers in Built Environment frontiersin.org09

Santa-Cruz et al. 10.3389/fbuil.2024.1385476

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1385476


the “Costa Verde” (Green Coast). A high socioeconomic class
predominates, with a lower presence of the middle
socioeconomic class. The seismic microzonation is mainly

type I soil. The level of damage varies: the moderate level
predominates, with areas where the damage would be
superficial and light; however, in the historical areas, the

FIGURE 4
Spatial analysis using thematic map overlays (A) Seismic microzonation. (B) Damage caused by a seismic of 8.8 Mw. (C) Population density. (D)
Classification of districts according to the amount of population not served by emergency water supply points.
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damage would be severe, and some areas are at risk
of collapse.

In this scenario, it has been determined that non-viable public
spaces, where it is not feasible to install a reservoir, represent 36.2%
of the total number of public park spaces in the metropolitan area of
Lima-Callao. Therefore, it is necessary to integrate the population
with non-viable public spaces into the system through nearby viable
SSUs. Alternatively, if this is not possible, other alternative solutions
must be found to provide water during emergencies.

b) Viable public spaces (54.5% of the total public spaces identified).
They are themost common in themetropolitan area, forming large
and continuous areas. They are predominant along the north-
south road axis, where the socioeconomic strata are medium, low
and high, and the density is relatively high. Towards the center-
west road axis, the high socioeconomic class predominates, with a
lower presence of themiddle class and high andmedium densities.
In both sectors, viable public spaces are located in seismic
microzoning zones I and II; however, towards the coast (where
the soil presents the possibility of liquefaction), there are zones of
type IV. The level of damage ismostlymoderate. The proportion of
viable public spaces decreases towards the east and south axes.

Viable public spaces make up 54.5% of the total public spaces in
parks. Even in this classification, specifics should be examined in order to
achieve adequate emergency water SSUs for their inhabitants. It was
found that thismain category is scattered in themetropolitan area and in
close proximity to non-viable public spaces. It provides an opportunity to
provide water to residents who do not have a viable public space,
although the distance may be greater than the recommended 500m.

c) Optimal public spaces (9.3% of the identified public spaces). They
are representative of the north and the center-west road axes.
- Towards the north and northeast, the concentrations of optimal
public spaces formmedium-sized and scattered patches. In these

places, the predominant socioeconomic stratum is low, with a
lower presence of the middle stratum and very high density. The
microzoning corresponds to zones I and II, and the damage
levels are minor or no damage.

- To the east, optimal public spaces are concentrated in a single
sector with small patches, where the socioeconomic stratum is
high andmedium, and the population density is medium. The
seismic microzonation corresponds to zones I and II, and the
levels of damage are light and no damage.

- Towards the center-west, the concentration of optimal public
spaces is significantly higher than in the previous road axes. In
this area, the socioeconomic stratum is predominantly high,
and the density is medium, with high-density sectors.
Regarding seismic microzoning, the soils correspond to
zone I, which favors light damage and no damage levels.

Optimal public spaces represent only 9.3% of the public park
spaces for the location of water supply points in the metropolitan
area of Lima-Callao. They correspond to places of middle and high
socioeconomic strata, where the levels of damage are light and null,
and their density is medium and high. All these conditions must be
taken into account when making decisions. This small category is
scattered throughout the metropolitan area, which requires studies
on a smaller scale to determine the possibility of serving the
residents of nearby non-viable public spaces.

In summary, the results at the metropolitan level indicate that
it is possible to locate SSUs in different locations along the north-
south and east-west road axes. This will facilitate a balanced
distribution of SSUs. However, the classification corresponding
to the optimal public spaces is clearly small, while the classification
corresponding to the viable public spaces, although predominant,
requires specific studies to be carried out to ensure the proper
operation of the SSUs. Both offer the possibility of serving
residents whose public spaces are not viable, thus serving
vulnerable sectors exposed to greater damage in the event of a
major earthquake.

TABLE 4 Classification of public spaces for the location of EWaSS water supply points.

