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1. INTRODUCTION 22 

Globally, disasters are increasing in frequency and severity of impacts (Dinan 2017). These disasters 23 

threaten communities in hazard-prone regions, such as the Caribbean, whose residents are in a constant 24 

cycle of preparing for and recovering from disasters. In most of the world and many of these hazard-prone 25 

regions, houses are constructed primarily through informal processes, wherein residents lead the housing 26 

construction process by hiring or recruiting assistance from builders, friends, or family members who have 27 

learned about construction primarily through experience (Feliciano et al. 2022; Ferguson and Smets 2010). 28 

These informal construction processes are driven by the need for affordable and accessible housing, weak 29 

regulatory enforcement of housing construction, homeowner preferences, and builder experiences. Local 30 

authorities generally do not enforce code provisions or inspect construction (Clancy et al. 2020). As a result, 31 

housing design details and subsequent structural performance vary widely. The local knowledge and 32 

resources applied in informal construction processes can produce housing designs that respond to the local 33 

hazard environment (Langenbach 2015; Ortega et al. 2015). However, in other cases, these processes may 34 

inadvertently create unsafe housing, with builders perceiving housing to be safe when the houses in fact 35 

have significant hazard vulnerabilities (Audefroy 2011; Green 2008; Rodgers 2012).  36 

When housing is constructed through these informal processes, the builders' housing safety perceptions 37 

ultimately determine their design and construction practices and, thus, the structural safety or hazard 38 

resistance of housing. However, despite the important role of these housing safety perceptions in informal 39 

construction processes, studies have neither investigated these perceptions nor how they compare to 40 

engineering assessments of housing safety. Instead, most of the existing information on informal housing 41 

design and construction practices is gathered from post-disaster reconnaissance reports. Particularly, post-42 

earthquake reconnaissance reports have revealed structural vulnerabilities and high collapse incidences of 43 

informally constructed reinforced concrete and masonry housing (Lang and Marshall 2011; Marshall et al. 44 

2022; Miranda et al. 2020). These reconnaissance reports provide important insight into structural 45 

vulnerabilities, and frequently lead to reports or other technical guidance on safer construction. They do 46 

not, however, provide information that compares perceptions of safe practices with technical guidance. 47 
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Moreover, this guidance generally omits whether unsafe housing design and construction practices are 48 

based on technical construction capacity, i.e., the builders’ technical understanding of a particular structural 49 

design or construction topic, or primarily on financial or other resource constraints.  50 

Our study focuses on the informal construction sector, comparing housing safety perceptions with 51 

engineering assessments of housing safety in hazard events. In doing so, it identifies several focus areas 52 

where the perceptions of those constructing housing may not be aligned with engineering assessments of 53 

housing safety. We began with a set of recommendations from prior work (Lochhead et al. 2022, Murray 54 

2021) that assessed wind and seismic performance of common informally constructed housing types in a 55 

context of interest. Then, for our comparison, we conducted an analysis of a survey of those who frequently 56 

build and advise on informal construction practices to identify whether perceptions of safe practices align 57 

or misalign with the recommendations, and why they believe unsafe practices are occurring. Findings from 58 

prior survey analysis are discussed in Goldwyn et al. (2022), while Supplementary Information S1 and S2 59 

detail additional data analyzed for this study. The contribution of this study is the systematic comparison 60 

of these recommendations and housing safety perceptions to address the research question: How do housing 61 

safety perceptions of those working in informal construction align or not align with engineering 62 

assessments? Why? Practically, these results can support interventions to increase housing safety and 63 

reduce disaster risk, through, for example, skills trainings or information dissemination. The work focuses 64 

on housing and the informal construction sector in Puerto Rico. 65 

2. BACKGROUND  66 

When implementing organizations or agencies are working on disaster risk reduction in hazard-prone 67 

contexts, they frequently produce informational materials or host training events in efforts to technically 68 

support residents or local builders through capacity building, encouraging “build back better” principles 69 

(Clinton 2006; Lyons 2009; Parrack et al. 2014). However, studies have found that these capacity building 70 

programs have historically neglected the role of local knowledge (Dekens 2007) and frequently seek to 71 

change technical design and construction practices that are rooted in financial constraints (Mannakkara and 72 

Wilkinson 2013), rather than the local builder’s knowledge of the technical or structural design concepts.  73 
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In order to encourage changes to unsafe design and construction practices in the informal construction 74 

sector, we posit that it is critical to first understand the technical construction capacity of builders, which 75 

includes how perceptions and engineering assessments of housing safety do and do not align. Thus, in this 76 

background, we first discuss two key gaps in literature. The first gap relates to our understanding of 77 

builders’ local knowledge and perceptions of housing safety that motivate their design and construction 78 

practices. Second, despite several documented examples of perceptions and technical understanding of 79 

safety differing, few studies have looked directly at technical construction capacity in the informal 80 

construction sector by comparing perceptions and engineering assessments of housing safety. 81 

2.1 Housing safety perceptions of builders, why these perceptions exist, and how they motivate 82 

informal housing construction  83 

Over the past twenty years, there has been increased recognition of the strengths and role of local 84 

knowledge as foundational for reducing community disaster risk (Mercer et al. 2009; White et al. 2001). 85 

This local knowledge exists within or is acquired by local groups, such as those working in the informal 86 

construction sector, through generational knowledge transfer, experiences, and community practices 87 

(Mercer et al. 2009). Venable et al. (2021) defines local knowledge of safe construction practices as  “what 88 

housing people perceive to be safe or vulnerable, their understanding of how to build a house safely, and 89 

what housing components people expect to be damaged” (p.2). This knowledge is particularly important to 90 

and consequential for the informal construction sector, shaping perceptions of risk and housing safety as 91 

well as subsequent design and construction practices (Chmutina and Rose 2018). However, despite the role 92 

of local knowledge in reducing disaster risk, the existing power relationships between local and scientific 93 

knowledge frequently leads to local knowledge’s role being overshadowed or overlooked in research and 94 

practice (Mercer et al. 2009), making it an understudied area.  95 

Moreover, globalization has triggered shifts in local knowledge, particularly pertaining to housing risk 96 

and safety, including perceptions of design and construction practices and materials. In several cases, 97 

studies have noted examples of communities’ changing perceptions leading them to adopt less traditional 98 

construction practices, perceiving these styles of construction, primarily reinforced concrete and masonry, 99 
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as inherently “better” than the traditional styles (Audefroy 2011; Kennedy et al. 2008). For instance, experts 100 

found the traditional wood-frame building style in Haiti was more earthquake-resistant than the modern 101 

style of housing construction with reinforced concrete and block masonry when built informally and 102 

without seismic detailing. However, without a major earthquake impacting Hispaniola for around fifty 103 

years, builders informally constructing housing turned to a more modern style of reinforced concrete that 104 

also readily protected housing from wind and storm surge damage during the Caribbean’s annual hurricane 105 

season (Audefroy 2011). Researchers also revealed that globalization of housing technologies and designs, 106 

particularly masonry, may have decreased safety of informally constructed housing in the 2004 Indian 107 

Ocean Earthquake and Tsunami (Kennedy et al. 2008). When researchers compared this informally 108 

constructed masonry housing design with the traditional, more earthquake resistant timber housing in Aceh, 109 

