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Abstract: Globally, hazards are increasingly threatening housing each year, and housing 12 
constructed outside the formal sector may be particularly vulnerable. Yet, limited studies have 13 
investigated the perceptions of those responsible for designing and building this housing. These 14 
safety perceptions motivate the informal housing construction practices that ultimately determine 15 
housing safety. Thus, this study investigates the multi-hazard housing safety perceptions of 16 
individuals involved with housing construction in Puerto Rico. We surveyed 345 builders and 17 
hardware store employees across Puerto Rico to understand their perceptions of: expected housing 18 
damage in hurricanes and earthquakes, important mitigation measures, and barriers to safer 19 
housing construction. Our results reveal that prior hazard experience did not influence perceptions 20 
of expected housing damage, but previous housing construction experience did. Respondents 21 
viewed wood and concrete housing as less safe in hurricanes and earthquakes, respectively. Yet, 22 
respondents appeared uncertain about the importance of mitigation measures for concrete houses 23 
in earthquakes, likely due to a combination of limited earthquake experience and “hidden” 24 
reinforcement detailing in a reinforced concrete house. Interestingly, our results also show that 25 
respondents perceive technical construction capacity as a major barrier to safer informal housing 26 
construction rather than financial constraints alone. These findings suggest areas for technical 27 
construction capacity development for Puerto Rico’s informal construction sector.  28 
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 30 

1. Introduction 31 

Disasters are growing in frequency and severity of impacts [1] and destroying 32 
hundreds of thousands of houses each year worldwide [2]. These disasters arise from 33 
complex yet predictable interactions between hazards, the built environment, and 34 
communities’ pre-existing societal, economic, and geographical vulnerabilities [3]. The 35 
effects of disasters can be mitigated by addressing the symptoms of societal vulnerabilities 36 
that turn hazards to disasters. One such symptom is prevalent construction of unsafe 37 
infrastructure that may be damaged as the result of a hazard event [4]. Socio-economic 38 
and socio-political vulnerabilities, such as resource inequalities, technical construction 39 
capacity, and weak regulatory enforcement or supervision of housing construction, lead 40 
builders or households themselves to inadvertently construct unsafe housing in hazard- 41 
prone regions. 42 

Most of the world’s housing is constructed informally, whereby residents hire 43 
builders to construct housing that reflects their needs, available resources, and cultural 44 
values. This informally constructed housing varies widely across high- and low-income 45 
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communities, from converted basements or garages to housing self-built in informal 46 
settlements [5,6]. These informal construction processes provide the only means of 47 
housing access for individuals who have low incomes, who cannot secure land tenure, or 48 
are otherwise unable or unwilling to engage formal housing construction processes [7]. 49 

When building codes and other regulations are not consistently followed or enforced, 50 
the safety of housing depends largely on the construction material and design decisions 51 
made by builders and households. Local perceptions of housing safety, including feelings 52 
of fatalism and perceptions of efficacy of hazard mitigation measures [8], dictate informal 53 
construction practices [9]. The informal nature of this construction process leads to 54 
housing with a wide variation of the structural and architectural elements that determine 55 
housing safety [10–12].  56 

The safety and risk perceptions that affect housing are more complex in multi-hazard 57 
environments because, in these contexts, those making construction decisions must 58 
interpret the safety and risk of housing in the face of multiple hazard types that may affect 59 
structures in different ways, presenting difficult tradeoffs. One likely outcome of these 60 
tradeoffs may be design practices that respond to the more common hazard, while failing 61 
to address other less frequent, but potentially devastating hazards [13,14].   62 

This study investigates how individuals involved in and familiar with informal 63 
housing construction are assessing, identifying, and attempting to mitigate hazard risks 64 
through the process of building housing. We address the research question: What are the 65 
local housing safety perceptions among those working and advising within the 66 
informal construction sector in a multi-hazard environment of Puerto Rico? Specifically, 67 
we study perceptions of expected damage, unsafe design and construction practices, and 68 
changes to construction practices. This study seeks to improve housing safety in the U.S. 69 
Caribbean island Puerto Rico in the face of seismic and hurricane hazards, where it is 70 
estimated that over half of all commercial and residential construction is completed 71 
informally [15]. 72 

2. Background and Hypotheses 73 

Recognizing that most of the world lives in informally constructed housing, across 74 
high- and low-income countries alike [5], this study identified and addressed several gaps 75 
in existing research on housing. First, researchers have not extensively studied the 76 
housing safety perceptions that drive informal housing design and construction practices 77 
or the factors that motivate these perceptions. Second, limited studies have investigated 78 
risk and housing safety perceptions in a multi-hazard environment, where builders must 79 
weigh their risk and housing safety perceptions to more than one type of hazard that may 80 
affect their housing in distinct ways.  81 

2.1. Housing Safety Perceptions that Drive Informal Design and Construction Practices 82 
Prior research on perceptions of informally constructed housing has thus far focused 83 

on government representatives and residents’ perspectives in low-income countries 84 
rather than the safety perceptions of those building or advising on construction. Studies 85 
on local governments' perspectives have identified reasons for a lack of building code 86 
compliance, such as limited builders with expertise in seismic and wind design, high cost 87 
of building safe housing, and low risk perceptions among the general public [16]. Studies 88 
on household perspectives focus on resident satisfaction of their informally constructed 89 
housing broadly compared to donor-built or public housing [17,18] without investigating 90 
their expectations of housing safety in the hazards to which they are exposed.  91 

Builders’ perceptions of risks and housing safety in those hazards inform their 92 
informal practice of “value engineering” [19], which mirrors the formal value engineering 93 
process in commercial construction. In this process, builders seek to save homeowner 94 
resources by reducing costs without sacrificing overall construction quality, often 95 
substituting cheaper material alternatives or quantities. However, without mechanisms 96 
such as regulatory enforcement of housing construction, it cannot be ensured that these 97 
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builders maintain the housing quality (or safety) when engaging in this informal value 98 
engineering process. Instead, builders base their decisions on their prior hazard and 99 
construction experience. For example, builders learning about housing construction in a 100 
region with no recent seismic activity may reduce the amount of reinforcement used over 101 
time because, without seismic risk as a concern, they do not view it as necessary [19]. 102 

Thus far, most research on housing risk and safety has focused on resident 103 
perspectives, uncovering relationships between prior hazard experience and other factors 104 
on these perceptions. Researchers have documented cases of those with prior experience 105 
or exposure to earthquakes, flooding, and hurricanes having greater perceived risk of 106 
those hazards [20,21,22]. Venable et al. [23] evaluated donor-built housing residents’ 107 
multi-hazard housing safety perceptions, quantifying the influence of a range of factors 108 
on these perceptions, including past disaster experience. That study found that housing 109 
safety perceptions were motivated by perceptions of the hazard of concern. Yet, 110 
perceptions did not differ significantly between residents who were all located in a coastal 111 
community with high hazard exposure. Another study compared residents’ perceptions 112 
with structural risk assessments, finding that residents did not have a systems perspective 113 
of housing safety [24]. This type of systems-thinking is important for safe housing 114 
construction because it comprises an understanding of how damage to specific 115 
components influences other, more catastrophic component damages and structural 116 
collapse.  117 