Classification of public
spaces

Type of public space law on
the management and

protection of public spaces
(law no. 31199, 2021)

Seismic microzonation
(CISMID, 2016)

Housing damage status
(CENEPRED, 2020)

Optimal All three criteria are
optimal

Public Parks and Gardens These are public
spaces designated for emergency use in the
regulations

Zone I The reservoir at the water supply point
should be designed with a seismic
amplification factor less than or equal to 1
(Zone I)

Levels I and II Correspond to no damage
and minor damage. In these areas, roads
would be free of earthquake debris and
could be freely traveled without interfering
with the search and rescue of victims and
the subsequent removal of debris

Viable: at least one criterion is
optimal or viable; - all three
criteria are viable

Stadiums, roundabouts and squares They
can be used in emergencies according to the
responsibilities of each municipality or by
agreement with other public authorities

Zones II and III The reservoir at the water
supply point is considered technically feasible
and should be designed with a seismic
amplification factor greater than 1.2 (Zone II)
and 1.4 (Zone III)

Level III Corresponds to moderate seismic
damage. In this zone, there would be no
landslides in the surrounding area,
although some buildings may be at high
risk of collapse, making movement risky

Non-viable A criterion is non-
viable

National parks and cliffs They are intangible
and must be preserved

Zones IV and V The water supply point
reservoir is ruled out due to problems of
excessive amplification and liquefiable soils.
Areas exposed to tsunamis and rockfalls are
also excluded

Levels IV and V Correspond to severe
damage and building collapse. In an
emergency, debris could impede the
movement of people to water supply
points, and its distribution could interfere
with search and rescue efforts
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In this macro-spatial scenario of an 8.8 Mw earthquake, a survey
was conducted among the metropolitan area’s inhabitants to
identify aspects related to non-structural measures (Figure 5).
The features of the survey are shown in the appendix. The
survey highlighted the following results:

a) According to the respondents, the most important activities in
the first moments after the earthquake are caring for the
injured (64%) and seeking shelter (59%), followed by food
(51%) and water (37%).

b) Regarding the people who could help the most quickly to get
water after an earthquake, the police, army and firefighters
were mentioned first (35.7%), followed by neighbors (35.4%),
SEDAPAL (40%), the municipality and INDECI.

c) When asked about the best places to store and provide water, the
respondents mentioned parks, green areas and sports fields.

These results align with the previously mentioned problem of
low-risk perception about not having water during the 3 days
following an earthquake, which was not mentioned as a top
priority. Regarding the participation of local actors, the responses
are mixed. These results show that the SSUs of the EWaSS can
function as a local system in decision-making and implementation
and that they function autonomously in water distribution during

the emergency, managed by the neighbors. Similarly, public spaces
are prioritized for water storage and distribution.

It is worth noting that residents’ responses are directly or
indirectly related to the different levels of government, risk
management institutions, and civil society. It aligns with the
processes outlined in the National Policy for Disaster Risk
Management 2050 (PCM, 2021), embedded in various regional
and local urban planning regulatory instruments.

Local actors in a participatoryworkshopheld inOctober 2022 pointed
out that the city’s diversity must be considered in the EWaSS design. A
meeting with the Board of SEDAPAL was held at the beginning of this
project to establish ways of collaboration for population risk reduction.

4.4 Mesoscale spatial analysis: districts

The mesoscale analysis examines the spatial conditions that make it
possible to identify SSU networks at the district level. For this purpose,
two binding conditions are prioritized: (a) accessibility (road hierarchy,
availability and proximity of public spaces) and (b) social vulnerability
(organizations in urban sectors, population density and level of damage
per block). The case of the district of SanMiguel is presented, a zone that,
based on the macroanalysis, has viable and non-viable public spaces for
the location of water supply points (Table 5; Table 6; Figure 6).

FIGURE 5
Perception survey regarding the occurrence of an 8.8 Mw earthquake.

TABLE 5 SSU network unit classification.