Indonesia, they found this transition away from traditional housing designs ultimately made housing much 110 

less safe (Kennedy et al. 2008).  111 

Local knowledge is also shaped by past hazard experiences. For instance, studies have revealed examples 112 

of residents’ housing safety perceptions being shaped by individual hazard exposure and prior hazard 113 

experience (Venable et al. 2020). In our own work, we found that informal builders developed a nuanced 114 

understanding of the ways to construct housing to withstand frequent hazards such as hurricanes (Goldwyn 115 

et al. 2021). Goldwyn et al. (2021) also documented changes to risk and housing safety perceptions 116 

following the 2019-20 earthquakes in Puerto Rico, a revealing shift towards a greater recognition of seismic 117 

risk and a growing interest in consulting with engineers and other professionals in the formal building sector 118 

for information on reinforced concrete design 119 

Builders' housing safety perceptions, which are shaped by this local knowledge and the factors that 120 

influence it, motivate their design and construction practices. These practices have been described as an 121 

informal “value engineering” process, where builders seek to maximize benefits while reducing costs for 122 

themselves and residents (Rodgers 2012). In this process, builders make decisions about which design 123 

decisions are worth added costs, such as the quantity of reinforcement to include in a concrete column, 124 

based on what they perceive to be safe and what they learned on the job. However, in the absence of 125 
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regulations, this process may lead them to construct housing with vulnerabilities to hazard types that they 126 

have not recently experienced, and thus have not learned to design for safety (Rodgers 2012). 127 

Particularly, it can be challenging to design housing that is safe in regions exposed to multiple hazards, 128 

where builders must weigh the risk of structures to all hazard types to which they are exposed. For instance, 129 

in the Caribbean, builders may develop design and construction practices to build housing resistant to the 130 

familiar hurricanes experienced over generations, but not develop the same level of hazard-resistant 131 

techniques for less familiar and less frequent hazards, such as earthquakes (Audefroy 2011; Rodgers 2012). 132 

Researchers observed this trend in Haiti after the devastating Port-au-Prince earthquake in 2010, revealing 133 

construction practices aimed at increasing housing safety for the more commonly experienced hazard, 134 

hurricanes, led to increased vulnerability to earthquakes, the less common hazard (Marshall et al. 2011; 135 

Mix et al. 2011). In neighboring Puerto Rico, builders and residents also grew to prioritize housing safety 136 

for the Caribbean’s more familiar hurricane season, leading many, for example, to raise their houses up on 137 

weak reinforced concrete columns to avoid flooding; but did not construct these columns with sufficient 138 

vertical or transverse reinforcement, thereby increasing seismic risks (Goldwyn et al. 2021).  139 

Overall, while there is evidence of the generational hazard experience and globalization of housing 140 

building practices shaping local knowledge, there is a dearth of research related to how these experiences 141 

influence the housing safety perceptions that actually motivate informal housing design and construction 142 

practices.  143 

2.2 Understanding informal construction sector technical construction capacity  144 

With local knowledge poorly understood (Mercer et al. 2009), the reasons housing is constructed with 145 

disaster vulnerabilities are often unaddressed. Some reasons are due to financial or other resource 146 

constraints (Hedidor et al. 2016; Jones and Vasvani 2017), which are more difficult to change if resources 147 

are unavailable. However, some unsafe practices may be rooted in local knowledge of housing design and 148 

construction, or local technical construction capacity.  149 

While limited studies have investigated the knowledge and perceptions driving the informal construction 150 

sector, several studies have investigated the technical construction capacity and resource-related barriers 151 
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preventing builders from building code compliance. This is relevant because building codes in some ways 152 

represent the standardized global recommendations for hazard resistance. Studies have found cases of 153 

builders that may either be unaware of hazard-resistant building codes or may not have the technical 154 

capacity to comply with them (Krimgold 2011; Chmutina and Rose 2018). For instance, Krimgold (2011) 155 

documented builders’ technical construction capacity limitations, noting that the invisibility of 156 

reinforcement detailing that contributes to seismic safety limits knowledge exchange. Thus, in a setting 157 

where builders learn through observation and generational experiences, it is more difficult to learn from 158 

which specific reinforcement and concrete details did and did not lead to structures withstanding 159 

earthquakes. This lack of technical construction capacity may lead builders to construct housing that is not 160 

aligned with recommendations to engineering assessments. 161 

We contend that misalignments such as those pertaining to reinforcement detailing and seismic resistance 162 

may be able to be addressed through targeted technical construction capacity development efforts that draw 163 

from both local and scientific knowledge of housing safety. There is, however, a gap in our understanding 164 

of how perceptions of housing safety compare with engineering knowledge and assessments of hazard and 165 

risks. A recent study analyzed resident perceptions of safety with wind assessments of donor-built housing 166 

(Venable et al. 2021), finding residents’ perceptions of expected damage in future hurricanes generally 167 

aligned with engineering assessments, especially in terms of damage to particular components.  However, 168 

residents lacked a systems perspective on how components could interact to cause catastrophic failure. As 169 

a result, residents might strengthen roofs causing catastrophic failure of walls. This identification of a 170 

misalignment between local and scientific knowledge of structural systems, as well as the understanding 171 

that perceptions and engineering assessments of safety were generally aligned at the component level, 172 

provides insight into the technical construction capacity of the community and what concepts to address 173 

through community capacity building (Venable et al. 2021).  174 

Studying informal settlements in Istanbul, Turkey, Green (2008) found examples of resident perceptions 175 

that did not align with professional engineering expertise, again revealing areas to target in building 176 

technical construction capacity. Here, the individuals informally constructing housing often did not know 177 



8 

that adequate reinforcement detailing and other design features for reinforced concrete housing would 178 

increase seismic safety without adding substantial costs (Green 2008). Thus, despite the low cost of 179 

changing design and construction practices, residents and builders did not incorporate these hazard resistant 180 

practices. Unfortunately, this lack of alignment between builder perceptions and expert evaluation of safety 181 

ultimately led this community to build structurally unsafe housing that they viewed as safe, leaving the 182 

community vulnerable to the devastating 1999 earthquakes.  183 

Our study addresses this gap by focusing on those unsafe construction practices that are rooted in technical 184 

construction capacity, rather than resource limitations such as financial constraints.  185 

3. CONTEXT  186 

We conducted this study in Puerto Rico, a US Caribbean Island where informal housing construction is 187 

common, and housing is exposed to both hurricanes and earthquakes. Puerto Rico has recently experienced 188 

several devastating disasters: Hurricanes Irma and Maria in 2017, category 5 and 4 storms, respectively, 189 

and a series of 2019-20 earthquakes, the largest of which had Magnitude Mw 6.4. Hurricanes Irma and 190 

Maria together damaged or destroyed 1.4 million houses (García 2021; Hinojosa and Meléndez 2018), 191 

destroyed much of the island’s power grid, and led to a substantial increase in mortality (Kishore et al. 192 

2018). The series of over 40 earthquakes and aftershocks from late 2019 to early 2020 damaged or destroyed 193 

over 10,000 houses and affected over 40,000 people (FEMA 2020). While hurricanes pass over Puerto Rico 194 

regularly, a major earthquake had not struck the island for 100 years.  195 

Prior to Hurricanes Irma and Maria, Puerto Rico’s one- and two-family housing stock of approximately 196 

