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ABSTRACT  8 

This study assesses the wind performance of various housing typologies representing informal 9 
construction practices in Puerto Rico to suggest modifications to enhance housing resilience in 10 
hurricanes. Based on fieldwork and interviews, the study defined four base housing typologies and 11 
possible variations in design and construction details. Each house was assessed using performance-12 
based static wind analysis of potentially critical components. The results show that the initial 13 
governing failure mode in all base house typologies considered is roof panel loss due to tear-14 
through at the fasteners, with subsequent governing failures being panel loss due to failures at the 15 
purlin-to-truss connections and failures of the truss-to-wall connections. In-plane wall failures and 16 
masonry uplift failures were both found to occur at much higher wind speeds than roof failures. 17 
To improve the hurricane performance, several feasible modifications are suggested, including 18 
installing hurricane straps at both the truss-to-wall and the purlin-to-truss connections, as well as 19 
improving the panel-fastener interface. In the construction of new roofs, this study found that using 20 
reduced spacing between roof members, hip roofs instead of gable roofs, and higher roof slopes 21 
leads to improved performance. These recommendations can make houses built through informal 22 
construction processes safer and more resilient to hurricanes as a form of climate adaptation.      23 
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INTRODUCTION  61 

Globally, tropical hurricanes (also known as cyclones or typhoons) cause nearly half of all direct 62 
economic losses from hazard events (CRED and UNISDR 2018). These losses are typically driven 63 
by wind and storm surge damage. In the future, the effects of climate change, including sea level 64 
rise and warming temperatures, will likely increase the intensity and frequency of hurricanes 65 
(Knutson et al. 2013). These hurricanes are expected to particularly affect regions like the 66 
Caribbean, where hurricanes have accounted for nearly 95% of all damage to the built environment 67 
from hazards in the last sixty years (Burgess et al. 2018, Vosper et al. 2020). Moreover, the World 68 
Economic Forum identifies the failure of climate change mitigation and adaptation as its top risk 69 
for the built environment in terms of potential future impact (Edmond 2020). 70 

Hazards such as hurricanes disproportionately affect resource-limited communities, which bear 71 
68% of disaster fatalities, despite experiencing only 43% of disasters (CRED and UNISDR 2018; 72 
Rentschler 2013). Resource-limited communities are often located in higher-risk or flood-prone 73 
areas with poor early-warning systems (Zorn 2018). In addition, they have a greater proportion of 74 
the population living in potentially vulnerable or informally-constructed housing (Zorn 2018). 75 
Here, informally-constructed housing is housing constructed without explicitly adhering to 76 
building codes or other regulations, and likely without the guidance of formally trained engineers 77 
or architects. This practice is ubiquitous in regions with weak regulatory enforcement of 78 
construction processes (Talbot et al. 2020, Rodgers 2012). Around the world, informal 79 
construction is often the only form of affordable housing (Lallemant et al. 2017), and, after 80 
disasters, rebuilding follows the same pattern because over 80% of households worldwide recover 81 
without external assistance (Hendriks et al. 2018, Parrack et al. 2014) 82 

For this informally-constructed housing, the available resources, risk perceptions, and construction 83 
knowledge of individual households and builders determine what is built or modified (Goldwyn 84 
et al. 2021), producing a wide range of construction and design decisions. Local builders often 85 
engage in an informal practice of “value engineering,” whereby builders use their experience to 86 
decrease cost (Rodgers 2012). This practice, which mirrors formal construction value engineering 87 
processes, includes the substitution of fewer materials (e.g., reinforcement or nails) or the adoption 88 
of quicker methods, without the intent to sacrifice structural performance. However, when 89 
informal builders navigate tradeoffs between cost and performance to make these value 90 
engineering propositions, the resulting design choices may increase structural vulnerability to 91 
hazards such as hurricanes (Rodgers 2012). Understanding how common informal construction 92 
and these informal value engineering processes are, many governments and organizations have 93 
developed training programs aimed at reaching informal builders and households to illustrate 94 
methods of reducing disaster risk. These programs involve, for example, illustrated handouts and 95 
other training materials showing “good” and “bad” construction practices (e.g., different truss 96 
structures, roof shapes, and members spacing) (e.g., Enterprise Community Partners 2019). These 97 
communication strategies are typically responsive to the structural vulnerabilities identified in 98 
post-disaster reconnaissance, such as weak connections between roof trusses and walls in 99 
hurricanes (FEMA 2018a).  100 

In this paper, we assess the relative hurricane performance of informally-constructed housing with 101 
a variety of locally-relevant materials and design choices and explore potential modifications to 102 
improve this performance. We focus on the Caribbean island of Puerto Rico because it is a region 103 
with significant informal housing construction that is exposed to frequent hurricanes. To assess 104 



 

 

the performance of the broad variation of informally-constructed housing in Puerto Rico, we 105 
develop a set of baseline housing typologies and common component and system variations that 106 
capture the variety of material and design choices made on the island. Hurricane, or high wind, 107 
performance is assessed through a component-based static procedure of roof and wall systems, 108 
based on established wind pressure models. We then assess the effect of various designs or 109 
materials on performance. The results of this study show how design choices affect performance 110 
in high wind events and compare strategies for mitigating structural vulnerabilities through  111 
material and design modifications. These results are intended to improve the performance of 112 
informally-constructed housing in wind events by providing an understanding of cost-effective 113 
options to increase housing safety within the context of local materials and construction choices. 114 