Thus, while many informally constructed houses appear safe to those building them, 118 
it is unclear whether that is because of the construction practices used, because of a lack 119 
of recent hazard exposure, or because they do not have personal construction experience 120 
related to that hazard. We hypothesize that those building and advising on housing construction 121 
with prior hazard experience will have increased perceived housing damage in future hazards 122 
(Hypothesis 1) [20,21,24]. Further, given the on-the-job training and ongoing informal 123 
value engineering processes, we hypothesize that those with prior housing construction 124 
experience will have a more nuanced and systems-level understanding of housing safety 125 
(Hypothesis 2).  126 
 127 

2.2. Housing Safety Perceptions and Mitigation Measure Efficacy in Multi-Hazard Regions 128 
Despite the push to build upon local knowledge to build safer houses after disasters 129 

[25], limited research has investigated local knowledge of expected risks and perceptions 130 
of safe construction in multi-hazard regions. Rather, the bulk of past literature has focused 131 
on perceptions of risk in single hazard contexts.  132 

People are at increased risk from hazards if they do not know how to prepare for 133 
those hazards [26,27] and residents of multi-hazard regions have added layers of 134 
complexity. It is no surprise that more regular historical hazard experiences contribute to 135 
increased preparedness levels. Researchers have documented examples of previous 136 
earthquake experiences leading to increased risk awareness and subsequent steps 137 
towards basic preparedness [26]. Yet, in regions where earthquakes are relatively rare 138 
hazards, especially compared to more frequent hazards like hurricanes, individuals may 139 
not adequately predict and prepare for seismic risk.  140 

The 2010 earthquake in Haiti is a key example of the importance of understanding 141 
safety perceptions in a multi-hazard environment, as these perceptions determine how 142 
individuals choose to build their houses. Due to the high number of devastating 143 
hurricanes frequently passing through the Caribbean, and less frequent seismic activity, 144 
most houses in Haiti have been constructed as heavy, concrete structures to withstand 145 
high winds and storm surge [13,14]. These houses, which transitioned away from Haiti’s 146 
vernacular building practices were constructed with the local understanding that 147 
hurricanes, rather than earthquakes, posed the more prevalent risk. Yet, these more 148 
hurricane-resistant construction techniques worsened the damage and destruction from a 149 
mostly unfamiliar hazard, earthquakes [10]. 150 

https://www.zotero.org/google-docs/?broken=sMNK1z
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Previous work by the authors has found that perceptions of housing safety change in 151 
a multi-hazard environment after the occurrence of a less-familiar hazard. After 152 
earthquakes in Puerto Rico, we documented changes in perceptions of which construction 153 
practices are safe, who to trust with housing construction and changes in feelings of self- 154 
efficacy and fatalism [28]. Self-efficacy, or perceived ability to prepare for future hazards, 155 
increases willingness to take mitigation actions [29]. Alternatively, fatalism, or feelings of 156 
helplessness, decreases willingness to prepare for future hazards [29,30]. In particular, 157 
studies have found that individuals’ fatalist beliefs about earthquake risk contribute to a 158 
lack of preparedness for future earthquakes [26,29]. 159 

Guedes et al. [31] showed the effect of perceived efficacy, i.e., the perceived value of 160 
modifications, among Brazilian households vulnerable to flood risk. In particular, they 161 
investigated household decisions related to flood protective measures such as flood skirts 162 
and sandbags, etc. They found that household’s perceived efficacy informed decisions on 163 
whether preventive actions were cost-effective [31]. While studying flood adjustments by 164 
low income households in Puerto Rico, López-Marrero [32] also found the most common 165 
reason residents did not make adjustments to prepare for floods was because of low 166 
perceived efficacy of those adjustments. Specifically, residents did not make these 167 
adjustments because they felt safe in their already elevated houses, believed floods would 168 
decrease over time, or believed that floods were natural, and thus, there was nothing to 169 
do to avoid them [32]. However, these types of studies have not focused on multi-hazard 170 
tradeoffs in modifications.  171 

Based on our literature review and contextual knowledge, we hypothesize that those 172 
building and advising in Puerto Rico’s informal construction sectors’ housing safety 173 
perceptions will be motivated by their prior hazard and housing construction experience. 174 
These experiences have likely led these individuals to expect more damage to wood housing in 175 
hurricanes and concrete housing in earthquakes (Hypothesis 3) [28]. However, when it comes 176 
to the efficacy of mitigation measures, we expect respondents to demonstrate heightened doubt 177 
or uncertainty about the efficacy of seismic mitigation measures (Hypothesis 4) due to the 178 
relative infrequency of earthquakes in the Caribbean compared to hurricanes and less 179 
visible state of seismic reinforcement detailing in completed concrete housing [28,33]. 180 

 181 
2.3. Barriers to Safe Informal Housing Construction 182 

Researchers have demonstrated that decisions about any adjustments or changes to 183 
reduce the negative impacts of hazards are often influenced by access to resources [34]. 184 
Access to resources affects decisions about whether to incorporate mitigation measures or 185 
changes their practices to adjust for hazards [8]. For instance, households may have a 186 
choice of changes to increase housing safety, ranging from relatively inexpensive 187 
strategies, like installing hurricane shutters [22], to more costly strategies, like elevating 188 
their housing [35]. Researchers studying flood mitigation decisions in Brazil also found 189 
that perceived cost influenced preventative behavior, arguing that future public action to 190 
prioritize education on the cost-effectiveness of these measures [31]. 191 

However, some researchers have documented that resource limitations are not the 192 
sole or primary reason homeowners or builders choose not to mitigate hazards. For 193 
example, a study of coastal homeowners in North Carolina found that perceived costs of 194 
mitigation measures did not fully explain why individuals chose not to reduce their 195 
house’s structural vulnerabilities in future hurricanes [9]. Javeline and Kijewski-Correa 196 
[9] call for future research to investigate the perceived cost, demographic, and 197 
informational factors that are influencing whether homeowners increase their housing 198 
safety. 199 

Examining other barriers to housing safety, one study of the informal construction 200 
process in Nepal after the 2015 Gorkha Earthquake sought to understand informal 201 
construction knowledge, perceptions and experience regarding disaster risk reduction 202 
among builders [36]. This study revealed that informal builders identified “learning on 203 
the job” as the primary way of learning about construction, noting that access to training 204 

https://www.zotero.org/google-docs/?broken=rMOg0x
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on safer construction practices to reduce disaster risk is not readily available to them. 205 
Nevertheless, Chmutina and Rose [36] notably revealed that individuals were willing to 206 
learn, teach others about, and implement disaster risk reduction measures in future 207 
construction. Other studies have noted that informal construction practices involve a 208 
“help system” of friends and family [32], leading those without construction experience 209 
to learn about construction for the first time while building with others who may or may 210 
not have built a house before.  211 