SSU network
classification

Urban sectors of
the district of San

Miguel

Accessibility Social vulnerability

Network with greater
operational capabilities

Sectors 1, 2, 3 and 5 A regular and continuous road network is limited by
roads of high hierarchy. It has public spaces that allow
its location at a distance of approximately 500 m

Medium density predominates with high-density
blocks. The predominant levels of damage are light
and moderate

Network with restrictions on
its operation

Sectors 7, 8, 9 and 10 The area contains a regular and discontinuous road
network with only one high-hierarchy road. It has
fewer public spaces at a distance of more than 500 m

It is in the process of densification from medium to
high density. The predominant level of damage is
moderate, but there are areas of severe damage

Network with fewer or no
operational capabilities

Sectors 4 and 6 The area contains a regular, irregular, and
discontinuous road network with only one high-
hierarchy road. It does not have sufficient public
spaces at a distance of 500 m or less

It is in the process of densification from low to
medium density. The level of damage is severe

Based on the Law on the Management and Protection of Public Spaces (Law No. 31199, 2021); CISMID (2016); CENEPRED (2020).

Frontiers in Built Environment frontiersin.org12

Santa-Cruz et al. 10.3389/fbuil.2024.1385476

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1385476


Based on these characteristics, three groups of urban sectors
(division of the district into sectors with more or less
homogeneous urban characteristics) are identified with

delegates elected by the residents. The delegates are
responsible for guiding the decisions of local management
actors and residents, aiming to form and articulate SSU

FIGURE 6
Mesoscale spatial analysis using thematic map overlays (A) Availability and proximity to optimal, viable, and non-viable public spaces. (B) Population
density and optimal, viable and non-viable public spaces. (C)Damage level and urban sectors of the district. (D)Urban blocks with high population density
most affected by seismic event and proximity to optimal viable and non-viable public spaces.
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networks that function as a local system. This objective
articulates aspects of non-structural measures of local
management, for which the regulations of the Disaster Risk
Management Plan will be taken into account, in accordance
with the Urban Development Plans and the Law on the
Management and Protection of Public Spaces, as well as those
of other relevant public bodies.

Common criteria will be applied to heterogeneous sectors,
considering their prevailing characteristics. SSUs will serve their
residents and, if necessary, the nearby population that does not have
viable public spaces.

Considering the density population is 75 inhabitants per Ha,
the provision is 2.5 L per person per day for 3 days (72 h of
operation during the first moments of the earthquake
emergency) and a maximum distance of 200 m to the PoD,
the volume of the reservoir is estimated as 9.5 m3

approximately. This number should be adjusted in the micro-
scale analysis considering the actual conditions of the public
space and the surroundings, such as soil type and existing
urban equipment.

4.5 Microscale spatial analysis:
neighborhoods

The microscale spatial analysis provides the conditions for a
precise location within the public space and the criteria for
designing the SSUs at the neighborhood level, shown in Table
6. The aim is to move from theoretical design to the necessary
adjustments for practical implementation involving local
stakeholders, including local management and neighbors. The
physical and usage characteristics of public spaces, users and

existing neighborhood organizations are identified. In the spatial
analysis, structural and non-structural measures are linked
through technical, organizational and social dimensions
(dimensions of a resilient city). Fieldwork and participatory–
collaborative activities with local actors complement the desk work.
The spatial analysis allows the research team to define the following
SSU components:

(a) Meeting points are defined in public spaces that neighbors
recognize as having safe physical characteristics and
modes of use.

b) Access routes and signage to safe water supply points, which
coincide with evacuation routes in the event of an earthquake.
They are defined as streets and avenues whose physical
characteristics and those of the surrounding buildings are safe.

c) Water supply points are located in parks and coincide with the
safe areas of these public spaces. They preserve the design of
recreational spaces and green areas and contribute to their
improvement.

For the case study at the microscale, urban sector No. 4 in the
district of San Miguel was selected as a priority and divided into
two contiguous subsectors with public spaces of non-viable and
viable classification. A third subsector was selected in the district of
Lima, adjacent to sector No. 4, with optimal public
spaces (Figure 7).

Accessibility, location and type of safe water supply points are
three criteria for the design of SSU components. A relevant
condition for creating the design proposal was the need to
respect the spatial composition of public spaces so that the
inclusion of the EWaSS would contribute to improving
these spaces.

TABLE 6 Minimum requirements to meet the specific objectives of EWaSS.