1.1 million structures was estimated at 76% reinforced concrete and masonry, 11% fully wood-frame, and 197 

13% combined concrete and wood (Clancy et al. 2020). It is estimated that most of Puerto Rico’s housing 198 

is built primarily through informal construction processes with help from family and friends (López-199 

Marrero 2010; Clancy et al. 2020; Hinojosa and Meléndez 2018). This high rate of informal housing 200 

construction is due to weak code enforcement, high permitting costs, and frequent absence of property titles 201 

due to informally subdivided land, among other reasons (Clancy et al. 2020). Thus, housing in Puerto Rico 202 

varies greatly in design and construction details, and subsequently, safety. Typical wood-frame housing 203 
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includes roof structures with purlins and rafters or trusses supporting corrugated galvanized iron (CGI) roof 204 

panels (Cruzado and Pacheco-Crosetti 2018). The reinforced concrete/masonry structures often have 205 

reinforced concrete frames, roofs, and floor slabs, and infill block walls. These blocks are industrially 206 

manufactured, but quality of blocks, concrete, and mortar are highly variable and often low. Given the 207 

higher frequency of hurricanes versus earthquakes and the globalization and status of reinforced concrete 208 

housing technologies, housing construction has trended towards heavier reinforced concrete/masonry 209 

construction, with many builders and residents doubting the safety of wood-frame housing (Goldwyn et al. 210 

2021), a trend that similarly occurred in neighboring Caribbean islands (Audefroy 2011).  211 

4. METHOD FOR DETERMINING MISALIGNMENTS  212 

To determine (mis)alignments between engineering assessments and safety perceptions, we compare the 213 

recommendations for design and construction practices that would most improve the performance of 214 

informally constructed housing. We do this by comparing our prior wind and seismic assessments of wood-215 

frame and reinforced concrete/masonry housing on the island (Lochhead et al. 2022; Murray 2021), with 216 

housing safety perceptions identified from a survey administered to informal builders and hardware store 217 

employees , further analyzing the survey to determine reasons for construction practices, focusing on areas 218 

where respondents indicated that technical construction capacity was motivating unsafe construction 219 

practices. This analysis enabled us to identify misalignments where survey respondents' perceptions do not 220 

align with recommendations for safer housing design and construction and where technical construction 221 

capacity development may address unsafe construction practices, as shown in Figure 1.  222 

We begin by discussing the methods of this paper’s main contribution: comparing the perceptions found 223 

in our survey to the recommendations from engineering assessments. We briefly explain the engineering 224 

safety assessment data sets used for this comparison, providing an overview of the wind and seismic 225 

housing performance assessment methods and recommendations based upon our prior work (Lochhead et 226 

al. 2022; Murray 2021). Then, we discuss the survey used in the comparison to reveal (mis)alignments, and 227 

the new analysis conducted to make the comparison based on the survey results. All methods were 228 
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completed in accordance with the University of Colorado Boulder Institutional Review Board Protocol #19-229 

0337.  230 

4.1 Methods of comparing perceptions and structural assessments of housing safety  231 

We compared the recommendations for design and construction practices with housing safety perceptions 232 

from our survey to identify areas where perceptions and engineering assessments of housing safety may not 233 

align and which practices are rooted in technical construction capacity, leading builders to engage in unsafe 234 

design and construction practices.  235 

To do so, as shown in Figure 2, we began by laying out a list of twelve compiled recommendations from 236 

the wind and seismic assessments. We classified recommendations as misaligned with housing safety 237 

perceptions when over half of the survey respondents either did not view this recommendation as important 238 

to increase housing safety or viewed the unsafe design and construction practices each recommendation 239 

seeks to change as safe. We then further analyzed the reason unsafe practices were occurring to determine 240 

whether these were rooted in more than just resource constraints, indicating that recommendations may be 241 

actionable with technical construction capacity development. We identified misalignments when 242 

perceptions were not aligned with structural performance assessments and more respondents attributed 243 

relevant practices to technical construction capacity limitations rather than financial constraints. 244 

By focusing first on the recommendations from prior engineering assessments  to improve housing 245 

performance, then comparing these with  the survey results to understand which of these practices misalign 246 

with builder’s perceptions, and finally focusing on design and construction practices that are attributable to 247 

more than financial constraints, we were able to select construction practices that could be integrated into 248 

technical capacity development programs. The survey analysis methods and results used for this 249 

comparison are detailed alongside the recommendations from engineering assessments in Supplementary 250 

Information S2. Because survey data were collected in parallel with the engineering assessments, we did 251 

not know the recommendations apriori. As a result, four of the twelve recommendations from the 252 

engineering analysis were not addressed in the survey and were omitted from further analysis.  253 

4.2 Recommendations from engineering assessments used to identify misalignments   254 
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Our prior work probabilistically assessed the wind and seismic performance of housing typologies to 255 

determine design and construction practices that would most improve the expected performance of housing 256 

(See Lochhead et al. (2022) and Murray (2021)). To assess the wind and earthquake performance of a wide 257 

range of common housing conditions, we identified the typical variations in housing dimensions, walls, 258 

windows, roof shape, roof material, elevation, and in structural key components, such as CGI sheet 259 

thickness and types of connections components (e.g., between purlins and trusses). These variations were 260 

defined through interviews (Goldwyn et al. 2021), photographs from fieldwork over three years, observed 261 

inventory at hardware stores across different regions of Puerto Rico (Murray 2021), hurricane and 262 

earthquake damage and reconnaissance reports (FEMA 2018; Miranda et al. 2020), and other studies on 263 

common informally constructed housing vulnerabilities across North and South America (e.g., Lang and 264 

Marshall 2017; Marshall et al. 2011; Villar-Vega et al. 2017). In total, we assessed the performance of over 265 

80 housing configurations, revealing the relative safety of common housing construction practices and 266 

design decisions in wind and seismic hazard events.  267 

4.2.1 Wind performance assessments data set 268 

In Lochhead et al. (2022), we adapted and applied a component-level performance-based wind 269 

engineering assessment framework, drawing from published literature to quantify component capacities 270 

and demands (Venable et al. 2021). We propagated uncertainty through Monte Carlo simulations. We 271 

considered the performance of wood-frame and reinforced/concrete masonry housing with wood-frame 272 

roof structures in hurricanes’ high winds. Previous studies and reconnaissance reports had shown the 273 

prominence of these housing types, and the catastrophic damage to wood-frame roofs in Hurricane Maria 274 