These technical construction capacity limitations grow more complex when 212 
considering seismic design such as construction sequence [37] and reinforcement 213 
detailing, which is hidden in completed reinforced concrete structures [33]. With builders 214 
learning about design and construction informally on jobsites, they may not observe the 215 
required detailing to ensure a structure is safe in future earthquakes or have a detailed 216 
systems perspective of structural design, including how different component failures may 217 
influence other, more catastrophic failures in hazards.  218 

Recognizing the existing literature on barriers to safe informal housing construction, 219 
we hypothesize that resource constraints are the prevailing motivator for many unsafe housing 220 
construction practices, rather than technical construction capacity (Hypothesis 5) [8,34]. 221 
Moreover, we expect the informal, on-the-job learning system involved in informal 222 
construction likely influences technical construction capacity. Thus, we hypothesize that 223 
respondents believe the existing sources of housing construction information are not adequate 224 
(Hypothesis 6).  225 

3. Context 226 

This study investigates the existing housing safety perceptions of those involved in 227 
and advising about building within Puerto Rico’s informal construction sector. Puerto 228 
Rico is a U.S. Caribbean island that suffered widespread damage from Hurricanes Irma 229 
and Maria in 2017 and, most recently, a series of earthquakes from December 2019 to 230 
January 2020.  231 

3.1. Puerto Rican Disaster Experiences 232 

In early September 2017, Hurricane Irma passed just north of Puerto Rico as a 233 
Category 5 storm, damaging infrastructure, including the island’s electrical grid, leaving 234 
nearly one million people without power [38]. Only two weeks later, Hurricane Maria 235 
crossed directly over Puerto Rico as a Category 4 storm, hovering over the island for thirty 236 
hours [39] and generating a humanitarian crisis. In total, Hurricanes Irma and Maria 237 
damaged over 1.1 million houses and destroyed another 300,000 [15,40]. These disasters 238 
also yielded an estimated 62% increase in mortality rate, causing between 4,500 and 8,500 239 
excess deaths during the storm and in the four months that followed [41]. 240 

Many Puerto Ricans whose houses were damaged or destroyed were left with homes 241 
without roofs and stuck in a system of inadequate post-disaster support with no 242 
streamlined or transparent government process to support informal construction. Sixty 243 
percent of applicants to the Federal Emergency Management Agency (FEMA) disaster 244 
assistance funds for housing were denied [42], in many cases due to the informality of 245 
their house, their land tenure, and other factors [40]. Without assistance, most residents 246 
rebuilt their own houses, again informally. During this reconstruction process, residents 247 
often reused hurricane debris, purchased inexpensive materials, and relied on existing 248 
social networks and capital [43] for labor and construction decisions. These challenges 249 
kept households in a cycle of informal, and sometimes unsafe, housing construction that 250 
may leave them more vulnerable to future hazard events [44]. 251 

With the island still recovering roughly two years after Hurricanes Irma and Maria, 252 
a series of earthquakes shook Puerto Rico from late December 2019 to early 2020. These 253 
earthquakes, which were epicentered off the island’s southwestern coast, shocked many 254 
residents, as the last major earthquake to impact Puerto Rico was over 100 years ago [45]. 255 
The earthquakes caused damage to more than 10,000 houses, major damage to over 600 256 



Sustainability 2022, 14, x FOR PEER REVIEW 6 of 24 
 

houses, and destroyed 13 houses, directly affecting over 40,000 people [46]. Estimates 257 
showed that more than 2,500 houses required critical, structural repairs before they could 258 
be inhabitable [47,48]. The strongest shaking occurred on January 7, 2020, when most of 259 
the island felt the Mw 6.4 earthquake. 260 

3.2. Puerto Rican Housing Construction Practices 261 

Construction techniques in much of the Caribbean have long been shaped by the 262 
region’s annual hurricane season, rather than the less frequent earthquakes to which the 263 
area is also prone [13]. Over the last century, Puerto Rico has developed a building style 264 
with heavy concrete construction gradually replacing the more traditional wooden 265 
construction. The most common building technique in Puerto Rico is a first-floor concrete 266 
block infill or confined masonry and reinforced concrete frame building, topped with a 267 
flat, concrete slab roof. Light-frame wood houses in Puerto Rico are built with either 268 
treated or untreated wood framing. Roofs are typically built with wood structures 269 
supporting corrugated galvanized iron (CGI) roof panels [49]. The flat concrete slab roof 270 
design enables households to incrementally build additional stories, frequently building 271 
light-framed wood second stories [50], saving financial and material resources until they 272 
can build with infill or confined masonry. Variation in what is constructed across the 273 
island is partly due to the path of Hurricane Maria’s highest wind speeds and subsequent 274 
damage. In addition, housing near the coast was often raised on concrete stilts or slabs to 275 
protect from storm surge. Some communities adopted concrete construction earlier than 276 
others due to political initiatives such as the Puerto Rican Reconstruction Administration, 277 
which constructed concrete housing advertised as hurricane-proof for agricultural 278 
workers during the 1930s [51]. In one study of two flood-prone, low-income communities 279 
in Puerto Rico, Lopez-Marrero [32] investigated the hazard adjustments individuals chose 280 
to improve their houses' safety. The most common adjustments included elevating the 281 
land where the house was constructed and elevating the house from the ground level, 282 
which was typically done with concrete columns or stilts. Fifty-eight percent of the 283 
households explained they had assistance from a “help system” of friends and extended 284 
family members during and after the floods [32]. 285 

Over half of all commercial and residential construction projects in Puerto Rico have 286 
been completed informally [15], generally without explicitly adhering to building codes 287 
or consulting engineers and architects [43,52]. This study seeks to understand the safety 288 
perceptions of individuals involved within Puerto Rico’s informal construction sector, 289 
informal builders and hardware store employees. Our study considers employees of local 290 
hardware stores as a key resource, based on pilot studies and case knowledge acquired 291 
through fieldwork and interviews [28]. These employees have a robust understanding of 292 
ongoing informal housing construction practices, provide construction information to 293 
those informally building and repairing houses, and often have experience with housing 294 
repair and construction. For instance, during pilot interviews [28], one hardware store 295 
employee in Humacao explained common informal housing construction processes, 296 
saying, “people help each other out to build their homes but they don't seek professional advice, 297 
they do it themselves and that is problematic because that's why a lot of structures are not safe 298 
enough.” Another hardware store employee explained that formal construction processes 299 
also result in housing with safety risks due to the lack of supervision, saying, “even when 300 
builders do pay to go through formal government processes, they say they will use 20 reinforcement 301 
bars in the floor but instead they use 10.” Many hardware store employees, especially those 302 
with personal construction experience, have a nuanced perspective of the prevalence of 303 
practices and decisions they view as safe and unsafe. 304 

4. Methods 305 

To investigate the housing safety perceptions of those most familiar with housing 306 
construction practices across Puerto Rico, this study statistically analyzes a survey 307 

https://www.zotero.org/google-docs/?broken=H0MTY9
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administered to 345 builders and hardware store employees working in and advising on 308 
Puerto Rico’s informal construction sector. 309 