Goal Indicator Value

To provide sufficient and appropriate drinking water for
human consumption and to be available at all times

Amount of water per person per day (L) 2.5

Maximum distance the resident has to walk to the
distribution point (m)

500

Maximum waiting time (min) 30

Treatment 2 drops of 5% commercial bleach per liter of water
(covered and allowed to sit for 30 min)

Duration of distribution (days) 3

Supply agreement with SEDAPAL One

Must be self-sustaining and sustainable Number of people familiar with the protocols One per family

Number of social or neighborhood organizations with
ongoing communication and registration

At least one

Number of training activities, such as capacity building
and drills

2 per year

It must not be damaged by external factors (earthquakes,
weather, vandalism)

Performance target Fully operational for an extreme event with a return
period of 500 years

Location/soil type I or II of the technical code N-E030

Equipment overhaul and preventive maintenance According to the manufacturer’s specifications

Structural overhaul and maintenance Twice a year
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a) For accessibility at the microscale, the physical conditions
of public road spaces and their hierarchies, the function of
recreational and green spaces, and how different users use

them are studied. Meeting points, evacuation routes, and
safe areas with safe water supply points are identified on
this basis.

FIGURE 7
Neighborhoods that form SSUs with optimal, viable, and non-viable public spaces.

FIGURE 8
Conditions of accessibility and use of SSUs in neighborhoods.
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In practice, the spaces, even if they are optimal, do not always
meet the appropriate conditions for accessibility, as there may be
streets closed by security fences, occupied by poorly parked vehicles
and street vendors, lacking maintenance, with overhead electrical
wires, and the like (Figure 8). Therefore, proposals should be made
for actions that combine structural and non-structural measures to
enable the future implementation and use of meeting points,
evacuation routes and safe areas.

(b) The location of the water supply point and the signage at the
microscale considers the existence of active and non-active
neighborhood organizations, in addition to what has been
indicated in the macro-and mesoscales regarding the hierarchy of
roads and the classification of public space. It aims to contribute to
non-structural measures so that the EWaSS can have an
autonomous operation run by neighbors during an emergency.
According to the National DRM Policy, citizen participation can
occur through neighborhood committees, parish committees, sports
associations, educational institutions and other similar bodies in the
area. The signage should be visible day and night in public spaces,
businesses, and other local landmarks in the neighborhood. It is
recommended that official DRM signage be used and supplemented
with EWaSS signage to facilitate access and use of the SSU (Figure 9).

In the case of neighborhoods where public spaces are not viable, the
closest possible space will be identified, even if its distance exceeds the

500m recommended for the location of the water supply point. Similarly,
recommendations should be made to the local government to
improve the design of pedestrian crossings and the
reinforcement of structures facing evacuation routes that could
be damaged and impede access to the water supply point. These
recommendations should be applied in neighborhoods in non-
viable areas where neighbors have access to water in the nearest
viable area due to the impossibility of having a safe water supply in
their neighborhood. In general, it should also be taken into account
that the physical conditions and the use of meeting points and
evacuation routes do not always have the qualities required to
facilitate access to safe water supply points (Figure 9).

c) Type of safe water supply point. Considering that there will be
no electricity or alternative energy sources during the first
hours after the earthquake, using reservoirs with pumps, as in
the case of buried tanks, is excluded. Therefore, it is suggested
that the reservoirs be elevated, above ground and semi-buried,
with water distribution mechanisms that are clearly visible and
manual to facilitate access.

The future implementation of the SSU requires that its facilities
(reservoirs, signage, solar panels, storage compartments) be part of
viable and recreational public spaces, that they function day and night,

FIGURE 9
Meeting points and evacuation routes or access routes to safe water supply points.
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and that they do not interfere with daily uses (Figure 10). In addition,
local authorities are required to take measures to improve the structure
of some facilities. They must also train neighbors to use the facilities
autonomously, take care of the equipment, and understand the
protocols for use in an emergency. This includes the provision of
water containers, waiting times, amount of water per person per day,
solidarity assistance, and other procedures for access to safe water.