(FEMA 2018; Wells 2020). Initially, we considered base housing typologies with 16-foot by 24-foot plan 275 

dimensions, one or two stories, CGI panels, and wood purlin and truss roof structures. All of these housing 276 

typologies had nailed fasteners, with a nailed purlin-to-truss connection, a toe-nailed truss-to-wall 277 

connection and 26-gauge CGI roof panels. We also assessed the wind performance of housing with different 278 

panel material and gauge (thickness), fastener type and spacing, connections between purlins and truss and 279 

between trusses and walls, and truss and purlin spacing. 280 
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Then, we quantified the median wind speeds at which failures occurred in the housing configurations and 281 

how design and construction variations affected the wind speed when roof failure occurred, using a static, 282 

probabilistic component-based method. We considered wind speeds, quantified by the maximum 3-second 283 

wind gusts, that spanned across the range of storm categories, ranging from Category 1 to 5 storms with 55 284 

mph (90 kph) to 250 mph (405 kph) wind speeds (NOAA n.d.). Based on this wind speed, we determined 285 

wind pressures in accordance with ASCE 7 procedures for low-rise buildings (ASCE/SEI 2016). We 286 

defined failure as occurring when the first component or system failure occurred, considering panel loss, 287 

purlin failures, and failures at the various types of connections, and tracked the wind speed at which this 288 

failure occurred in 50% of Monte Carlo realizations. Uncertainties in demands and capacities on 289 

components were considered. The governing failure mode was defined as the failure that occurred at the 290 

lowest wind speed. Some failure modes, such as failure at the roof panel-fastener interface, are less 291 

catastrophic than others, such as failure at the truss-to-wall connection, which would be more likely to lead 292 

to failure of the entire roof-to-wall systems. After analyzing the base housing typologies and determining 293 

their governing failure modes, we assessed how changes in design and construction changed performance, 294 

or the percent change in the median wind speed at failure. More details about these assessments are provided 295 

in Lochhead et al. (2022).  296 

4.2.2 Recommendations from the wind performance assessment 297 

Our component-based analysis of wind performance revealed that the governing failure mode was roof 298 

panel loss due to fastener tear-out at the panel-fastener interface, occurring at a median wind speed of 85 299 

mph for the baseline gable roof configuration (Category 1 hurricane). This interface can be improved by 300 

reducing fastener spacing, using thicker CGI panels than 26-Gauge, using trapezoidal CGI panels, or using 301 

umbrella nails. However, while improvements to the panel-roof connection can increase the wind speed the 302 

roof can withstand, they also can potentially create a more catastrophic failure mode, i.e. complete roof 303 

loss, by moving the failure to the truss-to-wall connections.  304 

Recommendations were prioritized based on a philosophy of reducing catastrophic failure. Thus, we 305 

prioritized strengthening the connection between truss and wall with hurricane straps because failure at this 306 
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connection would result in the catastrophic loss of the entire roof structure. Then, we recommend 307 

strengthening the purlins and truss connections with hurricane straps. Finally, we suggest improving the 308 

panel-fastener interface by reducing fastener spacing, installing thicker CGI panels, and/or using umbrella 309 

nails with a wider head diameter. Lochhead et al. (2022) recommends installing hurricane straps at each 310 

purlin-to-truss and truss-to-wall connection. For the full discussion of housing design and construction 311 

recommendations from this study (e.g., constructing with treated wood, etc.), please see Lochhead et al. 312 

(2022).  313 

4.2.3 Earthquake performance assessment data set 314 

In Murray (2021), we focused on the seismic structural response of reinforced concrete/masonry housing 315 

typologies. These typologies included reinforced concrete/masonry housing with reinforced concrete 316 

frames and either confined or infill masonry walls; roofs and floors were flat reinforced concrete slabs. We 317 

also evaluated typologies with open-ground-stories, which were raised on reinforced concrete columns 318 

(stilts). Each of the housing typologies had 30-foot by 24-foot dimensions, with either one or two stories, 319 

with slabs spanning 10-12 ft. We varied reinforcement detailing, material strengths, wall openings, and 320 

other construction methods and design characteristics. We also investigated retrofitting techniques 321 

discussed in pilot interviews and field observations.  322 

We then assessed the effect of variations in design and construction decisions on overall seismic 323 

performance, looking at collapse risk in future seismic events as a measure of safety. The response of each 324 

housing typology variation was simulated dynamically with a nonlinear simulation model. We assessed the 325 

collapse safety performance using incremental dynamic analysis over a range of ground motion intensities, 326 

quantified using an intensity measure of spectral acceleration at the fundamental period. Collapse 327 

performance of each typology was summarized through collapse fragility curves, which represent the 328 

probability of collapse as a function of ground motion intensity. We also evaluated the relative feasibility 329 

of the design and construction practices that improve performance, revealing which practices could be 330 

implemented at no or low additional cost that would also increase the collapse capacity to meet the target. 331 

More details about these assessments are provided in Murray (2021).  332 



14 

4.2.4 Recommendations from earthquake performance assessment   333 

Our seismic performance assessment of reinforced concrete/masonry housing found that common design 334 

and construction practices for heavy reinforced concrete and masonry construction increase seismic 335 

vulnerabilities. For many of the cases, the provided columns and walls do not have the strength and 336 

deformation capacity to resist seismic demands. Reinforced concrete/masonry housing with infill 337 

techniques, heavy roof and floor slabs, and open-ground-stories performed worse than that built through 338 

confined masonry or without open ground stories. The housing typologies with confined masonry walls had 339 

90% greater collapse capacity, compared to the typologies with infill walls. Lighter weight buildings 340 

(mainly achieved through thinner floor slabs) outperformed heavier houses, recognizing that slabs need to 341 

be at least about 6 inches deep to withstand winds loads in hurricanes. The findings also suggest that open-342 

ground-story houses can be effectively retrofitted by either jacketing columns with reinforced concrete or 343 

adding infill panels. While the infill panels reduce the utility of open-ground-story housing for reducing 344 

flooding risk, well-designed reinforced concrete jackets maintain the open story while reducing collapse 345 

risk significantly.  346 

The recommendations aimed to increase collapse capacity to align with targets in U.S. standards for 347 

seismic safety. For new housing construction, our findings recommend that builders construct housing 348 

through confined, rather than infill, masonry construction and avoid open-ground-story construction. While 349 

confined and infill masonry structures look similar to residents, their differences in order of construction, 350 

ring beams, and reinforcement detailing affects the structural performance in seismic events. They also 351 

suggest the need to reduce the weight of floor and roof slabs, while still providing appropriate concrete 352 

cover and sufficient thickness for hurricane winds. For more information on these seismic performance 353 

assessments, see Murray (2021).  354 

We also looked at the multi-hazard performance of the recommended modifications, discussing the way 355 

both wood-frame and reinforced concrete/masonry housing can be constructed in consideration of both 356 

seismic and wind events in Puerto Rico. For both hazard types, housing performance can be improved 357 

through the use of stronger connections and materials, well-designed reinforcement detailing, and sufficient 358 
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lateral bracing (Lochhead et al. 2022). Together, engineering assessments provide design and construction 359 

recommendations to compare with housing safety perceptions.  360 

4.3  Survey results of safety perceptions used to identify misalignments   361 

To understand the housing safety perceptions and construction practices of those informally constructing 362 

housing in Puerto Rico, we conducted surveys with builders and hardware store employees familiar with 363 

housing design and construction practices as described in Goldwyn et al. (2022). We developed this survey 364 

based on pilot, semi-structured interviews with contractors, engineers, architects, residents, and others 365 

involved with construction processes. Data collection was completed over fifteen months with a team of 366 

eight research assistants and enumerators with context-specific knowledge. Over these fifteen months, we 367 

visited every distinguishable hardware store across the island identified through online searches and 368 

referrals and interviewed builders in these locations. Thus, these surveys are representative of typical Puerto 369 

Rican hardware stores and the perceptions of builders constructing housing informally across Puerto Rico.  370 