4.1. Survey Design 310 

We developed this survey following over 50 pilot interviews with Puerto Rican 311 
households, builders, hardware store employees, engineers, architects, and staff from 312 
community-based organizations across twelve of Puerto Rico’s seventy-eight 313 
municipalities [28]. We completed these pilot interviews to understand 314 
general perceptions of the safety of wood and concrete housing types and their structural 315 
components, including perceptions of expected damage, mitigation measure importance, 316 
and reasons for unsafe housing design and construction practices. Our experience with 317 
pilot interviews revealed the willingness of respondents to elaborate on the unsafe 318 
practices they see others engaging in within the informal construction sector, rather than 319 
their own practices.  320 

Once we reached saturation with these interviews, we developed a pilot survey. For 321 
each question in this pilot survey, we asked builders and hardware store employees to 322 
select items from existing multiple-choice questions or elaborate on what they thought 323 
was missing. In the pilot survey, we also asked respondents to explain “typical” housing 324 
in Puerto Rico. While respondents repeatedly told us that there was no typical house, they 325 
would freely discuss the unsafe construction practices they saw others commonly 326 
engaging in. Thus, we worked with local research assistants and builders to design a 327 
survey that encouraged respondents to describe informally constructed housing and then 328 
prompted them to discuss their opinions of the various design and construction practices. 329 
After completing 15 pilot surveys, we again reached saturation on answer options, no 330 
longer receiving new responses, and developed our final survey.  331 

The final survey we developed seeks to uncover perceptions of safe and unsafe 332 
housing design and construction practices in the face of multiple hazards. Safe housing 333 
design and construction constitutes the use of building techniques or materials that lead 334 
to a structure that will resist hazards without structure failure or substantial losses [4,53]. 335 
Thus, our survey captures the ideas of housing safety by asking respondents about 336 
expected damage in the face of multiple hazards, unsafe design and construction 337 
practices, and important hazard mitigation measures. Recognizing that studies have 338 
found a relationship between prior hazard experience and perceived risk [21,23,54] and 339 
hazard mitigation measures [8,55], we also included a series of questions to capture each 340 
respondent’s prior experience with disasters and housing damage. Survey questions in 341 
Spanish were written by local research assistants, with language carefully considered to 342 
ensure consistency with the local building professionals. Table 1 includes an overview of 343 
survey questions by category; the full survey (in English) can be found in Supplementary 344 
Information S1.  345 

  346 
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Table 1. Survey questions by category  347 

Category Survey questions 

General  

demographics 
Age; Gender 

Prior disaster  

experience 

Residence location; Work location;  

Whether house was damaged in Hurricane Maria/the earthquakes 

Prior construction  

experience 
Job title; Types of construction experience; Years of experience  

Expected housing  

damage in hazards 

Expected damage to wood/concrete houses in hurricane/earthquake;  

First component or system expected to fail for each housing and hazard type 

 

Mitigation measures Important mitigation measures to increase housing safety in hazards 

Unsafe construction practices 
Construction practices believed to lead to structural vulnerabilities; Reasons why 

each of these practices is completed 

 348 
To capture respondents’ expected damage to housing types and components in 349 

multiple hazards, the survey asked respondents to describe the expected damage to two 350 
main housing types: wood-frame, hereby referred to as “wood” and reinforced 351 
concrete/masonry, referred to as “concrete.” The survey prompted respondents to rate the 352 
expected damage in a hurricane with the strength of Hurricane Maria and an earthquake 353 
with the magnitude of the January 7, 2020 earthquake. Each of these disaster scenarios is 354 
recent and familiar to the respondents. For expected damage, the rating scale offered the 355 
options of “No damage,” “Minor damage,” “Major damage,” and “Destroyed.” We 356 
provided examples to explain the meaning of “minor” and “major” damage based on 357 
existing literature [56,57]. Once individuals indicated the damage level they expected for 358 
each housing type and hazard, we prompted them to select each housing component or 359 
system they would expect to be damaged. The components provided as options, such as 360 
metal roof panels, were based on field observations, reconnaissance reports from 361 
Hurricane Maria and the 2019-20 earthquakes [47,58], and pilot interview and survey 362 
responses.  363 

Next, we asked respondents about the wood and concrete housing construction 364 
practices they perceive as unsafe in hurricanes and earthquakes. Then, once respondents 365 
listed each of the unsafe design and construction practices they saw as prevalent, they 366 
were prompted to expand on the reason why they perceive others are making these errors, 367 
including the options: financial constraints, or “lack of financial resources;” technical 368 
construction capacity, or “lack of construction knowledge;” aesthetics, or “to make it look 369 
better;” and material constraints, or “lack of material availability.” We based these options 370 
on emerging themes in pilot interviews and surveys.  371 

Finally, the survey asked respondents about their perceived importance of mitigation 372 
measures to improve housing safety for each hazard and building type. With this 373 
information, we captured perceived efficacy of different design and construction 374 
practices, which previous studies have linked to willingness to adopt mitigation measures 375 
[8]. 376 

4.2. Survey Administration 377 

This study relied on the assistance and expertise of eight local research assistants in 378 
developing and disseminating this survey in Spanish. The survey was administered using 379 
both online survey software and in-person surveys, depending on preference and the 380 
evolving circumstance of the COVID-19 pandemic, from June 2020 to August 2021.  381 

The study’s target population, builders and hardware store employees, has not been 382 
systematically estimated and is likely relatively small. Our study includes individuals 383 
working in this population across Puerto Rico but excludes the smaller Puerto Rican 384 
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islands of Vieques and Culebra due to the COVID-19 pandemic. Housing tended to vary 385 
by income level and local hazard experience, but without significant geographic trends. 386 
Therefore, this study focused on obtaining surveys from a distribution of communities 387 
across the estimated path of Hurricane Maria and distances from the epicenter of the 2019- 388 
20 earthquakes to investigate any potential variation in perceptions and construction 389 
practices due to prior hazard exposure.  390 

We incentivized surveys with $10 gift cards upon successful survey completion and 391 
completed all survey recruitment and administration following IRB protocol #19-0337. 392 
After fifteen months of survey administration, the team of research assistants reported 393 
that they had exhausted the available and willing builders and hardware store employees 394 
and we concluded data collection.  395 

4.3. Statistical Analysis  396 

We asked each respondent to list their municipality rather than specific 397 
neighborhood in the survey. Thus, we quantified distances from Hurricane Maria’s path 398 
on the approximate distance (in 5-mile increments) between the storm's path [59] and the 399 
most populated city center in each municipality. This distance was an estimate, ranging 400 
from roughly 5 miles in Caguas, which the storm passed over, to over 30 miles near 401 
Guánica. To calculate the distance between each municipality and the earthquake’s 402 
epicenter, we compared the epicenter’s geographical coordinates [60] to that of the most 403 
populated city center in each municipality. Finally, to evaluate whether prior housing 404 
construction experience influenced individual’s responses throughout the survey, we 405 
created a variable to indicate whether respondents had indicated “any” or “no” 406 
construction experience when asked about the types of housing construction they had 407 
previously participated in.  408 