The link between the research, the USR course, and the
participation of the citizens was key to knowing and jointly
defining the criteria for the location and design of the SSU
components. Likewise, the fieldwork shows that each
neighborhood has specificities in its technical, organizational and
social conditions, regardless of whether the public spaces are
optimal, viable or non-viable. These specificities are related to
information that cannot be captured in official sources, such as
details on population density, distances, and physical aspects of
public spaces that can facilitate or hinder the collective use of
meeting points, evacuation routes, and safe areas as a system.

Neighborhood organizations also contribute to the definition of
structural measures, such as the size of reservoirs, the number of
supply points, maintenance, and the organization of distribution
during emergencies. Strengthening active and non-active
neighborhood organizations is essential for effective
neighborhood behavior during an emergency.

From an academic point of view, feedback from the results of the
social impact research, the USR course, and the social actors is
fundamental to the development of scientific knowledge at the
microscale. Equally important at the microscale, these
experiences strengthen society’s trust in public services and
science. A closer approach to the specificities of each place and
each social group is essential for DRM in the emergency of providing
safe water to the affected population, as it will contribute to ensuring
water privision and distribution during the first 72 h immediately
after a high-intensity earthquake.

4.6 Discussion

Based on the analysis at the metropolitan (macro) level, a solidary
and equitable solution to the emergency is proposed among the districts
of the metropolis, regardless of socioeconomic status, population
density and the state of public space. Ninety percent of the
population would not have a domestic water supply in the first 72 h
of the emergency, and one-third of the urbanized territory of Lima-
Callao does not have the conditions for installing an EWaSS. Moreover,
most of this territory consists of residential areas that are highly
vulnerable, both physically-spatially and socio-economically.
Therefore, it is proposed that areas with viable and optimal public

FIGURE 10
Safe water supply points with local stakeholders participation.
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spaces can share water with non-viable areas. To this end, public
management actors must plan actions to ensure emergency response.

At the district level (meso), in the municipality of San
Miguel, collaborative participation activities with local
management actors made it possible to arrive at criteria
consistent with DRM plans and relevant to urban conditions.
In addition, the municipal authorities recognized the need to
strengthen DRM capacities based on the proposed vision of
spatial analysis and the feasibility of including it in their budgets.
Based on this analysis, the conformation of EWaSS networks is
proposed according to political-administrative subsectors,
urban structure, and the availability of optimal public spaces,
whether viable or not.

At the microscale (neighborhood), the design of the SSUs
transforms the theoretical approach into a concrete and specific
reality that may differ from the results at the meso and macro levels,
even between adjacent neighborhoods at the microscale. For
example, it is worth considering that the optimal and viable
spaces were hampered by improper occupation of the streets and
an irregular urban layout that hindered accessibility. These
situations could be seen in the fieldwork carried out at the
microscale. The application at the microscale allows the
adjustment of the radius of influence of 500 m of the public
spaces classified as viable and optimal to polygons defined by the
hierarchy of the street structure, the organization of the neighbors in
the neighborhoods, and the dimension and availability of
public spaces.

Similarly, through participatory activities at the microscale,
decision-makers and neighbors recognize their low level of
resilience. At the same time, they show interest and
commitment to participate in the future implementation of the
EWaSS. In this project, it is proposed that the protocols be
designed in a participatory way, based on the interest of the
neighbors, valuing their knowledge of their neighborhoods and
that these protocols be included in the emergency plans
of the DRM.

5 Conclusion

The spatial analysis method proposed to define design criteria in
the context of an emergency response manages to integrate
territorial, resilience and participatory approaches, yielding results
that improve the response capacity at different spatial scales and
levels of decision-making of local public management actors and
neighbors. The method provides a comprehensive vision in DRM
for planning and managing an emergency response in case of high-
intensity earthquakes. It also helps to control the rise of new social
risks during the emergency. In addition, collaborative participation
enables neighbors to exercise their civic rights and responsibilities,
move beyond low-risk perceptions, reduce vulnerability, and
increase resilience.

The following steps for this spatial analysis method are to
transform it into an interactive and accessible tool that will be
the basis for developing DRM plans for safe water supply in
accordance with the participatory approach. Likewise, these
actions can be linked to other local DRM management plans for
emergency prevention and response.
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