Overall, 345 builders and hardware store employees took the survey either online, using Qualtrics, or in 371 

person. Of the survey respondents, 257 (70%) were hardware store employees and 93 (30%) were employed 372 

as builders. In total, 212 (61%) reported some experience constructing housing, with 100% of the builders 373 

and 46% of the hardware store employees indicating this experience. Most of the respondents, or 257 (74%), 374 

were male and 88 (26%) were female. Most respondents (215, or 62%) reported that they had not received 375 

any formal training in housing construction; only 42 (12%) indicated receiving vocational school training 376 

in construction, 68 (20%) indicated they received training by an employer, and 20 (6%) indicated receiving 377 

training from a governmental, non-governmental, or community-based organization (Goldwyn et al. 2022). 378 

The survey largely covered three topics: perceptions of safety of common design and construction 379 

practices (i.e., which practices are and are not safe); perceived reasons for the design and construction 380 

practices identified by respondents as unsafe; and potential changes to those design and construction 381 

practices perceived to be important to increase housing safety. We asked questions for both wood-frame 382 

and reinforced concrete/masonry housing in both hurricanes and earthquakes. To capture additional 383 

information on some of the more complex design and construction practices, such as the perceived safety 384 
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of infill and confined masonry building practices, we added detailed questions. We pulled from a selected 385 

subset of questions for this study’s analysis, listed in Supplementary Information S1. From this subset of 386 

questions, we analyzed the percentages of respondents who did not agree with the wind and seismic 387 

performance assessments, shown in Supplementary Information S2. By asking about which common 388 

practices respondents perceived as unsafe in future hurricanes and earthquakes, we captured perceptions of 389 

key practices that we could then compare with the engineering-based recommendations to identify 390 

misalignments. For instance, we asked respondents about whether they believed builders using deteriorating 391 

or deteriorated materials, including wood, was unsafe; this response was then compared to our 392 

recommendations for builders to replace deteriorating wood members. If 50% of respondents did not agree 393 

with the recommendations, we considered perceptions to be misaligned with the recommendations.  394 

We also analyzed what respondents indicated were the reasons for these unsafe practices to understand 395 

whether each unsafe practice was rooted in financial constraints, material constraints, and technical 396 

construction capacity, recognizing that past studies have shown the important role finances play for 397 

decisions about hazard mitigation (Terpstra and Lindell 2013; Tobin 1997). If more respondents indicated 398 

technical construction capacity than other constraints, we considered the relevant unsafe practices to be 399 

rooted in misalignments between the recommendations and housing safety perceptions By understanding 400 

which of these practices are rooted in technical construction capacity, we were able to identify the unsafe 401 

design and construction practices that may be more motivated by misalignments between perceptions and 402 

engineering assessments of safety rather than limited finances. For example, looking again at the unsafe 403 

practice of using deteriorated materials in wood-frame housing, most respondents indicated that this 404 

practice was rooted in financial constraints rather than technical construction capacity due to the cost of 405 

purchasing and installing new wood regularly, indicating that this practice is not likely to be changed 406 

through capacity development.  407 

In addition, we analyzed responses to questions about respondents’ perceived importance of each 408 

recommended design and construction practice, with the intent of capturing respondents’ perceived efficacy 409 

of different methods of increasing housing safety. Our interest in perceived efficacy stemmed from studies 410 
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that have shown this perceived efficacy influences decisions of whether to take action to mitigate hazards 411 

(Terpstra and Lindell 2013). For instance, we asked respondents about whether they perceived using thicker 412 

roof panels as important for increasing wood-frame housing safety. We also asked more specific questions 413 

about the order of reinforced concrete/masonry housing construction and reinforced concrete column design 414 

to capture a more robust understanding of respondent perceptions related to those design and construction 415 

practices. We analyzed this perceived importance to determine if greater than 50% of respondents’ 416 

perceptions aligned with the recommendations. If most respondents did not align with recommendations, 417 

we considered these perceptions misaligned with the engineering assessments. Together, these survey 418 

results reveal respondent housing safety perceptions and provide insight into whether respondents agree 419 

with the structural engineering recommendations as well as their perceived reasons for unsafe construction 420 

practices.  421 

5. IDENTIFIED MISALIGNMENTS BETWEEN HOUSING SAFETY PERCEPTIONS AND 422 

ENGINEERING RECOMMENDATIONS 423 

  We compared results from survey data on housing safety perceptions with the recommendations to 424 

determine whether these were misaligned (See Table 1).   425 
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Table 1. Prioritized recommendations from wind and seismic performance assessments, with results of 426 
this comparison with survey data on housing safety perceptions, identifying areas of misalignment 427 

Recommendations Is there survey data 
for a comparison? 

Are perceptions misaligned 
with this recommendation? 

From wind performance assessments 

Strengthen truss-to-wall and purlin-to-truss 
connections with hurricane straps Yes Yes*1 

Improve panel-fastener interface with reduced 
nail spacing or umbrella nails; thicker gauge or 

trapezoidal CGI 
Yes No 

Reduce purlin and truss spacing Yes No* 

Use hip, rather than gable roofs No Unknown 

Increase roof slope (up to 28°) No Unknown 

Replace deteriorating wood members Yes No 

From seismic performance assessments 

Construct lighter weight/thinner roof and floor 
slabs Yes Yes*2 

Use confined, rather than infill, masonry Yes Yes*1,2 

Either avoid or retrofit open-ground-story 
construction with infill panels or retrofit 

vulnerable columns with RC jackets 
Yes Yes*1,2 

Use uncorroded steel reinforcing bars Yes No 

Avoid partial-height infill configurations No Unknown 

Expand horizontally with concrete/masonry, 
vertically with wood No Unknown 

1Many survey respondents did not view this recommendation as important to increase housing safety  
2Many survey respondents viewed the common, unsafe design or construction practice this 

recommendation seeks to change as safe 
*More respondents indicated technical construction capacity as the reason for the relevant practices 

than those who indicated financial constraints  
To illustrate this process, we look to our first listed recommendation from the wind performance 428 

assessments: to strengthen the connections between the purlins and trusses and the trusses and walls with 429 

hurricane straps. From the survey results, we found that a majority, 55% (n=190), did not indicate it was 430 

important to “use hurricane straps,” indicating a misalignment. While our survey also revealed that greater 431 
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than 50% of respondents indicated that the practice of “not using hurricane straps” was unsafe, which is 432 

aligned with the recommendation, we still consider this a misalignment as the perceptions pertaining to this 433 

recommendation satisfied one of these two established criteria. Further, of those respondents who indicated 434 

that not using hurricane straps was an unsafe practice, 71% indicated this was rooted in technical 435 

construction capacity while only 52% listed financial constraints. Thus, recognizing these misaligned 436 

perceptions and that the relevant practices were rooted in technical construction capacity, we discuss 437 

hurricane straps as a misalignment. Please see S2 for full results comparing survey responses with 438 

recommendations.  439 

Based on this analysis, we identified four focus areas of misalignment indicated by “Yes” in Table 1 (1) 440 

strengthening key connections in the roof structure with hurricane straps; (2) building thinner or lighter 441 

reinforced concrete roofs; (3) building confined, rather than infill, masonry; and (4) avoiding or retrofitting 442 

open-ground-story housing with weak columns.  443 

6. DISCUSSION OF MISALIGNMENTS 444 

In this discussion, we focus on the four recommendations from the engineering assessments identified as 445 

areas of misalignment that respondents attributed to technical capacity development. In addition to 446 

discussing the survey results, we bring in supporting information from post-disaster reconnaissance reports, 447 

literature, pilot interviews (described in Goldwyn et al. 2021), field observations (described in Goldwyn et 448 

al. 2021 and Murray 2021), and case knowledge to elaborate on the context and reasons for these 449 

misalignments.  450 

6.1 Using hurricane straps in wood-frame roof construction to strengthen key connections  451 

We found that respondents view wood-frame roofs as unsafe, with 89% expecting wood housing to be 452 

damaged or destroyed in a future hurricane like Hurricane Maria. However, a minority of survey 453 

respondents (45%) indicated that it was important to use hurricane straps to increase wood-frame housing 454 

safety for hurricanes.  455 

Reconnaissance reports after Caribbean hurricanes, including Hurricane Maria, have found that common 456 

nailed and toe-nailed roof connections at both the purlin-to-truss and truss-to-wall interfaces are not able to 457 