We characterized general trends using descriptive, correlation, and logistic statistical 409 
tests to analyze the survey data. Initial descriptive statistics allowed us to demonstrate the 410 
demographics, prior hazard and construction experience, expected damage, and other 411 
housing safety perceptions of a so far understudied group. We evaluated the relationship 412 
between and effects of respondent characteristics on perceptions of the safety of 413 
informally constructed housing in multiple hazards with Chi-square statistics, which 414 
compares categorical variables to determine whether they are different from each other 415 
[61]. We used Kruskal-Wallis rank sum [62] tests to determine whether there were 416 
statistically significant relationships between respondents’ prior hazard exposure and 417 
expected damage in future hazards because this test allowed us to investigate non- 418 
parametric relationships between a continuous independent variable and ordinal 419 
dependent variable. We used binomial logistic regression [63] to evaluate relationships 420 
between categorical variables, including between prior hazard and construction 421 
experience and perceptions of expected hazard damage. We evaluated statistical 422 
significance with a p-value of 0.05 (95% confidence). For more information on supporting 423 
statistical analyses discussed within this study, the Supplementary Information S2 424 
includes the statistical results. 425 

5. Results and Discussion 426 

Our results first report respondent demographics and prior experience. Then, we 427 
examine respondents’ perceived housing damage in each hazard; the relationship 428 
between prior hazard and construction experience on housing safety perceptions; 429 
perceived efficacy of hazard mitigation measures; and perceived barriers to safe informal 430 
housing construction.  431 

  432 



Sustainability 2022, 14, x FOR PEER REVIEW 10 of 24 
 

5.1. Respondent Descriptive Statistics 433 

In total, the survey had 345 respondents. Table 2 provides the descriptive statistics 434 
for respondents.  435 

Table 2. Respondent descriptive statistics  436 

Category Characteristic Number of respondents (&) 

Gender 
Male 

Female 

257 (74%) 

88 (26%) 

Job type 

Contractors 

Hardware store employees 

Other (i.e., students, electricians) 

93 (27%) 

241 (70%) 

11 (3%) 

Construction 

experience 

Any housing construction experience 

No housing construction experience   

212 (61%) 

133 (39%) 

Construction 

training 

Vocational school training 

Prior training by employer 

Governmental or non-governmental organization hosted training 

No prior training 

42 (12%) 

68 (20%) 

20 (6%) 

215 (62%) 

 437 
All of the contractors, 46% of the hardware store employees, and 73% of those with 438 

other job titles reported having any prior housing construction experience. Respondents 439 
had between 3 and 60 years of experience in housing construction or working in hardware 440 
stores.  441 

When reporting the type of prior construction experience, 108 (31%) respondents 442 
reported general housing construction experience, 28 (8%) reported working on an 443 
expansion or addition to a house, 92 (27%) reported working on a remodel of a house, 75 444 
(22%) stated they had worked on housing repair or reconstruction after a hurricane, and 445 
29 (8%) reported working on housing repair or reconstruction after an earthquake. 446 
Further, when asked about the type of house on which respondents worked, 64 (19%) 447 
noted experience working on wood houses, 130 (38%) reported experience with concrete 448 
houses, 20 (6%) stated they had worked on concrete houses with wood roofs, and 23 (7%) 449 
reported working on a house with a concrete first story and wood second story.  Thus, 450 
the respondent group has both broad and deep expertise in the housing of interest.  451 

Respondents also had varied experience with hurricanes and earthquakes. While 452 
Hurricane Maria led to damage and destruction across the entirety of Puerto Rico, the 453 
hurricane made groundfall near the southeastern municipality of Yabucoa and then 454 
passed northwest through the island. Compared to the roughly 30-mile (48 km) width of 455 
Hurricane Maria’s winds, Puerto Rico is a relatively small island at 35 miles (56 km) wide 456 
and 100 miles (161 km) long. When completing the survey, respondents lived between 457 
zero and 40 miles (64 km) from the storm’s central path, with the mean distance of 14.5 458 
miles (23 km) from this path. The 2019-20 earthquakes occurred in the southwest, and led 459 
to substantial damage across urban regions of Guánica, Ponce, and neighboring 460 
municipalities. Respondents lived between 8.6 miles (14 km) and 81 miles (130 km) from 461 
the January 7, 2021 earthquake’s epicenter, with a mean of 69.4 miles (112 km).  462 

The survey also asked respondents to rank the level of damage they personally 463 
experienced in their home in Hurricane Maria and the 2019-20 earthquakes. When asked 464 
about housing damage from Hurricane Maria, 12 (3%) respondents indicated their 465 
housing was destroyed, 89 (26%) said their houses were majorly damaged, 121 (35%) 466 
reported minor damage, and 123 (36%) said their houses did not have any damage. In the 467 
2019-20 earthquakes, one respondent stated their house was destroyed, 3 (1%) said their 468 
housing was majorly damaged, 125 (36%) indicated minor damage, and 216 (63%) 469 
indicated no damage. Generally, respondents experienced more severe damage in 470 
Hurricane Maria than the 2019-20 earthquakes, with 29% of respondents indicating their 471 
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house had major damage or was destroyed in Hurricane Maria. Only four respondents 472 
(1%) reported these damage levels in the earthquakes. 473 

5.2. Prior Hazard Experience did not Influence Expected Level of Housing Damage 474 

While we hypothesized that prior hazard experience would influence expected level 475 
of housing damage (Hypothesis 1), our results did not find statistically significant 476 
relationships to support this hypothesis. To capture prior hazard experience, we 477 
investigated respondents’ prior hurricane and earthquake housing damage as well as 478 
location with respect to these hazards. We found no statistically significant relationship 479 
between respondent distance from Hurricane Maria’s approximate central path and 480 
expected level of hurricane damage to wood (not significant, p=0.80) or concrete (not 481 
significant, p=0.26) housing. There was also no significant relationship between distance 482 
from the 2019-20 earthquakes’ epicenter and expected earthquake damage to wood (not 483 
significant, p=0.50) and concrete (not significant, p=0.26) housing.  484 

Overall, while other studies have shown relationships between prior hazard 485 
experience and risk perceptions [20,21,24], our study does not come to these same 486 
conclusions. We suggest that this observed difference is due to context. In particular, the 487 
small size of Puerto Rico, which resulted in shared experience of Hurricane Maria, and 488 
the widespread media coverage and fear of the damage from the 2019-20 earthquakes, has 489 
resulted in similar hazard experience regardless of location. Our findings align with that 490 
of other studies which did not find significant differences in hurricane risk perceptions 491 
based on distance from the coast if all communities were located within a relatively 492 
hazardous coastal region [22,24].  493 

5.3. Construction Experience Influenced Perspectives of Structural Systems 494 

Confirming our hypothesis (Hypothesis 2), prior construction experience did 495 
influence housing safety perceptions. Across all combinations of housing and hazard 496 
types, the data suggest that respondents with prior housing construction experience had 497 
a more nuanced perspective of structural systems. Individuals with construction 498 
experience were more likely to anticipate how failures of specific components in a house, 499 
would affect others components or subsystems, potentially leading to more catastrophic 500 
failures. Those with construction experience were also less likely than those without to 501 
have fatalist perspectives of housing component failures. 502 