CONTEXT 115 

This study focuses on Puerto Rico, a U.S. territory located in the Caribbean that has repeatedly 116 
incurred damage from hurricanes and other hazards. There have been many documented hurricanes 117 
with paths crossing over or near to Puerto Rico in the last two centuries, with over 24 Category 1 118 
or greater hurricanes impacting the country throughout the 1900s (Puerto Rico Hurricane Center 119 
2005a; Puerto Rico Hurricane Center 2005b). Already in this century, 12 hurricanes have impacted 120 
Puerto Rico, in addition to many tropical storms (NOAA(a)). The frequency at which this island 121 
is impacted by hurricane-force winds makes hazard damage to residential construction a concern.  122 
 123 
Most recently, Hurricanes Irma and Maria devastated Puerto Rico in late 2017. These Category 5 124 
and 4 storms, respectively, damaged over one-third of the island's housing or over 400,000 houses 125 
(Brown 2018). Over the past two decades, building codes in Puerto Rico have grown increasingly 126 
standardized in response to hurricane damage (FEMA 2018a). However, roughly 55% of Puerto 127 
Rican residential and commercial construction is constructed informally (Hinojosa and Meléndez 128 
2018), as a result of formal processes being inaccessible due to cost, land tenure requirements, and 129 
other barriers (Talbot et al. 2020). The typical informal construction practices consist of family, 130 
neighbors, or friends building or repairing their housing without explicit design, supervision, or 131 
inspections (Goldwyn et al., 2021). As a result, most households do not benefit from building code 132 
improvements and standardization. After Hurricanes Irma and Maria, the vast majority of this 133 
damaged or destroyed housing was reconstructed informally and often built on land for which the 134 
households did not hold tenure, leading the U.S. Federal Emergency Management Agency 135 
(FEMA) to reject 60% of applications for assistance (Acevedo 2018). Nongovernmental 136 
organizations (NGOs) were also relatively absent in Puerto Rico, leaving thousands of households 137 
to repair or rebuild their houses on their own, using whatever post-disaster resources and 138 
construction knowledge they could access, and deepening their reliance on the informal building 139 
sector. The combination of the high frequency and intensity of hurricane winds, the strong reliance 140 
on local construction capacity due to high percentage of informal construction practices in 141 
residential settings, and the relative absence of nongovernmental organizations motivated our 142 
selection of Puerto Rico to study the performance of informal construction and potential design 143 
modifications.   144 

Many of the informally-constructed houses in Puerto Rico are one-story, light-framed wooden 145 
houses with corrugated galvanized iron (CGI) roof panels (Cruzado and Pacheco-Crosetti 2018). 146 
These wooden houses generally have either gable or hipped roofs with plywood walls, have 147 
connections are generally nailed, and use wooden 2x4s for both purlin and truss members. The 148 



 

 

other common housing type is heavy concrete construction, which includes a first floor with a 149 
reinforced concrete frame and masonry walls, and a second story built with either concrete or light-150 
framed wood (Prevatt et al. 2018); these houses may have wood roof systems or concrete slab 151 
roofs. Houses typically have slatted Jalousie windows, or shutters; glass windows are uncommon 152 
due to cost (FEMA 2018a). The choice between wood and concrete as the primary residential 153 
construction material is often driven by economic considerations, with residents with greater 154 
financial means tending to build concrete/masonry houses and more likely building in compliance 155 
with building codes (FEMA 2018a).  156 
 157 
BACKGROUND 158 

Our understanding of the performance of informally-constructed housing comes primarily from 159 
post-disaster reconnaissance reports published by FEMA and NGOs. Throughout the Caribbean, 160 
reconnaissance reports show consistent failure modes for informally-constructed housing and also 161 
indicate similarities in housing typologies across the region. For example, loss of roof panels is a 162 
common failure mode for wood-framed roofs with metal covering in high wind events due to 163 
insufficient number or type of fasteners and the use of thin metal panels (FEMA 2018a, FEMA 164 
1999, Build Change 2016). Additionally, many reports from Caribbean hurricanes have found 165 
nailed roof connections, whether at purlin connections in the roof or between roof trusses and 166 
walls, are insufficient to resist the shear and uplift forces that are experienced during a high wind 167 
event, producing many of the roof failures (FEMA 2018a, FEMA 1999, Build Change 2016, 168 
Kijewski-Correa et al. 2019). Wood deterioration due to insect infestation or moisture and metal 169 
roof panel corrosion has also contributed to failures (Build Change 2016).  170 
 171 
In Puerto Rico, after Hurricanes Irma and Maria, FEMA’s reconnaissance team observed that 172 
wood-frame buildings that were damaged by wind typically had failures within the roof system 173 
due to insufficient connections between structural members (FEMA 2018a), as exemplified in 174 
Figure 1. Weak connections caused failures to occur at the connection holding the metal roof 175 
panels to the roof structure, the connection between structural members in the roof structure, or at 176 
the connections holding the roof to the walls. These types of issues arise almost exclusively in 177 
informally-constructed houses (FEMA 2018a). Of these, the most common failure mode in Puerto 178 
Rico was the loss of roof covering in structures with wooden roof systems. This roof covering loss 179 
was due to the use of improper fasteners, metal panels with an insufficient gauge, a lack of 180 
redundancy, and excessively wide truss and purlin spacing (FEMA 2018a). In some cases, metal 181 
roof panels were nailed to wooden roof members with no consideration of increased wind 182 
pressures at the ends, ridges, or corners of the roof, which also contributed to failures (FEMA 183 
2018a). Additionally, these panels were often heavily corroded due to improper coatings, 184 
inadequate material selection, or age, which likely weakened connections. These connection 185 
failures resulted in the roof covering partially missing on many houses, leading to further 186 
destabilization and water intrusion. Although less prevalent, metal roof panels have also been 187 
found to be pried from a house with wooden purlins still attached (Ginger et al. 2010). FEMA’s 188 
reconnaissance team observed that houses with structural decking beneath the metal panels 189 
outperformed those without it in Puerto Rico and that adjustments such as using thicker (superior 190 
gauge) metal panels or reduced fastener spacing improved roof performance (FEMA 2018a).  191 
 192 
Other studies have found similar damage types in resource-limited communities worldwide in 193 
hurricanes, including roof cladding loss (Prevatt et al. 2010, Shanmugasundaram et al. 2000), 194 