20 

resist the shear and uplift forces that are experienced during a high wind event. Thus, these reports have 458 

attributed roof structure failures to both connections (Build Change 2016; FEMA 1999, 2018; Kijewski-459 

Correa et al. 2019). Our wind performance assessments further revealed that the practice of using hurricane 460 

straps at both purlin-to-truss and truss-to-wall connections, rather than wooden cleat or nailed/toe-nailed 461 

connections, improves performance. These assessments assumed a single type of locally available hurricane 462 

strap at all the purlin-to-truss and truss-to-wall connections.  463 

During pilot interviews and field observations, we learned that builders often build nailed and toe-nailed 464 

connections without hurricane straps in their wood-frame roof construction, despite hurricane straps being 465 

readily available across Puerto Rico. Several interviewees explained that hurricane straps have grown more 466 

commonly available and used since Hurricane Hugo in 1986 and that their use grew even more popular 467 

after Hurricane Maria. In interviews, many builders emphasized the need to employ hurricane straps to 468 

build a safe wooden roof, yet explained that many people “do not know how or where to use them.” 469 

However, several builders also doubted their utility in these interviews, saying they prefer nailed or toe-470 

nailed connections without hurricane straps as it is “better to stick with wood,” explaining that they view 471 

wood-on-wood connections as safer than introducing other materials. In interviews with residents who built 472 

their own houses or worked with friends and family to build their houses, it was clear that most did not use 473 

hurricane straps.  474 

Respondents more frequently indicated that the decision to use nailed connections instead of hurricane 475 

straps was due to technical construction capacity rather than financial constraints. When compared to other 476 

construction materials, hurricane straps are rather inexpensive in Puerto Rico; for materials alone, we expect 477 

the cost of these recommendations for hurricane straps to be approximately $100 total with 2-foot purlin 478 

and 4-foot truss spacing in a house with 16 by 24-foot dimensions and a gable roof (Lochhead et al. 2022). 479 

The survey results reveal that those in the informal construction industry are likely more concerned with 480 

strengthening the connection (fasteners) between the roof structure and the roof panels, locally referred to 481 

as “zinc,” than other roof connections. This is because the respondents were more likely to expect failure 482 

at the panel-fastener interface than failure at the connections where a hurricane strap would be used. 483 
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Interviewees frequently mentioned the roof panels only when describing why they viewed wood-frame 484 

roofs as unsafe, saying statements like, “The zinc roofs were flying away” and “because of my experience 485 

with Hurricane Georges as a kid, I learned that houses with zinc roofs are not safe.” This concern with the 486 

panel-fastener interface aligns with our engineering assessment findings, which showed that roof panels are 487 

likely to be lost first. Indeed, our survey data suggests that the primary reason why builders may be 488 

foregoing hurricane straps is to prioritize strengthening the panel-fastener interface. However, our 489 

engineering assessment revealed that when sufficient improvements are made to the panel-fastener 490 

interface, through use of umbrella nails, reduced fastener spacing, or thicker metal roof panels, the 491 

connections between the trusses and purlins become the governing failure mode with only a modest change 492 

in the speed that the roofs can withstand. Failures between the trusses and purlins could occur at wind 493 

speeds corresponding to a Category 2 hurricane. While improving the panel-fastener interface does improve 494 

performance of that system, the subsequent failure at the purlin-to-truss or truss-to-wall connection is more 495 

catastrophic. Failure of the truss-to-wall connection leads to loss of the entire roof structure.  Failure of the 496 

purlin-to-truss connections may look like panel loss, but is more widespread. Respondents may be 497 

attributing the panel failure they have observed in prior hurricanes to the panel-fastener interface alone, 498 

rather than to both the panel-fastener and purlin-to-truss connections.  499 

Respondents were also more likely to expect failure at the truss-to-wall than the purlin-to-truss 500 

connection, likely because the failure between the truss and wall is both a more visible connection and 501 

catastrophic failure than a failure at the purlin-to-truss connection. These perceptions do not align with our 502 

engineering assessments, which showed the purlin-to-truss connection would fail before the truss-to-wall 503 

connection in the majority of typologies that we examined. As with Venable et al. (2021), this breakdown 504 

suggests that the systems perspective may be poorly captured in builder’s perceptions. In particular, the 505 

confusion around expected component failures in a wood-frame roof structure, specifically the uncertainty 506 

about failure of the purlin-to-truss and truss-to-wall connections where hurricane straps are recommended, 507 

provide insight into misalignments between perceptions and engineering assessments of wood roof systems.  508 
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We found that, despite the importance of hurricane straps to increase safety of the purlin-to-truss and 509 

truss-to-wall connections, builders and other individuals constructing housing do not view hurricane straps 510 

as important. Instead, builders are prioritizing practices to strengthen the panel-fastener interface which 511 

provide limited benefit unless paired with improvements to other connections. Survey responses indicate 512 

that this is likely due to technical construction capacity rather than financial or material constraints, 513 

indicating that it could be an area of emphasis in training for builders and residents. Thus, our findings 514 

show the benefits of constructing housing with hurricane straps at the purlin-to-truss and truss-to-wall 515 

connections, as well as the need to focus on these connection types in training to develop technical 516 

construction capacity around this focus area.  517 

6.2 Building roof and floor slabs that consider multi-hazard performance  518 

Next, we consider the fact that residents and builders connect heaviness with improved performance of 519 

reinforced concrete/masonry housing, producing structures that withstand hurricanes but are more 520 

vulnerable in earthquakes. We asked respondents in our survey whether they believed the construction 521 

practice of building thin roofs was unsafe for future hurricanes, earthquakes, or both hazards. In hurricanes, 522 

47% of respondents indicated thin roofs could lead to damage, which aligned with our engineering 523 

assessments. Our assessments revealed that roof and floor slabs of at least six inches thick are needed to 524 

withstand wind loading and should also have sufficient concrete cover over the reinforcing bars. However, 525 

over 84% of the respondents indicated that building thin roofs was unsafe in future earthquakes, which is 526 

misaligned with our recommendations. Instead, slimmer roof and floor slabs are associated with better 527 

seismic performance because their lighter weight reduces inertial forces (Murray et al. 2022). Even though 528 

the thinner roofs were safer in earthquakes, 60% of respondents believed that others were building thin 529 

roofs because they had insufficient technical construction capacity, and 66% believed it was due to financial 530 

constraints, rather than due to them perceiving benefits of lighter construction for earthquakes. 531 

