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Post-disaster housing recovery models increase our understanding of recovery dy-
namics, vulnerable populations, and how people are affected by the direct losses
that disasters create. Past recovery models have focused on single-family owner-
occupied housing, while empirical evidence shows that rental units and multi-family
housing are disadvantaged in post-disaster recovery. To fill this gap, this paper
presents an agent-based housing recovery model that includes the four common
type-tenure combinations of single- and multi-family owner- and renter-occupied
housing. The proposed model accounts for the different recovery processes, em-
phasizing funding sources available to each type-tenure. The outputs of our model
include the timing of financing and recovery at building resolution across a com-
munity. We demonstrate the model with a case study of Alameda, California, re-
covering from a simulated M7.0 earthquake on the Hayward fault. The processes in
the model replicate higher non-recovery of multi-family housing than single-family,
as observed in past disasters, and a heavy reliance of single-family renter-occupied
units on Small Business Administration funding, which is expected due to low earth-
quake insurance penetration. We find that multi-family housing relies more on Com-
munity Development Block Grants for Disaster Recovery (CDBG-DR), and has the
highest total need and highest portion of unmet need remaining. However, many of
these unmet cases have a large portion of their funding, and thus may practically be

able to obtain the funds from personal sources.

INTRODUCTION

Post-disaster housing recovery is not uniform. Past disasters, including the Taiwan Chi-Chi

earthquake, the Northridge earthquake in California, the Canterbury earthquake sequence in

2s New Zealand, and Hurricane Charles in Florida, have shown that housing type (i.e., multi-
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family versus single-family) and tenure (i.e., owner-occupied versus renter-occupied) play a
significant role in determining the recovery of a structure (e.g. Lu et al., 2007; Shao, 2002;
Comerio, 2006). In this paper, we use the term type-tenure to refer to the combinations of these

housing categories.

Rental housing tends to recover more slowly than owner-occupied properties (e.g. Henry,
2013; Tafti and Tomlinson, 2013; Zhang and Peacock, 2009). Scholars have demonstrated dif-
ferences between the recovery of single-family structures due to tenancy, irrespective of damage
(e.g. Luetal., 2007; Nejat et al., 2016). The slower recovery of rental housing can be attributed
to difficulties in decision-making and financing reconstruction (Zhang and Peacock, 2009). In
the US, post-disaster financial assistance prioritizes homeowners, making it more difficult for
owners of rental units to fund repairs (Comerio, 1997). These owners may also live in the
same community as their rental unit and incur damage to both their home and rental property.
Owners of multiple rental properties may not be able to repair all homes simultaneously (Tafti
and Tomlinson, 2013). These factors negatively impact the recovery of rental housing after

disasters.

The reconstruction of multi-family housing (e.g., apartments or condominiums) has been
shown to be slower than single-family housing. Multi-family housing units are unique in their
physical characteristics, ownership structures, and available financial resources after a disaster.
Apartments are multi-unit buildings with one owner or multiple investors, but their residents
are renters. Conversely, in a condominium, each unit is owned by an individual or household.
Studies of past disasters have found that multi-family units, both owner- and renter-occupied,
experience longer recovery times than single-family homes (e.g. Comerio, 1997; Wu and Lin-
dell, 2004; Olshansky et al., 2006; Lu et al., 2007; Rathfon et al., 2013; Hamideh et al., 2021).
Slow post-disaster condominium recovery has been associated with challenges for all owners
to reach agreements and obtain funds for repairs (e.g. Wu et al., 2007; Shao, 2002; Finn and
Toomey, 2017).

While studying past disasters provides valuable insights, lessons from these studies may
not translate directly to future disaster scenarios. There are many different contexts included
in their findings, being from different countries, different hazards, and different social contexts.

This evidence illuminates trends that occur despite many differing factors between disasters.