 

 

global roof system loss due to failure of the connections between the roof trusses and walls 195 
(Mukhopadhyay and Dutta 2012, Mukhopadhyay and Dutta 2016), and wall failures (Build 196 
Change 2014, Kijewski-Correa et al. 2017). In general, reconnaissance reports demonstrate that 197 
informally-constructed block masonry and concrete structures better withstand hurricane winds 198 
compared to housing structure typologies built primarily with wood materials (FEMA 2018a, 199 
Build Change 2016). Even so, some structural vulnerabilities, such as insufficient reinforcement 200 
or the lack of a ring beam, can lead to the failure of masonry and concrete structures in hurricanes, 201 
as was observed in Haiti after Hurricane Matthew (Build Change 2016). More recent building 202 
practices of reducing the number of internal walls and using lighter roofs may also have increased 203 
vulnerability to wind damage, relative to older non-engineered construction (Sparks et al. 1989).  204 
 205 
Beyond the reconnaissance studies, limited research has formally evaluated the safety of this 206 
informally-constructed housing through structural analysis and performance-based engineering. 207 
We found only one study that used structural analysis to assess the performance of informally-208 
constructed housing in wind events, which assessed the wind performance of typical bamboo and 209 
thatch housing in Bangladesh and provided minimum design recommendations to increase strength 210 
in wind events (Alam et al. 2017).  211 
 212 
Previous work by the authors (Venable et al. 2021) quantified the expected wind performance of 213 
post-disaster housing typologies constructed by government agencies and NGOs in the Philippines 214 
after Typhoon Yolanda, investigating the performance of different designs using performance-215 
based wind engineering methods. For these typologies, we found that roof panel loss, either from 216 
failure at the connection of the roof covering to the purlins, or at the connections between the 217 
purlins and trusses, is the most common governing failure mode and is expected at wind speeds 218 
equivalent to a Category 2 hurricane. We found that in a few housing designs with wooden frames 219 
and woven wall materials, roofs were over-strengthened compared to the strength of walls, leading 220 
to wall racking and collapse. Venable et al. (2021) also assessed how design changes could 221 
improve the performance of this post-disaster housing, finding that strengthening wall capacity, 222 
designing with hip roofs, using thicker roof panels, installing hurricane straps, and decreasing 223 
fastener spacing improved performance. Roof improvements were recommended only if walls had 224 
also been strengthened. However, in the Puerto Rican context, it is unlikely that limited-resource 225 
households and informal builders have access to the same imported materials organizations use to 226 
rebuild houses after disasters and we thus expect different structural vulnerabilities. 227 
 228 

 229 
Figure 1. Illustration of roof panel loss in Puerto Rico due to Hurricane Maria (Source: FEMA, 230 

2018a)  231 
 232 



 

 

Taken together, the reconnaissance reports and the previous wind assessments provide significant 233 
insight into the structural vulnerabilities that likely led to damage in hurricanes. However, these 234 
do not address modifications that can be made to improve wind performance in informal housing 235 
construction, nor evaluate the relative improvements associated with various possible design 236 
modifications.  237 
 238 
METHODS 239 
 240 
In this study, we conduct performance-based wind assessments of four housing typologies, each 241 
with multiple variations, to capture the variability in design and construction among informally-242 
constructed housing in Puerto Rico. This section describes the housing typologies and variations, 243 
followed by the performance-based wind assessment. The wind assessment is used to identify 244 
when roof or wall failure occurs, detailing the quantification of wind loads, component capacities, 245 
and treatment of uncertainties.  246 

Establishing Housing Typologies and Variations  247 

Due to the wide variation in housing design details in Puerto Rico, we first sought to characterize 248 
informal housing construction across the island based on a literature review of housing 249 
characteristics across the Caribbean and fieldwork/exploratory interviews. During fieldwork in 250 
July 2019 and February 2020, we measured structural dimensions and took photos of the exterior 251 
of typical houses built with reinforced concrete and wood (Goldwyn et al. 2021). During these 252 
interviews, households were asked to show and describe any damage to their houses due to 253 
Hurricane Maria and the 2019-20 earthquakes (only in the 2020 interviews). Engineers, architects, 254 
and reconstruction program staff and volunteers also shared photos and videos of typical damage 255 
to different, common housing types. We also examined inventory at hardware stores across Puerto 256 
Rico during this fieldwork to determine material availability and prices. In interviews, many 257 
informal builders also explained the structural vulnerabilities that are commonly produced by 258 
unsafe construction practices or design choices of other informal builders that they viewed as 259 
unacceptable yet commonplace. Figure 2 includes photos of several typical houses taken across 260 
these fieldwork trips. We used this information to establish four main housing typologies and 261 
variations therein to reflect the most common construction practices and materials observed in 262 
Puerto Rico’s informally-constructed housing.  263 