5.3.1. Perceptions of Wood Housing Safety 503 

For wood houses, we asked respondents about failure at the panel-fastener interface 504 
(i.e., panels being ripped off), failure at the purlin-to-truss connection (i.e. some of the 505 
wood roof structure being ripped off with panels), failure at the truss-to-wall connection 506 
(i.e. roof being torn from walls), wall failure (i.e., racking), and roof collapse. Figure 1 507 
shows the percentage of respondents who indicated expected damage to each wood 508 
housing component, sorted by whether a respondent had prior housing construction 509 
experience. We based each percentage on the total count of respondents with any (n=212) 510 
or no (n=133) construction experience.  511 
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 512 

Figure 1. Percentage of respondents who expected damage to wood housing components in 513 
hurricanes and earthquakes, by housing construction experience  514 

Most respondents identified panel failure due to fastener tearout as the expected 515 
damage. While half of the respondents expected damage to the truss-to-wall connections, 516 
less than half expected damage to the purlin-to-truss connections. Only 12% of 517 
respondents expected wall collapse in a hurricane. For wood houses in an earthquake like 518 
that of January 7, 2020, slightly under half of the respondents expected damage to the 519 
truss-to-wall connection while fewer respondents listed column collapse, purlin-to-truss 520 
connection failure, and roof collapse.  521 

When considering the specific components respondents expected to fail in wood 522 
housing in a future hurricane like Hurricane Maria, observable (yet not statistically 523 
significant, X2 (N = 345) = 2.95, p = 0.57, McFadden R2 =0.01) trends suggested respondents 524 
with any housing construction experience were more likely to expect damage to the 525 
purlin-to-truss connection. These findings reveal that those with housing construction 526 
experience had a systems-perspective of wood housing, understanding the purlin-to-truss 527 
connection is a structural system influenced by the failure of other components such as 528 
the panels and purlin-to-truss connection. The respondents without any housing 529 
construction experience have likely seen visible examples of panel and wall failures, while 530 
purlin-to-truss connection failure is a less visible failure mode. Venable et al. [24] had 531 
similar findings, revealing that residents, who mostly did not have housing construction 532 
experience, did not think of housing safety with a systems perspective. This was 533 
evidenced by respondents not expecting failure to their house’s walls to lead to roof 534 
failure in a future typhoon [24]. This lack of systems-thinking can lead to individuals 535 
strengthening specific housing components, such as their roof-to-wall connection, 536 
without considering how they could be influencing or protecting against other, more 537 
catastrophic housing failures.  538 

5.3.2. Perceptions of Concrete Housing Safety 539 

Next, Figure 2 shows the percentage of respondents who indicated expected 540 
damage to each concrete housing component, sorted by whether a respondent had prior 541 
housing construction experience, with percentages based on the total number of 542 
respondents with any or no construction experience.  543 



Sustainability 2022, 14, x FOR PEER REVIEW 13 of 24 
 

 544 

Figure 2. Percentage of respondents who expected damage to concrete housing components in 545 
hurricanes and earthquakes, by housing construction experience  546 

Overall, many respondents expected wall cracks as well as more catastrophic failures 547 
like column and block wall collapse in an earthquake like that of January 7, 2020. 548 
Respondents with construction experience were more likely to list beam and column 549 
cracking as expected earthquake damage than those without experience, X2 (N = 345) = 550 
20.7, p < 0.005, McFadden R2 = 0.04. In contrast, respondents without construction 551 
experience were more likely to list more catastrophic or fatalistic expected damage such 552 
as column collapse, X2 (N = 345) = 20.7, p < 0.005, McFadden R2 = 0.04. Other studies have 553 
shown that increased education about and experience with earthquakes [26] reduces 554 
fatalist perceptions of that hazard type. Our results build from these findings, revealing 555 
that those with housing construction experience have more nuanced understanding and 556 
less fatalistic perspectives about housing safety in earthquakes.  557 

5.4. Respondents View Concrete Housing as Safer in Hurricanes and Wood Housing as Safer in 558 
Earthquakes  559 

Our results confirm our hypothesis (Hypothesis 3) that respondents generally 560 
expect greater damage to wood housing in a hurricane and concrete housing in an 561 
earthquake. We found this by investigating respondents' expected damage to wood and 562 
concrete housing in a hurricane with wind speeds similar to Hurricane Maria and an 563 
earthquake similar to the one that occurred on January 7, 2020, with results shown in 564 
Figure 3.  565 
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 566 

Figure 3. Expected level of damage to wood and concrete houses in a hurricane like Hurricane Maria 567 
and earthquake like that of January 7, 2020 (N=345) 568 

Respondents were more likely to expect greater damage to a wood house than a 569 
concrete house in a future hurricane, with X2 (9, N = 345) = 72, p < 0.001. Conversely, 570 
respondents were more likely to expect damage to a concrete house than a wood house 571 
in an earthquake, with X2 (9, N = 345) = 70, p < 0.001. Our findings align with previous 572 
studies in the Caribbean, showing that contractors and homeowners prefer heavier 573 
reinforced concrete and masonry housing to withstand hurricanes [13,14,28,50]. In 574 
Puerto Rico, Goldwyn et al. [28] also noted examples of contractors and homeowners 575 
explaining that wood housing is safer in earthquakes, but still opting for concrete 576 
construction because hurricanes are more common.  577 

While there was a notable difference in the percentage of respondents who 578 
expected wood housing to be destroyed in a hurricane versus concrete housing (27% 579 
and 3%, respectively), similar percentages of respondents indicated that both wood and 580 
concrete housing (13% and 14%, respectively) would be destroyed in an earthquake. 581 
Thus, while respondents generally expect more damage to concrete housing in 582 
earthquakes, they still have a fatalist perspective of either housing type in a strong 583 
earthquake. This fatalism is likely motivated by less generational earthquake experience. 584 
Other studies have demonstrated that contractors and residents are often unaware of the 585 
low cost of adequate seismic detailing required for seismic safety [64]. 586 

5.5. Respondents Doubted the Efficacy of Hazard Mitigation Measures for Earthquakes 587 

Our results supported our hypothesis that respondents would doubt the efficacy of 588 
hazard mitigation measures more for earthquakes than for hurricanes (Hypothesis 4). To 589 
capture this perceived efficacy of hazard mitigation measures, we asked respondents 590 
about which changes to design and construction practices they perceived as important to 591 
increase wood and concrete housing safety. For wood houses, the survey asked about 592 
hurricane straps, using thicker metal roof panels, using stronger or larger structural roof 593 
members, tying down the roof with tensioner cables, and replacing nails with screws. 594 
Figures 4 and 5 show respondent perceptions of which changes to construction practices 595 
are important to increase safety for wood and concrete housing, respectively. While 95% 596 
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of the respondents selected at least one hurricane mitigation measure as important, only 597 
70% of respondents selected any of the seismic mitigation measures as important to 598 
increase housing safety. However, going slightly against what we initially hypothesized, 599 
respondents still demonstrated uncertainty about the efficacy of the hurricane mitigation 600 
measures 601 

 602 

Figure 4. Percentage of respondents indicating wood housing mitigation measures as important for 603 
hurricanes and earthquakes (N=345) 604 