Since empirical data are scarce and contextually specific to their source, risk modeling is

an important tool to gauge possible future scenarios and their outcomes. Many existing mod-
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els of post-disaster housing recovery seek to capture the recovery times of communities by
accounting for various parts of the recovery process, such as financing, reconstruction, and im-
peding factors. Existing recovery models are often limited to single-family owner-occupied
structures because post-disaster policies focus on this type of home and there are dispropor-
tionately more data available about their recovery in past disasters than about the recovery of
other types of homes. Most recovery models at the community scale ignore rental units (e.g.
Sutley and Hamideh, 2018; Moradi and Nejat, 2020; Miles, 2018) or account for slower renter
recovery with a pre-determined addition to the time to seek resources (Costa et al., 2021). Sim-
ilarly, the ResilUS model (Miles and Chang, 2011) is calibrated to the Northridge earthquake
data such that 25% of renters relocate. These approaches predict slower rental unit recovery,
but they do not capture the sources of that disparity and are thus unable to support exploring
potential solutions. Landlord decision-making has been simulated in isolation, including future
rent decisions but not recovery timing (Tafti and Tomlinson, 2021). DESaster simulates the
decisions of renters and owners, accounting for financing processes of a landlord and a landlord
having multiple rental properties, but not damage to the landlord’s own home (Miles, 2017).
Post-disaster repair financing has been modeled for single-family owner-occupied residences of
various income levels after an earthquake (Alisjahbana et al., 2022), but neither for multi-unit
buildings nor for rental properties. Many components of housing recovery have been modeled;
however, no existing approach provides a full recovery model for rental and owner-occupied

housing that includes landlord property damages and multi-family buildings.

This paper introduces a housing recovery model that includes four major housing types and
tenures with their unique financing properties and paths to recovery. The model is applied to a
case study of Alameda, California following a simulated magnitude 7.0 (M7.0) earthquake on
the Hayward fault. The results demonstrate our ability to understand the timing of financing,

sources of funds, and impacts on recovery between the four type-tenure categories.

MODELING POST-EARTHQUAKE RECOVERY OF COMMUNITIES

Two types of post-disaster recovery simulation models are proposed in the literature. Household
recovery models focus on households and how they progress across four stages of post-disaster
housing: emergency shelter, temporary shelter, temporary housing, and permanent housing
(Quarantelli, 1982, 1995; Rodriguez et al., 2007). In these models, the buildings are simulated
to the extent that physical damage triggers displacement (Sutley and Hamideh, 2018). From the

perspective of the simulation, the damage state of the building is an attribute of the household.

3
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Conversely, housing recovery models focus on the buildings, simulating how these are damaged
at the time of the event and how they regain functionality over time (e.g. Nejat and Damnjanovic,
2012; Moradi and Nejat, 2020; Costa et al., 2021). In these models, the household that occupies
or owns the building is simulated to the extent that its demographic profile affects recovery,
e.g., lower-income owners may have more difficulty funding repairs. That is, the demographic
profile of the household is an attribute of the building. The model proposed here falls in the

latter category.

To simulate a community’s post-disaster housing recovery process, we propose the agent-
based model represented by the schematic in Figure 1. Agent-based models represent complex
systems by simulating the interactions of simple, autonomous agents with attributes (i.e., char-
acteristics) and behaviors (i.e., actions they take). A large number of interactions between
these agents can capture the complexity and emergent behaviors of a system. For example,
agent-based models are employed to study ecosystem equilibrium (e.g. Miyasaka et al., 2017;
McLane et al., 2011), neighbourhood segregation (e.g. Crooks, 2010), and disease spread (e.g.
Hoertel et al., 2020; Rockett et al., 2020). To simulate housing reconstruction within a com-
munity using an agent-based approach, we introduce three groups of agents: (i) building agents
that represent the buildings and their owners; (ii) funding agents that represent entities that pro-
vide financial resources to building owners; and (iii) contractor agents that building owners hire
to repair their buildings. Each group contains multiple agents represented by colored boxes in

1. These agents are described in detail in the following subsections.

(@) Fulfil @
Fulfil requests
requests Building agents a
Single-family Single-family Multi-family Multi-family
owner-occupied renter-occupied owner-occupied renter-occupied
(1) Request (3) Request
funding crews

Funding agents Contractor agents

Figure 1. Schematic illustration of the recovery model, where recovery takes place through interactions
between building agents, funding agents, and contractor agents.