     264 
Figure 2. Photos of Puerto Rican informally-constructed houses [Photos: Polly B. Murray and 265 

the authors] 266 
 267 
Base House Typologies  268 

The initial base case, denoted Gable 1 (detailed in Figure 3), represents a one-story wood-frame 269 
house with a corrugated metal roof. Three additional base typologies were defined to reflect 270 
common variations in the number of stories, primary housing material, and roof shape. These four 271 
base typologies are defined in Table 1.  272 



 

 

 273 
Although housing size varies across Puerto Rico, all base house variations were taken as 16 feet 274 
by 24 feet (4.9 meters by 7.3 meters) based on fieldwork observations, photos, and interviews with 275 
local professionals. The houses considered in this study were assumed to be either one or two 276 
stories in height, with a total height of 8 feet (2.4 meters) and 16 feet (4.9 meters), respectively 277 
(Enterprise Community Partners 2019, FEMA 2018a).  278 
 279 
Much of Puerto Rico’s informal construction consisted of light, wood-frame houses (FEMA 280 
2018a, Wells 2020). We assumed that one-story houses in this study had wood framing with 281 
plywood sheathing, or reinforced concrete (RC) columns with unreinforced concrete masonry unit 282 
(CMU) infill walls. We assumed two-story houses had concrete or masonry walls on the first floor, 283 
with plywood walls on the second floor. This is common among two-story, informally-constructed 284 
houses because the stories are often not constructed simultaneously (FEMA 2018a, Goldwyn 285 
2021). The most common roof type was a wood-frame roof with corrugated metal panels, which 286 
we assume for all the typologies. While some houses did have tile or concrete roofs, these materials 287 
are more expensive and thus less common (FEMA 2018a). We assumed the purlin length to be 10 288 
feet (3.1 meters) with two purlins per line (parallel to the roof gable) based on local material 289 
availability and the size of the houses being considered (Figure 3).  290 

 291 
Figure 3. Base house typology, Gable 1, showing roof system plan view and 3D schematic. (1 in 292 
= 25.4 mm; 1 ft = 0.305 m) 293 
 294 
Common Component Variations  295 
 296 
To model the performance of a wide range of informally-constructed housing, additional variations 297 
to critical components, including CGI panels, fasteners connecting panels to the roof structure, 298 
connections between purlins and roof trusses, and connections between roof trusses, and 299 
walls/framing were considered for each of the four housing typologies. The details of the 300 
components for each base typology are provided in Table 2, with the additional variations 301 
considered shown in parentheses. Though some connection alternatives are more expensive than 302 



 

 

others, the variations evaluated in this study all represent feasible, relatively affordable options 303 
that are and can be used in informal construction.  304 
 305 

Table 1. Base house typologies details 306 

 Gable 1 Hip 1 
(Hip Roof Variant) 

RC 1 
(RC Variant) 

Gable 2 
(Two-Story Variant) 

Characteristics Determining Typology 

Roof Shapea Gable Hip Gable Gable 

Column Material Lumber Lumber RC RC, Lumber 

Wall Material Plywood Plywood Unreinforced 
Masonry 

Unreinforced 
Masonry, Plywood 

Total Height 8 feet (2.4 m) 1-
story 

8 feet (2.4 m) 1-
story 

8 feet (2.44 m) 1-
story 

16 feet (4.9 m) 
(2 stories) 

Common Characteristics Across House Typologies 

Plan Dimensions 16 feet by 24 feet (4.9 x 7.3 m) 

a. Although flat roofs do appear in Puerto Rican houses, they are typically constructed from concrete, making 307 
them less vulnerable to wind events, and outside our scope here. 308 

 309 
Table 2. House component variation details (1 ft = 0.3035 m; 1 in = 25.4 mm) 310 

Component 
Base Typology Component 

or Configuration  
(Variations Considered) 

Rationale 

Roof Slope 21° 
(15°, 28°) 

Variations based on fieldwork and Enterprise 
Community Partners (2019); variations chosen to span 
the roof slope categories in ASCE 7 (ASCE/SEI 2016). 
Steep roofs are less common in Puerto Rico, but were 
included as a possible design modification.  

Roof Panel 
Material 

Corrugated Metal or CGI 
(Trapezoidal Metal ) 

Material variations based on Enterprise Community 
Partners (2019), FEMA (2018a), FEMA (2018b), 
interviews, fieldwork, and material availability in local 
hardware stores. We did not consider plywood roof 
decking, as that is uncommon in informal construction.  

Panel Gauge a 26-Gauge 
(24-, 28-Gauge) 

Variation in gauge was determined based on FEMA 
(2018a) and local material availability. 

Fastener Type Nail: 0.28in head 
(Umbrella Nail: 0.87 head) 

Types chosen based on availability in local hardware 
stores, fieldwork, and Enterprise Community Partners 
(2019).  