Pilot interviews also showed that many residents perceived thin roofs as a structural vulnerability for both 532 

future hurricanes and earthquakes. Interviewees frequently mentioned a widely shared image of a house in 533 

Yabucoa that had a thin reinforced concrete roof torn off by Hurricane Maria’s winds. Over generations, 534 
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builders across the Caribbean have constructed housing with heavy reinforced concrete and masonry 535 

materials to withstand annual hurricane seasons (Goldwyn et al. 2021; Marshall et al. 2011). Interviews and 536 

field observations revealed that builders have prioritized wind- and storm surge-resistant heavy reinforced 537 

concrete and masonry construction, explaining that they prefer heavier building materials, such as 538 

reinforced concrete and masonry blocks, because lighter materials would “blow away like playing cards” 539 

in a hurricane, as one homeowner stated. However, in earthquakes, these heavy structures may not perform 540 

well. 541 

Unfortunately, when both the 2010 earthquake occurred in Haiti and the 2019-20 earthquakes occurred in 542 

Puerto Rico, this tendency towards heavy reinforced concrete and masonry construction practices 543 

contributed to widespread housing damage and destruction (Marshall et al. 2011; Miranda et al. 2020; Mix 544 

et al. 2011). Specifically, post-earthquake reconnaissance reports in Puerto Rico revealed that houses with 545 

heavy roof and floor slabs sustained damage due to the larger inertial forces acting on walls and columns 546 

that were likely designed to primarily resist gravity loads (Miranda et al. 2020). Our engineering 547 

assessments quantitatively showed how collapse risk increases with weight (Murray 2021).  548 

Survey respondents largely attribute housing safety to heavier concrete construction practices and more 549 

materials. This attribution appears to be based, in part, due to the relative cost and strength of concrete and 550 

wood, with lighter weight housing construction historically associated with lower income housing. For 551 

instance, in one pilot interview, a retired builder expressed this association between heavy concrete and 552 

increased cost, saying, “instead of investing in strong concrete, they are buying wood and zinc again, 553 

because it’s cheaper and they can save more money.” Other interviewees emphasized that wealth and 554 

security are tied to heavier reinforced concrete/masonry structures.  555 

Despite shifting housing safety perceptions after the 2019-20 earthquakes, and greater doubt in the safety 556 

of reinforced concrete/masonry housing in general, we have identified a misalignment between perceptions 557 

and engineering assessments of the safety of thick reinforced concrete roof slabs. To many who are 558 

unfamiliar with seismic loading, and particularly those more familiar with wind and storm surge from 559 

hurricanes, it can be counterintuitive that a lighter concrete slab could outperform a heavier one. The 560 
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prevalence of misaligned beliefs that thin roofs cannot be made safe means that there are not established 561 

building practices for designing and building this kind of system, a technical construction capacity 562 

limitation.  563 

6.3 Building confined, rather than infill, masonry housing 564 

The seismic performance assessment recommendations revealed confined masonry significantly 565 

outperformed infill masonry construction. Confined masonry is built by first placing any vertical 566 

reinforcement into the foundation, then laying the masonry blocks, and finally adding the reinforced 567 

concrete elements. In contrast, infill masonry is built by first casting the columns and then infilling the 568 

space between the columns (Brzev et al. 2017; Lang and Marshall 2011; Marshall et al. 2011). With 569 

appropriately tied beams and columns, confined masonry systems are stronger and more ductile than infill 570 

masonry structures, significantly improving performance in earthquakes (Brzev and Mitra 2007).However, 571 

only 44% of respondents’ responses aligned with our findings. Further, ring beams are a critical component 572 

of the reinforced concrete frame systems in confined masonry construction, but only 52% of survey 573 

respondents indicated it was important to include a ring beam. Instead, builders may directly support the 574 

slab with masonry walls. Moreover, 75% of respondents indicated builders commonly did not include ring 575 

beams in housing design because of technical construction capacity and 52% listed financial constraints. 576 

When asked about which order of construction was safer, 56% of the respondents indicated that it was safer 577 

to build with infill than confined masonry, that one practice was not safer than the other, or that they didn’t 578 

know which practice was safer. Thus, most respondents held housing safety perceptions that were not 579 

aligned with results from our structural assessments of housing safety, which find that confined masonry 580 

techniques increase the relative safety of housing.  581 

Fieldwork observations and pilot interviews indicate the prevalence of infill versus confined masonry on 582 

the island. In interviews with builders, perceptions were generally mixed, with some builders explaining 583 

that they view confined masonry construction as safer than infill techniques, but that infill construction 584 

often occurs because it is easier and less time-consuming process, with one builder saying “putting the 585 

blocks first is a little harder than making the column... it is more convenient for the builder, not for the 586 
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client or consumer who requests the construction.” While there may be some small increase in labor costs 587 

with this form of construction, the significant factor seems to be the lack of technical knowledge of the 588 

relative seismic performance of confined and infill masonry and familiarity with the superiority of the better 589 

practice, which leads to builders constructing infill masonry in most cases. Changes to building practice to 590 

achieve confined masonry would likely include changes to order of construction as well detailing in the 591 

reinforced concrete frame to tie the system together.  592 

Overall, the survey results related to infill and confined masonry housing construction show that some, 593 

but not all, builders in Puerto Rico are likely constructing infill masonry housing and sometimes without 594 

ring beams and these practices are likely rooted in a technical capacity related to constructing safer confined 595 

masonry structures and perceived utility of these structures.  596 

6.4 Avoiding or retrofitting open-ground-story housing with weak columns  597 

Open-ground-story housing has an open first story raised on columns that are locally referred to as 598 

“zancos” or stilts. This housing is common across Puerto Rico, often built to avoid flooding damage (López-599 

Marrero 2010) and to provide additional area for parking or other outdoor, covered storage. In earthquakes, 600 

however, open-ground-story housing with weak columns is unsafe. As one hardware store employee shared 601 

in a pilot interview following the 2019-20 earthquakes, “Before the earthquake, you knew you had to build 602 

tall stilts to avoid the seawater, but now that’s also dangerous because if you don’t take the right measures, 603 

they can crush down easily.”  604 

Our seismic performance assessments confirmed findings from a reconnaissance report after the 2019-20 605 

earthquakes, showing that the most significant vulnerability in reinforced concrete/masonry houses is weak 606 

columns in an open-ground-story (Miranda et al. 2020). The assessments showed that significant, well-built 607 

reinforced concrete jackets were needed to improve seismic safety. These jackets approximately doubled 608 

the collapse capacity of open-ground-story housing configurations. The engineering assessments also found 609 

that, while other aspects of column designs could be improved, the first story columns in open-ground-story 610 

houses were by far the most critical (Murray 2021).  611 
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In contrast, almost half (45%) of the respondents did not perceive reinforced concrete jacketing as an 612 

important method of increasing safety of open-ground-story housing. While over half of the respondents 613 

agreed with the retrofit recommendations from the engineering assessment, we selected this focus area 614 

because many residents and builders had expressed concern and fatalism about open-ground-story houses 615 

in interviews. Residents and builders began to doubt the safety of open-ground-story houses built on weak 616 

columns after the 2019-20 earthquakes, expressing uncertainty regarding the safety of open-ground-story 617 

housing, reinforced concrete construction in general, and the ways to retrofit this housing to increase safety. 618 