Light Heavy

construction construction

The numbers by the arrows in Figure 1 highlight the order of agent interactions. If a build-

ing is damaged, it interacts first with the funding agents to obtain funding. Then, it seeks to

4
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hire a contractor agent to conduct repairs. The interaction between building and funding agents
is influenced by both the physical properties of the building and the demographic profile of the
building owner. The number of contractor agents may be limited to represent the number of
contractor crews available in the community. Building agents compete for the available con-
tractor agents. The goal is to capture interactions between physical vulnerability (i.e., building
damage) and social vulnerability (e.g., hardship in obtaining funding leading to an extended
housing recovery time). The proposed model provides a flexible architecture that can represent

many behavioral, economic, and policy assumptions.

BUILDING AGENTS

Our literature review highlights significant differences in the recovery processes of residen-
tial buildings depending on their building type and tenure; here we refer to each combina-
tion as a type-tenure. These differences stem from the type and timing of available financing,
the type of repairs needed, and the number of owners who must agree on repair decisions.
Defining all type-tenure combinations is difficult due to the diversity in housing arrangements.
Single-family housing may be either owner-occupied or renter-occupied. Multi-family hous-
ing may have mixed occupations, e.g., the same building may have both renter-occupied and
owner-occupied units. The proposed model simplifies housing arrangements into four common
type-tenure archetypes: (i) single-family owner-occupied buildings (SFOO), (ii) single-family
renter-occupied buildings (SFRO), (iii) multi-family owner-occupied buildings (MFOO), and
(iv) multi-family renter-occupied buildings (MFRO). These four type-tenure combinations have
clear differences in available funding avenues and they represent the majority of residential
buildings in the United States. As shown in Figure 2, each type-tenure is represented by one
agent. In the following, we refer to these as SFOO, SFRO, MFOO, and MFRO agents.

There are many similarities between the implementation of the four building agents. We
leverage these similarities through the concept of inheritance from object-oriented program-
ming, as shown in Figure 2. The attributes and actions identical across agent types are assigned
to a parent class of building agents. The specific type-tenure agents are implemented as four
child classes derived from the building agent class and inherit all attributes and behaviors from
the parent class. The unique characteristics of each type-tenure are defined under the corre-

sponding child class.

Some rental housing may have an owner who also lives in the community. The proposed
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model accounts for this by assuming that if the owner experiences damage to their home and
their rental property, they prioritize repairing their home over the rental home. This behavior
assumes that renter protection policies exist and that owners cannot choose to occupy their

rental property.

Building Agent Legend:
Building type Agent Name
Tenure -
Number of units Simbuies
Damage state behaviors()
Repair cost
Repair time
Parent Class attributes and behaviors
are inherited by Child Classes setContractorRequest(type)
~setFinancingRequest()
~setServiceRequest()
Is-a )\
Single-family Single-family Multi-family Multi-family
Owner-occupied Renter-occupied Owner-occupied Renter-occupied
Building Agent Building Agent Building Agent Building Agent
One owner One owner Multiple owners One owner
No tenant One tenant No tenant Multiple tenants
setFinancingRequest() setFinancingRequest() setFinancingRequest() setFinancingRequest()
setServiceRequest() setServiceRequest() setServiceRequest() setServiceRequest()

Figure 2. Building agent implementation with properties and associated attributes, behaviors, and data
sets. Each type-tenure class has a specific function for financing and service requests. The associated
data sets characterize the different owner and tenant structures.

The SFOO agents represent single-family owner-occupied buildings where the decision-
maker occupies the building. SFOO agents prioritize their home repairs and quickly work to
obtain financing. Their constraints are their ability to raise funds, based on the owner’s income,

and to compete for the limited number of contractors.

The SFRO agents have an owner and a tenant. Tenants occupy the building and are not the
decision-makers for these agents. The building owner is responsible for financing repairs. This
owner is assumed to be an individual instead of a corporation, and the rental home is treated as

a business.