Fastener Spacing 6in Exterior and 12in 
Interior 

Variations based on exploratory interviews, Enterprise 
Community Partners 2019, FEMA (2018a), FEMA 
(2018b) 



 

 

(6in Exterior and Interior, 
12in Exterior and Interior) 

Eaves 0.5 ft (1.5 ft, No Eaves) 
Variations taken from fieldwork observations, 
exploratory interviews, FEMA (2018a), and FEMA 
(2018b). 

Purlin and Truss 
Lumber Nominal 2x4s 

Based on Enterprise Community Partners (2019), 
FEMA (2018a), FEMA (2018b), interviews, and 
fieldwork. 

Purlin-to-Truss 
Connection 

Nailed (Cleat, 
Hurricane Strap) 

Variations based on fieldwork observations, Venable et 
al. (2021), and FEMA (2018a). We included hurricane 
straps, which are available at stores, but not often seen 
in informally-constructed houses, as an aspirational 
design modification. We assumed that hurricane straps 
were wrapped around both the purlin and the truss to 
connect the two members. 

Truss-to-Wall 
Connection 

Toe-Nailed (Cleat, 
Bolt, Hurricane Strap) 

Truss Spacing 6 ft (4 ft, 12 ft) Enterprise Community Partners (2019) advises 2 ft 
spacing for purlins and trusses, but fieldwork, and 
FEMA (2018a) suggest much wider spacing exists.  Purlin Spacing 4 ft (2 ft, 8 ft) 

Wall Bracing 
Plywood Sheathing 

(Additional Diagonal 
Bracing) 

Plywood sheathing was assumed on all houses with 
wood walls. In plane-diagonal bracing was additional. 
Variations based on fieldwork, Enterprise Community 
Partners (2019), and past work of authors (Venable et 
al. 2021). 

Material 
Deterioration 

None 
(Moderate, Severe) 

In a tropical climate like Puerto Rico, wood 
deterioration can result from fungi, decay, rot, insects, 
and weathering (Ibach and Lebow 2014). Metal roof 
covering panels are also prone to corrosion due to 
improper coatings on the panels and age, and high 
temperature and humidity values reduce the time to 
onset of the corrosion process (Castañeda et al. 2013). 
Fieldwork observations and FEMA (2018a) revealed 
material (metal and wood) deterioration on the island.  

Masonry Walls 

No Ring Beam, 
Unreinforced CMU infill 

(Ring Beam with height of 
0.7ft, Reinforcement in 

CMU infill) 
 

Masonry wall variations were based on FEMA (2018a), 
fieldwork observations, and exploratory interviews. 

a. Panel gauge is inversely related to thickness 311 
 312 
Wind Performance Assessment  313 
 314 
We assessed the likelihood of failure under wind loading by evaluating the performance of 315 
informally-constructed houses subjected to wind speeds ranging from 55 mph (90 kph) (to 250 316 



 

 

mph (405 kph), where wind speeds are quantified by 3-second wind gusts. This range corresponds 317 
to the range from a Category 1 to a Category 5 storm (NOAA(b)).  318 
 319 
To determine possible component and system failures at a specified wind speed, we checked: 320 
 321 

R < (WU - D),          (Equation 1) 322 
 323 
where R = capacity of the given component, WU = wind force on the component, and D = force 324 
from the dead load acting on the component. WU is an uplift force on the roof system/components, 325 
and a lateral force on the wall system/components. The analysis focused on initial failures and 326 
does not redistribute pressures for either internal or external pressures as components fail. As a 327 
result, this analysis is most useful for identifying the first component failure because there is 328 
considerable load redistribution and changes in pressures after failure occurs. 329 
 330 
The wind performance assessment identifies roof failures due to: panel failure due to failures at 331 
the panel-fastener interface, panel failure due to failures at the purlin-to-truss connections, and 332 
failure at the truss-to-wall connection. We assumed that a panel fails if ten percent, or two, of its 333 
fasteners fail, whichever is greater (Henderson et al. 2013, Stewart et al. 2018). To relate purlin-334 
to-truss connection failure to panel failure, we assumed that all purlin-to-truss connections on a 335 
single purlin needed to fail for the purlin to fail and the purlin at the edge of a roof panel must fail 336 
for the panel to fail. A failure of a single truss-to-wall connection was considered a roof failure.  337 
 338 
To account for uncertainty in both the wind loads, the component capacities, a Monte Carlo 339 
simulation was used throughout the analysis.  340 
 341 
Wind Loading on Houses 342 
 343 
We used ASCE/SEI 7 procedures for low-rise buildings to statically determine wind pressures, as 344 
a function of wind velocity, according to Equation 2 from ASCE/SEI 7 (ASCE/SEI 2016) 345 