Despite prior engineering assessments of Puerto Rican informally constructed 605 
wood housing recommending using thicker structural members, thicker roof panels, and 606 
hurricane straps [11], 50% or less of respondents indicated each of these measures were 607 
important. For wood housing, respondents were more likely to list changes as important 608 
for hurricane safety than earthquake safety, which is consistent with the visible housing 609 
damage after Hurricane Maria. In total, 95% of all respondents indicated at least one 610 
change as important to increase housing safety in hurricanes. Respondents generally 611 
indicated changes to prevent panel-fastener failure were the most important hurricane 612 
mitigation measures, with 77% and 65% of respondents indicating tensioners and thicker 613 
roof panels were important, respectively.   614 

 615 

Figure 5. Percentage of respondents indicating concrete housing mitigation measures as important 616 
for hurricanes and earthquakes (N=345) 617 
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Respondents were more likely to list changes to concrete housing as important for 618 
earthquakes than for hurricanes. This is no surprise given the visible damage to concrete 619 
houses in the 2019-20 earthquakes and the fact that engineers and researchers studying 620 
seismic safety in this context have recommended each of these listed mitigation 621 
measures (i.e., [12,47]).  622 

Despite 90% of respondents indicating that concrete housing would be damaged in 623 
a future earthquake like that of January 7, 2020, respondents did not appear to have a 624 
clear understanding of the mitigation measures they as individuals can implement to 625 
increase their housing safety in future earthquakes. Thirty percent of the respondents 626 
did not indicate that any of the listed seismic mitigation measures were important, with 627 
the other 70% of respondents spread across each of the potential changes. Respondents 628 
also did not suggest other methods of increasing concrete housing safety in the 629 
question’s open-ended “other” response option. Indeed, the highest percentage of 630 
respondents indicated repairing roof and wall cracks as important (57%), but this is not a 631 
commonly suggested seismic mitigation measure other than ensuring the structure is 632 
protected from water intrusion and subsequent reinforcement corrosion (e.g., [65]). 633 
Instead, reconnaissance reports after the 2019-20 earthquakes noted that the main 634 
structural vulnerabilities that contributed to widespread damage were soft-stories 635 
without strong supporting columns, or “stilts,” and weak masonry walls [47]. These 636 
structural vulnerabilities could be mitigated through the inclusion of a ring beam in 637 
initial design or by retrofitting with reinforced concrete jacketing around the “stilts” or 638 
columns supporting the soft story structure [12,66]. Homeowners in Puerto Rico also 639 
used metal supports under their soft story structures as an immediate retrofit option 640 
during the aftershocks. Thus, the fact that less than 60% of the respondents indicated 641 
that any of these mitigation measures is important alludes to widespread uncertainty 642 
about seismic mitigation.  643 

In addition to less experience and more uncertainty with concrete housing safety in 644 
earthquakes, construction practices that influence earthquake safety of reinforced 645 
concrete/masonry housing are much less visible [33], and depend on the hidden design 646 
details of the concrete mix, reinforcement, blocks, and mortar. The infrequency of 647 
earthquakes means that contractors and homeowners across Puerto Rico likely have not 648 
seen much evidence of the construction practices that did and did not prove to be safe in 649 
the earthquakes [19,67]. In contrast, when respondents saw evidence of the types of 650 
houses that withstood Hurricane Maria, they understood which changes were important 651 
to increase housing safety. Likewise, when we asked respondents about expected 652 
damage to housing in an earthquake like that of January 7, 2020, they generally expected 653 
more damage to reinforced concrete/masonry than wood housing, but with similar 654 
percentages of respondents expecting each housing type to be destroyed. This shows 655 
respondents’ uncertainty about the safety of either housing type in earthquakes. 656 
Respondents feel confident that concrete housing can withstand future hurricanes, but 657 
feel less sure about the safety of both wood and concrete housing in earthquakes. 658 
Respondents likely have a fatalistic expectation of housing destruction in earthquakes as 659 
they are a less frequent and thus less understood hazard, as indicated by the relatively 660 
large fraction of respondents who indicated housing would be destroyed. 661 

5.6. Unsafe Construction Practices are Driven by Technical Construction Capacity 662 

Our findings do not support our hypothesis (Hypothesis 5), revealing instead that 663 
technical construction capacity is the primary reason for many unsafe housing 664 
construction practices, rather than financial constraints. 665 

The survey asked respondents to list the reasons they believe builders are engaging 666 
in practices the respondents believed were unsafe, including financial constraints, 667 
technical capacity constraints, aesthetic preferences, or material availability. Figures 6 668 
and 7 show respondent’s perceptions of why people are engaging in unsafe construction 669 
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practices, first looking at wood and then concrete housing design and construction 670 
practices. 671 

 672 

Figure 6. Reasons to which respondents attributed unsafe wood construction practices, by 673 
percentage of respondents giving each reason perceived  674 

 675 

Figure 7. Reasons to which respondents attributed unsafe concrete construction practices, by 676 
percentage of respondents giving each reason perceived  677 

Although researchers have documented evidence of financial constraints being the 678 
primary influence of whether or not individuals mitigate the negative impacts of 679 
hazards [8,34], our findings suggest that more respondents consider technical capacity 680 
constraints than material and financial constraints as reasons for these unsafe 681 
construction practices. According to the survey respondents, technical construction 682 
capacity is a prevailing reason for most unsafe housing construction practices. The 683 
largest percentage of respondents selected construction capacity for seven of the nine 684 
unsafe wood housing construction practices and five of the eight unsafe concrete 685 
housing construction practices.  686 

For wood houses, nearly three quarters of respondents indicated that these 687 
construction capacity constraints were a reason for not building with hurricane straps, 688 
having a roof slope that is too high or low, not having sufficient roof or wall supports, 689 
and connecting metal roof panels directly to purlins without a plywood layer between. 690 
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Fifty-seven percent of respondents also indicated that using insufficient nails and screws 691 
was due to technical construction capacity, but financial constraints were also 692 
mentioned by 52% of respondents. In particular, financial constraints were primary 693 
reasons for construction practices that pertained to material quality of wood housing 694 
specifically, including using deteriorated materials and untreated wood. For concrete 695 
houses, respondents were more likely to list financial constraints as reasons for 696 
insufficient mortar, horizontal reinforcement, vertical reinforcement, and roof thickness 697 
in concrete housing. Respondents perceived that all other unsafe construction practices 698 
for concrete as primarily due to lack of technical construction capacity.  699 

Limited respondents indicated material availability or aesthetics as reasons for 700 
unsafe construction practices for either housing type. Less than 2% of respondents listed 701 
material availability as a reason for unsafe wood construction practices, indicating that 702 
wood housing material availability, including hurricane straps, is not a challenge. 703 
Fifteen percent of respondents indicated that builders were constructing weak columns 704 
based on material availability, while less than 7% listed material availability as a reason 705 
for any of the other practices. These results also reveal aesthetic preferences are likely 706 
not a significant contributor to unsafe construction practices of wood but not concrete 707 
houses. Even with wood houses, though, this was not the major reason given for any of 708 
the unsafe practices, with 31% stating this was a reason for having a large roof overhang 709 
and too large or small of a roof slope and 17% of respondents providing this reason for 710 
not including hurricane straps.  711 