The MFOO agents represent multi-family owner-occupied buildings (i.e., condominiums).
For these buildings, we assume that each household owns the unit it occupies. Thus, as shown
in Figure 2, MFOO agents have multiple owners. In the proposed methodology, the value of

each unit is the total building value divided by the number of units. The building repair cost
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is also evenly split between all units. We assume the owners prioritize repairs and all agree
to rebuild. Thus, negotiation time is zero, and financing is sought immediately following the
disaster. Since the owner of each unit must secure their funds, the recovery of MFOO agents is

typically bottlenecked by the inability of a subset of unit owners to obtain funding.

The MFRO agents represent multi-family renter-occupied buildings (e.g., apartment com-
plexes). These buildings are assumed to be owned by corporations, as opposed to individuals.
Thus, as shown in Figure 2, MFRO agents have a single owner and multiple tenants. The key
differences between MFRO and SFRO agents are the funding sources for which they are eligi-

ble. We assume that these buildings are treated as businesses by funding agencies.

FUNDING AGENTS

Buildings agents interact with the funding agents in Figure 1 that represent insurance compa-
nies, banks, the Federal Emergency Management Agency (FEMA), the Small Business Admin-
istration (SBA), and the Department of Housing and Urban Development (HUD). These agents
provide funds through different grant and loan programs based on building type-tenure. Figure
3 shows the steps the building agents take to obtain funds. Owners are not assumed to use
savings for repairs. The model is informed by empirical evidence and published policies. The
agents seek the fastest and most favorable funding first. Thus, an insured building uses insur-
ance before applying for a grant or loan. Similarly, SBA offers below-market interest rates (i.e.,
4% (SBA, 2022d)), hence the SBA loans are sought before bank loans. Although the CDBG-
DR is a grant, it becomes available several months to years after a disaster (Martin et al., 2022),
so it is the last funding source buildings may obtain. Building agents that successfully obtain
funding proceed with finding a contractor and repairing damages. Others are left with unmet

needs and are unable to repair.

Funding agents may approve or deny requests for funding. If a building agent’s request is
not approved, or the provided funding is not sufficient, the building agent moves on to seek
additional funding from the next funding agent. The funding needs of a building agent at a

given time t, Fpeegs(t) is

Fneeds(t) =RC F(t) (1)

where RC is the building repair cost and F (t) is the funding received by time t from all sources.

Building agents progress along the flowchart in Figure 3 until Fyeeqgs = O or they reach the

7
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Figure 3. Process that building or unit owners follow after a disaster. Main funding sources are shown
in red boxes, with specific programs in red outline with red font. Light red boxes show where paths
differ based on building type-tenure.

end with unmet losses. Each building agent interacts with each funding agent once, at most.
Approved or denied, requests incur a processing time. Using more funding agents lengthens the
time to obtain funding. The five funding agents presented in Figure 1 are further detailed in the

following.

Insurance agent

The insurance agent provides funding to insured building agents whose losses exceed a de-
ductible that must be assumed based on the disaster and insurance type. Insurance is provided
per building agent; thus, unit owners cannot have separate policies. We do not consider con-
tents loss, which renters or unit owners may insure separately. This decision aligns with data
on insured structures and reflects that homeowner associations may mandate insurance for the

entire building.

Thus, the funding available from insurance, Fpsyrance, 18

8
<RC (I3 BV) ifRC>1l4 BV
Fil'lSuranCe = ?0 OtherWise (2)

where |y defines the deductible as a fraction of the building value, BV is the building value, and

RC is the repair cost.



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

The disbursement time for insurance funds is modeled as a lognormal random variable with
a median of 42 days and log-standard-deviation (dispersion) of 1.11 following the model devel-

oped by Almufti and Willford (2013).