For instance, in a pilot interview for this study after the 2019-20 earthquakes, one individual said they felt 619 

safe in their house “because it is on solid ground, not stilts.”  Retrofit of these stilts is not yet common 620 

practice.  621 

In the survey, it appeared that respondents expressed more expected damage to columns in general than 622 

to the vulnerable first-story columns specifically. For instance, when asked about the damage they expected 623 

to reinforced concrete/masonry housing in future earthquakes, 55% of respondents expected column 624 

collapse in general, while 38% expected damage to the columns supporting the open-ground-story housing 625 

specifically, or stilts. When asked about the reasons why respondents believed others construct weak 626 

columns, 69% listed technical construction capacity and 63% listed financial constraints. We also asked 627 

respondents to elaborate on all the specific practices they believed are leading to these weak columns, of 628 

which most indicated they believe builders are using insufficient vertical reinforcement (68%), insufficient 629 

transverse reinforcement (56%), and poor concrete mix (54%). While ranges in concrete quality also 630 

influenced seismic performance, these variations did not have as large of an impact as the reinforcement 631 

detailing (Murray 2021).  632 

Our findings suggest the need for engineering guidance on how to build stronger columns to support open-633 

ground-story housing, including details of vertical and transverse reinforcements as well as concrete mix 634 

design that can be adopted across the island. It is necessary to  ensure columns provide adequate strength 635 

and deformation capacity, with adequate cross-sectional area, and longitudinal and transverse reinforcing 636 

bars for expected earthquake loads. Increased engineering guidance on how to build these stronger columns 637 
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could contribute to standardizing safer column design and construction practices of the informal 638 

construction sector, increasing technical construction capacity. Similarly, considering the retrofit options, 639 

retrofitting vulnerable columns with the recommended reinforced concrete jackets requires engineering 640 

design consultation.  641 

Overall, there is likely a large amount of uncertainty regarding the safety of open-ground-story housing 642 

and the ways to retrofit this housing or improve this practice for new construction. For this housing, the 643 

seismic performance assessment recommendations suggest two retrofit options: infill panels, which make 644 

the house no longer an open-ground-story structure, reducing the benefits for flooding, and reinforced 645 

concrete jackets, which requires specialized engineering design consultation before the practice becomes 646 

standardized and a larger part of informal sector technical construction capacity.  647 

7. LIMITATIONS 648 

This study provides new insight into how engineering assessments and perceptions of housing safety 649 

compare, which are misaligned, and if these misalignments are rooted in limitations of technical 650 

construction capacity or financial constraints. However, as with all studies, there are some limitations. Due 651 

to the nature of informally constructed housing, actual housing designs vary greatly in design and 652 

construction. Thus, our engineering assessments are based on a series of informed assumptions from 653 

reconnaissance reports, pilot interviews, and field observations.  Lochhead et al. (2022) and Murray (2021) 654 

detail the wind and seismic performance assessments, respectively, including all assumptions made and 655 

methods used. The wind analysis focuses on housing superstructure while the seismic performance 656 

assessments are based on USGS Site Class B and a fixed foundation (Murray 2021). In addition, there are 657 

many studies of technologies that can improve seismic performance of masonry/reinforced concrete 658 

buildings (e.g. Tarque et al. 2019). Future studies could investigate other housing foundations and soil 659 

configurations, considering vulnerabilities potentially presented by siting and soil conditions and potential 660 

misalignments associated with those.   661 

Further, comparisons between these engineering assessments and housing safety perceptions are based on 662 

a survey of builders and hardware store employees across Puerto Rico. These surveys were designed to be 663 
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understood easily by individuals with a range of design and construction experience and to be short enough 664 

that we could get many participants. Thus, respondents were not given the same level of detail as was 665 

included in the engineering assessments. Moreover, due to the timing between engineering assessments and 666 

the survey, questions were not included on some recommendations, which future studies can expand upon. 667 

Importantly, our approach to identifying these misalignments was supported by case knowledge from the 668 

authors as well as pilot interview and study data. We also based our identification of misalignments on what 669 

perceptions of “most,” or around 45% or higher of the survey respondents. We selected this proportion of 670 

respondents in order to generally discuss common perceptions of those working and advising in Puerto 671 

Rico’s informal construction sector. We recommend that future studies aim to strengthen these prioritized 672 

areas of misalignment collaboratively with community-based organizations in Puerto Rico.  673 

8. CONCLUSION 674 

In Puerto Rico, informally constructed housing is common and exposed to both hurricanes and 675 

earthquakes. This context is ideal to study how those working in the informal construction sector perceive 676 

the safety of different design and construction practices to different hazards, and how these housing safety 677 

perceptions may not align with engineering assessments of housing safety. We compared housing safety 678 

perceptions with specific recommendations of how to increase wood-frame and reinforced 679 

concrete/masonry housing safety in future hurricanes and earthquakes to identify misalignments. We 680 

analyzed survey data to evaluate whether more respondents indicated the relevant practices for each 681 

recommendation were rooted in technical construction capacity, rather than solely financial constraints, to 682 

identify focus areas for technical capacity development within the informal construction sector. Based on 683 

the results from our survey of those advising and building in the informal construction sector, we identified 684 

four misalignments where unsafe housing design and construction is rooted in technical construction 685 

capacity.  686 

First, our results reveal that builders and residents may not be thinking about wood-frame structures from 687 

a systems perspective. Thus, builders and residents are prioritizing methods of securing their roof panels 688 

rather than strengthening the connections between structural members within the roof structure. This lack 689 
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of a systems perspective is leading to housing that is vulnerable to more catastrophic failures of the entire 690 

roof structure in wind events, rather than less catastrophic panel tear off alone. Our results thus suggest that 691 

capacity development focuses on the efficacy and appropriate implementation of hurricane straps and 692 

systems understanding of wood-frame structures.  693 

Due to prior hazard experiences with frequent hurricanes and less frequent earthquakes, builders have 694 

grown to prioritize methods of strengthening housing in hurricanes, often associating the ‘heaviness’ of 695 

reinforced concrete/masonry housing with its strength. However, the recent earthquakes led to increased 696 

uncertainty around housing safety, with many doubting the local knowledge of informal builders when it 697 

came to earthquake safety (Goldwyn et al. 2021). As earthquake safe design detailing is less visible than 698 

safety to other hazards (Krimgold 2011), we suggest technical construction capacity development should 699 

emphasize the ways earthquakes affect buildings with lateral forces, causing damage to heavy housing, 700 

infill walls, and open-ground-story housing raised on weak columns. By working within existing structures 701 

of grassroots and community-based organizations in Puerto Rico, technical construction capacity 702 

development should work to build upon the foundation of local knowledge to show how confined masonry 703 

and retrofitted columns can reduce these vulnerabilities.  704 

This study contributes to literature on the housing safety perceptions of those making design decisions 705 

and engaging in construction practices informally in multi-hazard environments such as the Caribbean. 706 

Moreover, this study provides an approach for comparison of local and scientific knowledge, or perceptions 707 

and engineering assessments, and identifying misalignments to focus on for capacity development. 708 

Practically, this study’s results will support groups in their efforts to intervene in ongoing housing 709 

construction practices with skills training and information dissemination approaches to increase housing 710 

safety and reduce disaster risk.  711 
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