5.7. Respondents Believe Existing Sources of Construction Information are Insufficient  712 

Our results reveal that respondents generally believe builders go to hardware 713 
stores and friends or family for advice, rather than engineers or contractors. This aligns 714 
with our hypothesis (Hypothesis 6) and gives more insight into the reasons for unsafe 715 
housing construction. 716 

Our survey prompted respondents to indicate information sources that they believe 717 
households and builders most often rely on for information on safe housing construction 718 
and to which sources they believe individuals should go for this information. Overall, out 719 
of the 337 respondents who answered this question, 213 (63%) selected hardware stores; 720 
167 (50%) chose friends or family; 107 (32%) indicated social media, such as Facebook 721 
and YouTube; 98 (29%) chose municipal government offices, without any apparent 722 
trends based on geographical distribution; 62 (18%) listed community-based 723 
organizations; 42 (12%) listed contractors; and 25 (7%) listed engineers or architects. 724 
Overall, 160 (67% of the hardware store employees) hardware store employees listed 725 
hardware stores as a common information source for information on safe housing 726 
construction, indicating they have likely been asked about housing construction in the 727 
past.  728 

More respondents listed hardware stores, friends or family, and social media as 729 
common sources of information on housing construction than municipal government 730 
offices, community-based organizations, contractors, or engineers and architects; likely 731 
contributing to the technical construction capacity constraints mentioned by 732 
respondents. These findings align with other studies showing the prominence of 733 
informal help systems of friends and family in Puerto Rico [28,32]. The results also 734 
support our survey population of builders and hardware store employees, showing their 735 
role as informal sources of design and construction information.  736 

In terms of the question about which other sources respondents believe people 737 
should go to for information on safe housing construction, out of the 219 respondents 738 
who answered this question, 62 (28%) stated the municipal governments would, in 739 
theory, be a good information source in theory. However, several elaborated that there 740 
are no existing services for this at any level, with one respondent explaining in the open- 741 
ended answer section, “I think there should be an agency that guides with all safe construction 742 
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standards but I don't know if there is such an agency.” Ninety-one (42%) of these 743 
respondents indicated that people looking for this construction information should go to 744 
engineers or architects, while 62 (28%) said they should go to contractors, 29 (24%) said 745 
they should go to hardware stores, 21 (10%) said they should learn through a vocational 746 
school, 8 (4%) stated that they should go to social media pages like Youtube or specific 747 
Facebook pages, and only 3 (<1%) said they should go to community-based 748 
organizations. Respondents largely indicated that people seeking information on safe 749 
housing construction should be going to municipal governments, engineers and 750 
architects, or contractors. Although over half of the respondents indicated hardware 751 
stores and friends or family members as the information sources most people currently 752 
go to for construction information, very few respondents said that people looking for 753 
construction information should go to these groups for construction information.  754 

6. Limitations 755 

This study reveals important and new insight into the multi-hazard housing safety 756 
perceptions of builders and hardware store employees frequently completing and 757 
advising on housing construction across Puerto Rico. However, as with any study, there 758 
are limitations. For one, the total population of individuals who build housing 759 
informally and work in hardware stores across Puerto Rico has yet to be estimated. So, 760 
we were unable to calculate a minimum required sample. Instead, we focused on 761 
capturing as many surveys as possible from every hardware store employee or builder 762 
willing to complete the survey over 15 months.  763 

In addition, while we sought to capture both builders and hardware store 764 
employees' housing safety perceptions with this survey, more of the survey respondents 765 
were hardware store employees than contractors. While builders readily contributed 766 
their thoughts during in-person interviews and surveys prior to the COVID-19 767 
pandemic, after the pandemic builders had increased hesitancy to participate in the 768 
study, either due to the increased interaction with others or physical documentation of 769 
their activities. Puerto Rico also had strict pandemic restrictions during much of 2020, 770 
with individuals often needing proof of work when stopped in transit by police during 771 
stay-at-home orders. Thus, informal housing construction processes slowed.  772 

Due to changes to survey administration practices to adapt to the evolving COVID- 773 
19 pandemic, the survey responses are not proportionally distributed across the island. 774 
The builders we were able to contact mostly lived in the northern and western regions, 775 
based on convenience sampling from research assistants’ networks, most builders noted 776 
they have worked across the entirety of the island.  777 

7. Conclusions 778 

The safety of informally constructed housing ultimately depends on the housing 779 
safety perceptions of those completing or advising on the design and construction 780 
decisions. To understand these perceptions, we surveyed 345 individuals informally 781 
completing and advising on housing design and construction with varying prior hazard 782 
exposure and construction experience in Puerto Rico, where most housing is built 783 
through informal processes. We investigated their perceptions of expected damage to 784 
wood and concrete housing in hurricanes and earthquakes, unsafe construction 785 
practices, mitigation measures, and the barriers to safe housing construction.  786 

We found that prior hazard experience does not influence housing safety 787 
perceptions while prior construction experience does. Respondents also generally 788 
expected more damage to wood housing in hurricanes and concrete housing in 789 
earthquakes, which has historically led them to build with concrete construction to 790 
withstand the more frequent hurricanes. Respondents demonstrated doubt in the 791 
efficacy of changes to design and construction practices to increase concrete housing 792 
safety in future earthquakes. This suggests that housing in earthquakes is less 793 
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understood than either housing type in more frequent hurricanes. Respondents also 794 
appeared to have less general understanding of the ways that concrete houses can be 795 
designed to be safer in future earthquakes. The results also reveal that fatalist views and 796 
a lack of prior hazard experience with earthquakes are leading to uncertainty of how to 797 
best mitigate seismic damage.  798 

Notably, we also found that more respondents believed technical construction 799 
capacity constraints, rather than financial or material constraints, were the primary 800 
reasons for many of the common construction practices they view as unsafe. 801 
Respondents also indicated that these technical construction capacity constraints are 802 
likely rooted in individuals primarily going to hardware stores or close friends and 803 
family members for information on safe housing construction, rather than the 804 
government, engineers, contractors, or community-based organizations. The results also 805 
showed that those advising on construction without housing construction experience 806 
may also lack a systems-perspective of housing safety and failure, which could lead to 807 
problems when structural components fail, interact with one another, and cause more 808 
catastrophic failures or structural collapse.  809 

Future research could further inform disaster risk reduction in the informal 810 
construction sector by investigating methods of supporting technical construction 811 
capacity development, particularly focusing on systems perspectives of failure for those 812 
with less housing construction experience and the efficacy of different seismic mitigation 813 
measures to limit fatalist perspectives. Studies could also further inform disaster risk 814 
reduction in the informal construction sector by investigating informal construction 815 
information sources, including trust and the information shared by different sources.  816 

Supplementary Materials: The following supporting information can be found attached to the 817 
submission: S1: Survey (English); S2: Statistics Results Tables (Tables ordered Table S.1-S.8).  818 
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