FEMA IHP agent

The FEMA THP agent simulates funding coming from the Individuals and Households Pro-
gram (IHP) by the Federal Emergency Management Agency (FEMA). FEMA IHP funding is
available to single-family and multi-family owner-occupied buildings (FEMA, 2016), and the
amount received is affected by the repair costs (RC), insurance status (ls), household income
(Hinc), and the residence type, i.e., single-family or condominium (R). The cap for the FEMA
IHP grant is $36,000. The funding provided by the FEMA THP agent, Frgma, is

8
< f(RC; Is; Hinc; R)  if owner-occupied building

EMA = _ 3)
-0 otherwise

where f() indicates that Fpgpa is a function of the variables in parenthesis. Data from Ma-
jor Disaster Declarations from 2001 to 2020 available through the OpenFEMA Portal (FEMA,
2022) informs f(RC; ls; Hinc;R). A predictive model developed from these data indicates that
approval rates are close to 50% for uninsured households, compared to 25% for insured house-
holds. Insured households tend to receive more than $7,500 while uninsured households tend
to receive less than $7,500. Income affects the amount received, with high-income households
receiving more on average. Housing type-tenure affects approval rates, i.e., condominiums are

less likely to be approved for FEMA funding (Costa and Baker, 2022).

SBA agent

The SBA agent provides loans following the Small Business Administration criteria. SBA
loans are designed to support the repair of homes to their pre-disaster state. For single-family
owner-occupied buildings, the cap is $200,000 (SBA, 2022a). For multi-family owner-occupied
buildings, the owners of each unit may apply individually for a loan (SBA, 2022c¢); however, the
total amount that the entire building can obtain is limited to $2 million (SBA, 2022b). Rental
units are treated as businesses. As such, they can obtain loans of up to $2,000,000. Caps are
conditioned on the availability of collateral to back up the loan. When collateral is unavailable,

loans are capped at $25,000, per SBA criteria (SBA, 2022d). We model collateral as remaining



232 property value, subtracting repair cost from the building value or equity. The equity reflects how
233 much of the mortgage is paid at time t. Owners with outstanding mortgages use their estimated

234  equity; those with paid mortgages use the total property value. We estimate the collateral C as

8
c 2Po +BV (t t3)=M  RC if mortgage outstanding @
7BV RC otherwise

235 where Py is the down payment on the building, t is the current time, ty is the time of the most
236 recent change of ownership, M is the mortgage maturity, and BV is the building value. In the
237 US, data from the Home Mortgage Disclosure Act (Consumer Financial Protection Bureau,
238 2022) can be used to estimate Py and M. Tax assessor data contains ty and BV. Eq. 4 assumes a
239 linear relationship between time and home equity, which is optimistic. With this, the amount a

200 building agent obtains from the SBA agent, Fsgp is estimated as

min(max(C;25000);200000; Fpeeqs(t))  for SFOO

Fsga = _min(max(C;25000); 200000; Fyeeqs(t))  per MFOO unit, up to $2,000,000 per building

MWW AW

min(max(C;25000);2000000; Fyeeqs(t))  for SFRO and MFRO units
&)
241 The SBA agent employs the Almufti and Willford (2013) model for the disbursal time: a

2.2 lognormal variable with a median of 45 days and a dispersion of 0.57.

23 Bank agent

244 The bank agent represents private institutions that provide loans. The bank agent provides
25 loans to applicants that can offer collateral, calculated as in Eq. 4. However, the bank may
26 also provide loans to applicants with low debt-to-income ratios. Gross debt-to-income ratio is
247 the relationship between one’s income and monthly expenses. High gross debt-to-income ratios
28 make it difficult for a household to obtain a loan due to the risk of insolvency (e.g., Cherry
209 et al., 2021). We assume that households without a mortgage have a low debt-to-income ratio

250 and could qualify for a private loan. The loan is calculated as a new mortgage, that is

P=G Hp=12 (@@+nM 1 =r 1+nV (6)
251 where P is the maximum loan amount, G is the maximum gross debt-to-income ratio that the

10
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loaner would accept, Hj; is the annual loanee household income, r is the monthly interest rate,
and M is the loan maturity in months. Our implementation uses G = 0:3 and n = 360 months to
indicate a 30-year maturity. However, these values should be tailored to specific applications.