𝑾 = qh[𝑮Cp − 𝑮Cpi],       (Equation 2) 346 

where qh = velocity pressure at the mean roof height, G = gust factor, Cp = external pressure 347 
coefficient, and Cpi = internal pressure coefficient. The velocity pressure (N/m2) is determined by: 348 

qh = 𝟎. 𝟔𝟏𝟑𝑲𝒛𝑲𝒛𝒕𝑲𝒅𝑲𝒆𝑽𝟐,         (Equation 3) 349 

where Kz = velocity pressure exposure coefficient, Kzt = topographic factor, Kd = directionality 350 
factor, Ke = ground elevation factor, and V = 3-s gust wind speed (m/s). Kz is based on the height 351 
of the structure and the exposure classification. We determined external pressure coefficients Cp 352 
for houses using ASCE/SEI 7 Chapters 28 (Main Wind Force Resisting System - Envelope 353 
Procedure) for walls and truss-to-wall connections and 30 (Components and Cladding) for panels, 354 
fasteners, and purlin-to-truss connections (ASCE/SEI 2016). We assumed all houses have an 355 
exposure B classification due to their location in built-up terrain consistent with suburban 356 
exposure. Because we wanted to represent a range of houses at a range of locations on the island, 357 
the specific location and topography of each house was unknown. Thus, wind speed-up effects 358 
were not accounted for and Kzt was assumed to be 1.0. Kd was taken to be 0.85 to account for the 359 



 

 

likelihood that the wind direction does not align with the worst-case angle of attack. We considered 360 
all houses at sea level, making Ke equal to 1.0. None of the houses considered in this study were 361 
airtight due to potential gaps between the top of the wall and the roof, as well as inherently open 362 
window systems. Thus, we assumed all houses to have a partially enclosed status with an internal 363 
pressure coefficient, Cpi, of 0.55. This was likely a conservative estimate for the internal pressure 364 
of the intact structure. We assumed the wind loads varied according to a normal distribution with 365 
a coefficient of variation of 0.2, based on Li and Ellingwood (2006). 366 

Dead Loads 367 
 368 
We considered dead loads of the self-weight of the CGI panels, the wooden purlins, and the 369 
wooden roof trusses. Uncertainty was not included for the dead load because the variability in the 370 
self-weight was low compared to wind loads.  371 
 372 
Loads on Components 373 
 374 
We determined the forces on each component using structural analysis based on the loads and the 375 
tributary areas of the components based on the assumed connectivity (boundary conditions) in the 376 
roofs. We assumed plywood walls retained their integrity, forming a diaphragm that transferred 377 
the wind pressures acting over the surface to the perpendicular wall framing. Masonry uplift forces 378 
conservatively assumed a 60° angle from the point at which the concentrated uplift load to estimate 379 
the area affected by the uplift force (Bright and Roberts 2005).  380 
 381 
Component Capacities 382 
 383 
The capacities of the components considered in this study are summarized with reference sources 384 
in Table 3, with details specific to informally-constructed housing in Puerto Rico explained next.  385 
 386 
Two failure mechanisms at the panel-fastener interface were considered, with capacities detailed 387 
in Table 3: fastener pullout and CGI tear-out around the fasteners. Fastener tear-out always 388 
governed. We assumed that not all fasteners would be properly placed during construction, 389 
meaning that some fasteners were not aligned with the center of the purlin, reducing their capacity. 390 
We assumed that three percent of all fasteners were improperly installed, changing both the pullout 391 
and tear-out capacities according to the triangular distribution from Stewart et al. (2018); according 392 
to this model, a fastener that is improperly installed has (on average) 80% lower capacity.   393 
      394 
For the connections within the roof system, we assumed purlin connections have one nail per 395 
connection, and the nails are inset 0.8 inches (0.02 meters) on both interior and edge purlins based 396 
on field observations and our own past analysis of housing in the Philippines (Venable et al. 2021). 397 
The cleat connection at both the purlin-to-truss and the truss-to-wall connection was assumed to 398 
have two nails, one into the purlin and another into the truss. The failure mechanism of these 399 
connections was assumed to be nail shear, with the governing shear failure mode being fastener 400 
yielding (Venable et al. 2021). The hurricane strap connections at both the purlin-to-truss and 401 
truss-to-wall connections were assumed to have a single hurricane strap attached to each member, 402 
with capacities based on hurricane straps available locally.  403 
 404 



 

 

We based wall frame capacities for the wood light-frame houses on past studies that have found 405 
wall failure can result from racking under strong winds (Liu et al. 1990, Venable et al. 2021). 406 
Racking resistance is provided by the frame, the wall sheathing, and any additional bracing that 407 
may be included in the house. We did not include lateral wall assessments for the RC typology as 408 
hand calculations showed that the lateral capacity of these walls is sufficient to resist wind loads 409 
(Venable et al. 2021). However, Kijewski-Correa et al. (2017) documented tension failures in the 410 
wall due to uplift forces at truss-to-wall connections as a possible failure mechanism of 411 
unreinforced masonry walls in hurricanes, particularly where there is no ring beam. The potential 412 
for this failure mode was also indicated by our exploratory interviews. The weakest point in a 413 
CMU wall is the masonry-mortar bond, rather than the masonry block or mortar itself, which 414 
results in tensile failures in CMU construction occurring along horizontal joints (Sparks et al. 415 
1989). Cement-lime mortar is used most commonly in CMU housing construction, which has a 416 
tensile capacity of 0.03 - 0.065 ksi (0.21 - 0.45MPa) (Sparks et al. 1989). Thus, we conservatively 417 
assumed the tensile capacity of the masonry-to-mortar bond was 0.03 ksi (0.21 MPa). We assumed 418 
that houses with adequate reinforcement and ring beams would not experience tension failures due 419 
to uplift forces (Venable et al. 2021). 420 
 421 

Table 3. Component capacities (1 kip = 4.45 kN; 1 ksi = 6.89 MPa) 422 
Component Mean Capacity Source 

CGI Panels Ultimate Tensile Strength: 30 ksi (Venable et al. 2021) 

Fasteners 

Tear-out Capacity: Function of head diameter, 
CGI thickness, and ultimate tensile strength of 
the CGI 
Pull-out Capacity: 0.3 kips 

(Mahendran and Tang 1999) 
(Thurton et al. 2012) 

Purlin-to-Truss 
Connections 

Toe-Nailed: 0.4 kips 
 
Cleat: Nail for single shear 
Hurricane Strap: 0.5 kips 

(Cheng 2004) 
(Khan 2012) 
(ANSI/AWC 2015)  
(Simpson Strong-Tie 2019) 

Truss-to-Wall 
Connections 

Toe-Nailed: 0.7 kips 
Cleat: Nail for single shear 
Hurricane Strap: 1.3 kips 

(Cheng 2004; Khan 2012) 
(ANSI/AWC 2015) 
(Ellingwood et al. 2004) 
(Li and Ellingwood 2006)      

Wooden Wall Frames 
Plywood: 0.2 kips/ft 
50% Reduction for windows, doors 
Diagonal In-Plane Braces:  5.6 kips 

(Doudak and Smith 2009)  
(Erikson and Schmidt 2003) 
(Salenikovich 2000) 
(Li and Lam 2009) 

 423 
To represent the cases with material deterioration, we assumed varying percentages of fasteners, 424 
purlin-to-truss connections, and truss-to-wall connections were deteriorated and having a reduced 425 
capacity. Based on our observations, we modeled a moderate case of material deterioration as 30% 426 
of connections being affected and a severe case of material deterioration as 50% of connections 427 
being affected by the capacity reduction. We again used the triangular distribution from Stewart 428 
et al. (2018) to randomly apply capacity reductions, resulting in a reduction in capacity between 429 
40% and 100% for those components that received a capacity reduction. Since deterioration was 430 



 

 

modeled using a reduction of connection capacity, it was assumed to represent both metal and 431 
wood degradation.  432 
 433 
We accounted for uncertainty in the component values through a Monte Carlo simulation, where 434 
component capacities were assumed to be normally distributed. We refer the reader to Venable et 435 
al. (2021) for further details on how component capacities were determined and the distribution 436 
parameters specific to each component. 437 
                  438 
FINDINGS 439 
 440 
In this section, we discuss the effects of housing typology characteristics on the overall wind 441 
performance and show the effect of design modifications on performance. For each house typology 442 
assessed, we quantified the median wind speed at which roof failure occurred. This median wind 443 
speed is the 3-second gust wind speed at which failure occurs in 50% of the Monte Carlo 444 
realizations, determined separately for each possible roof failure mode. The failure mode with the 445 
lowest median wind speed failure is referred to as the governing failure mode for that house. The 446 
governing failure mode is important because it indicates which component or system is likely to 447 
fail first in each house and because some governing failure modes are more severe than others.  448 
 449 
All four of the base housing typologies are expected to have failures occur at wind speeds much 450 
lower than those experienced in Hurricane Maria, failing even in a Category 1 storm. For these 451 
base typologies, the initial governing failure mode was roof panel loss due to fastener tear-through. 452 
Three of the four typologies failed in the same way at the same wind speed of 85 mph (137 kph) 453 
because they have identical gable roof structures. For the fourth typology, Hip 1, the governing 454 
failure mode was the same, but this occurred at a slightly higher wind speed of 92 mph (148 kph), 455 
due to the hip-shaped roof. For these typologies, wall failures were not governing, and walls were 456 
much less vulnerable than roofs. These findings were consistent with post-hurricane observations 457 
and reconnaissance reports, which indicated that many houses were missing roof panels after 458 
Hurricane Maria (FEMA 2018a).  459 
 460 
After we analyzed the four base house typologies, we made alterations to one component at a time 461 
to each typology based on the variations listed in Table 2, and quantified the percent change in the 462 
median wind speeds at failure, to interrogate the performance of these modifications. When a 463 
building’s design was improved to the point that its median wind speed at failure occurred at a 464 
higher wind speed than the median wind speed of another failure mode, the governing failure mode 465 
for the house changed. For example, as fasteners were modified, the wind speed associated with 466 
the fasteners’ failure mode exceeded that of the failures at the truss to wall connection, changing 467 
the governing failure mode to the connections between trusses and walls. We refer to changes in 468 
design that change the governing failure mode as sufficient modifications. The concept of sufficient 469 
modifications enables a systems perspective to examine how governing failure could change, in 470 
some cases to a more severe failure. For example, if the panels are the first component to fail in 471 
the roof, due to tear-through at the fasteners, repair to the roof would require replacement of the 472 
lost panels. However, if there is a failure at the connection of the truss and wall, the entire roof 473 
system is lost. Thus, although the initial governing failure mode indicates the panel-fastener 474 
interface should be improved, improvements should not be made that result in a more severe 475 
governing failure, without corresponding upgrades elsewhere.  476 



 

 