Thus, the maximum loan provided by the bank agent is

8
Emin(C + P; Fpeeds(t)) if no mortgage

Foank = _ (7)
- min(C; Fyeeqs (1)) otherwise

The disbursal time for loans provided by the bank agent is modeled as a lognormal random
variable with a median of 60 days and dispersion of 0.68 (Almufti and Willford, 2013).

CDBG-DR agent

Finally, the CDBG-DR agent represents the actions of the US Department of Housing and
Urban Development that provide grants to low-to-moderate-income households impacted by
disasters through its Community Development Block Grant for Disaster Recovery (CDBG-
DR) program (HUD, 2022). After each disaster, a CDBG-DR program must be approved by
Congress. HUD provides funds to state housing authorities that, in turn, assist households in
need. For owner-occupied households, the CDBG-DR funds are disbursed through the Home-
owner Compensation Program, which consistently provides grants with a $150,000 cap (Martin
et al., 2022). HUD assistance for rental units is inconsistent across disasters and designed by
state authorities. Examples of well-documented rental assistance programs using HUD funds
are the Landlord Rental Repairs Program (LRRP) and the Small Rental Rehabilitation Program
(SRRP) implemented after Hurricane Sandy (Community Planning and Development, Disaster
Recovery and Special Issues Division, 2013; Aurand et al., 2019). The LRRP provided own-
ers up to $150,000 to repair rental housing (Community Planning and Development, Disaster
Recovery and Special Issues Division, 2013). The SRRP provided multi-family buildings with
25 units or fewer up to $50,000 per unit (Aurand et al., 2019). However, the LRRP and SRRP
were limited to rental buildings affordable to low-income families. Rent is considered afford-
able if it is less than 15% of the median household income. Thus, the funding provided by the
CDBG-DR program to a household, Fcpgg.pr, 1S

11
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min(150;000; Fyeeqs(t))  if low-to-moderate income SFOO or MFOO

Fepea-DR = __min(150;000; Freeds(t))  for affordable SFRO 8)

MWW AW

min(50;000; Fyeeas(t))  per unit, for affordable MFRO with < 25 units

Funding from the CDBG-DR program is disbursed slowly (Martin et al., 2022). The dis-
bursal of CDBG-DR funds is broken down into multiple tasks. Funds are first appropriated by
HUD (AT,ppropriation)> then allocated by Congress (ATyjocation), then awarded to state authori-
ties (ATaward), and disbursed to households over time (ATgege +U(0; 1) AToog expenditure)- The

disbursal time for the CDBG-DR agent is modeled as

TCDBG—DR = A-]-appropriation + ATallocation + A-l-award + ATﬁrst + U(O; 1) AT90% expenditure (9)

where u(0; 1) is a uniformly distributed random variable and ATy, expenditure 18 @ proxy of the

duration of the program.

To estimate Tcpgg.pr, We calculate the averages of data collected by Martin et al. (2022),
where Tappropriation = 0:6 years, ATyjocation = 0:2 years, and T,yaq = 0:2 years. The remain-
ing components of Tcppg.pr differ between the Homeowner Compensation Program (HCP)
and programs aimed at rental housing (i.e., LRRP and SRRP). We estimate ATg gcp = 0 and
ATfrst LRRP and SRRP = 1:75 years (Martin et al., 2022, Fig. 5). That is, there is a 1.75-year gap
between the first payment to owner- and renter-occupied housing. Finally, the duration of the
program is estimated as AToog expenditure, HCP = 2:1 years and ATogg, expenditure,LRRP and SRRP =
1:25 years (Martin et al., 2022). Rental assistance comes later but is disbursed more quickly.
On average, the CDBG-DR agent provides funding to owner-occupied housing in 2.05 years

and renter-occupied housing in 3.8 years.

CONTRACTOR AGENTS

Contractor agents simulate the skilled workers in the community who can conduct repairs. Two
types of agents are introduced to represent contractors: the light-construction and the heavy-
construction agents. This distinction aims to capture the different skills needed to repair small
and large buildings. Multi-family buildings with fewer than four units are assumed to be struc-

turally similar to single-family homes and thus require light contractors. With four or more

12



s0 units, multi-family buildings require a heavy contractor. The number of construction crews
st may be a limiting factor in the speed of recovery. Once a contractor is allocated to a building, it
302 1S unavailable for the time needed to repair the building. The number of crews limits the num-
a3  ber of buildings that can be under repair simultaneously, so even if every building has funding,
s+ they cannot all start repairs together. The model assumes that the number of crews available
a5 to work are the limiting factor in regional recovery speed once building owners have obtained
a6 funds instead of, for example, limited building materials or tools, transportation functionality,

307 subcontractor availability, or other supply chain constraints.

sos DATA

a9 The housing recovery simulation uses input data from a hazard and loss simulation, providing
a0 building damage from simulated ground motions. Table 1 outlines the data necessary for the
a1 housing recovery model that fall into three categories: housing stock, damage instances, and

sz socioeconomic demographics.

Table 1. Input data necessary for each category and its use in the model.

Category Data Purpose
Housing type Financing eligibility, contractor type, repair time
) Number of units ~ Division of repair cost, financing eligibility
Housing )
Replacement cost Repair cost
Owner location Owner repair times, identify buildings with shared owner
Damage Damage state Repair cost, repair time
) ~ Building tenure Financing eligibility, financing structure
Socioeconomic ) ) ) o
Owner income Financing eligibility
313 The housing stock data should include the type of housing, number of units, and replacement

asts  cost. Housing type refers to whether the building is single-family or multi-family. Housing type
a5 determines the available funding avenues, what type of contractor the building needs, and how
ate  long the repairs take. The number of units in the multi-family structures informs the type of
a1z funding for which the building is eligible and how many instances of funding the building must
sis obtain. The replacement cost of the building must also be included to determine how much

a9 monetary loss is associated with the damage experienced.

320 The damage state is obtained from a hazard and loss simulation. An analysis is needed to
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predict the cost and duration of repairs for the given ground shaking intensity, and whether the
amount of damage is significant enough to trigger loss of occupancy. In the case of a Hazus
analysis, each building has a fragility function assigned by structural type that is combined
with simulated ground motions to sample the damage state (FEMA, 2020). This damage state
is mapped to a loss ratio and repair time. The dollar loss amount is based on loss ratio and
building value. For recovery modeling, we consider those with extensive or complete damage

that require a contractor to perform repairs.

The necessary socioeconomic data are building tenure and building owner income. Tenure
determines who finances repairs. In the case of single-family rental units, the owner’s address
is valuable to know. If the owner lives in the community, the model accounts for delays to
the recovery of the rental units due to damage to an owner’s home, i.e., the owner’s recovery
postpones the rental recovery. In cases where the owner’s address is unavailable, the ownership
of rental units can be assigned based on regional statistics to approximate the effects regionally.
Lastly, the incomes of the building owner, or unit owners, in the case of condominiums, dictate
for which funding they are eligible. It is important to note that most publicly available household

income data include tenants’ income instead of the building owner’s, who finances the repairs.

CASE STUDY

The proposed housing recovery model is applied in this section to a case study in the city of
Alameda, California. Alameda is located near the Hayward fault and is susceptible to earth-
quake shaking that could cause significant damage to housing. As shown in Figure 4, Alameda
has a diverse housing stock with 10,464 single-family owner-occupied buildings and 6,979
buildings (with 21,830 housing units) that fall into the other three type-tenures. Thus, a model
focusing only on single-family owner-occupied post-disaster recovery would capture less than
half of the housing units in the community. This section presents the case study’s input data,

underlying assumptions, and illustrative results.

DATA AND ASSUMPTIONS

For the Alameda case study, we simulate damages after a scenario earthquake, a M7.0 on
the Hayward fault. Building locations are obtained from the Alameda Tax Assessor database
(Alameda County Assessor’s Office, 2021). We use earthquake simulations to obtain ground

shaking intensities using the Chiou and Youngs (2014) ground motion model for peak ground
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