 477 
Roof System Changes for Wind Performance Improvement for Existing Roofs  478 
      479 
Due to the high cost of complete roof reconstruction or replacement, we first examine feasible 480 
modifications to existing as-built roofs. Here, we outline the various failure modes associated with 481 
roof system failure and the effect of potential modifications on these failures, and the wind speed 482 
at which they occur. 483 
 484 
Effects of Fastener-Panel Interface 485 
 486 
Given the characteristics of the gable roof on three of the four base house typologies, the governing 487 
failure was loss of roof panels due to fastener tear-out, which occurred at a median wind speed of 488 
85 mph (137 kph). Considering this governing failure mode, several design/construction decisions 489 
can potentially improve the performance at this interface, including reducing fastener spacing, 490 
changing fastener type, choosing a thicker-gauge roof (CGI) panel, and choosing a different panel 491 
shape. Figure 4 shows the component changes that can be made to this interface, as well as their 492 
impact on the median wind speed at which the panels fail due to faster tear-out, as compared to 493 
the base case of the Gable 1 house typology.       494 

 495 
Figure 4. Changes to median wind speed at which roof covering is lost due to modifications at the 496 
panel-fastener interface on roofs*  497 
*Percent improvement from base case failure for Gable 1 at 85 mph. Base structure: 12 in interior/6 in exterior spacing 498 
of fasteners, 26-Gauge CGI, corrugated metal, standard nails  499 
 500 
Figure 4 shows only the sufficient modifications, which include reducing fastener spacing on 501 
interior purlins, using thicker CGI (24-Gauge), using umbrella nails, and using 26-Gauge 502 
Trapezoidal CGI. These materials are widely available in most hardware stores and therefore are 503 
feasible modifications to this interface. Trapezoidal CGI is commonly recommended by local 504 
builders and hardware stores; we hypothesize that it has superior performance in part because of 505 
the flat area where fasteners are attached. These all change the failure mode to roof covering loss 506 
due to failures at the purlin-truss connections. Thus, the improvement possible in roof performance 507 
is only 8% (or up to 92 mph), unless improvements are also made to the purlin-truss connections. 508 
In other words, the panels will start failing due to the purlin-to-truss connections before the full 509 
level of improvement from these modifications can be observed. However, the overall safety of 510 
the roof system can be bettered, given other component improvements.  511 
 512 
Effect of Purlin-to-Truss Connections 513 



 

 

 514 
When the panels or the fasteners undergo any one of the changes shown in Figure 4, panel loss 515 
due to the purlin-to-truss connections becomes the governing failure mode. These types of 516 
connections were assumed to be nailed in the base typology and can be improved by using a 517 
wooden cleat or a hurricane strap at the connection. Cleat performance depends upon the diameter 518 
of the nail used in the cleat connections. Figure 5 shows at least a 0.25 inch (6.4 mm) or greater 519 
diameter nail in a wooden cleat connection or use of a hurricane strap results in a change in the 520 
governing failure mode to the truss-to-wall connection (which occurs at a median wind speed of 521 
101 mph (162 kph).  522 

 523 
Figure 5. Changes to median wind speed at which roof covering is lost due to modifications at the 524 
purlin to truss connection* 525 
*Percent improvement from the previous case at 92 mph. Base structure: nailed purlin-to-truss connections 526 
 527 
Effect of Truss-to-Wall Connections  528 
 529 
Field observations and interviews revealed that some houses with concrete/masonry walls and a 530 
wooden roof do not have any truss-to-wall connections at all; the roof just rests atop the walls. In 531 
this case, this connection would be the first to fail, and adding a connection, even if it is just a 532 
nailed connection, is a top priority for improving the house’s wind performance. Even in houses 533 
that do have a nailed connection, these results indicate the improvement of the truss-to-wall 534 
connection is a top priority due to the catastrophic nature of this failure that results in the loss of 535 
the entire roof structure. Like the purlin-to-truss connection, possible improvements to the truss-536 
to-wall connection include replacing the nailed connection with a wooden cleat connection or a 537 
hurricane strap. Relative to a case with a toe-nailed truss-to-wall connection, a wooden cleat 538 
performs 36% better, and the hurricane strap performs 62% better. 539 
 540 
Effect of Material Deterioration  541 
      542 
Corrosion of the metal CGI panels affects fastener behavior, with increased corrosion and 543 
deterioration causing tear-out failures to occur at lower wind speeds. In the case of moderate CGI 544 
panel corrosion, the median wind speed at which roof panels were lost decreased by 29% when 545 
compared to the case with no corrosion; this percent decrease grew to 34% in the case of severe 546 
corrosion. The main way to address CGI panel corrosion is to replace roof panels that have been 547 
corroded, which is possible on an existing roof structure. Furthermore, thicker-gauge CGI panels 548 
and the use of umbrella nails as fasteners would decrease the negative impact of CGI corrosion. 549 
The thickness of the thicker-gauge CGI allows for the panels to maintain strength even when some 550 



 

 

corrosion occurs at the faces of the panel, thus improving performance, and the wide head of the 551 
umbrella nail resists tear-out, even if the CGI is partially corroded.  552 
 553 
We examined cases of mild and severe wood deterioration, which affected all connections within 554 
the roof system. On average, moderate wood deterioration caused median wind speeds at failure 555 
to decrease by 15%, and in the case of severe wood deterioration, 22%.  556 
 557 
Combined Effect of Modifications to an Existing Gable Roof 558 
 559 
Given the above modifications, the performance of an informally-constructed house can be greatly 560 
improved in a wind event. Median wind speeds at roof failure can be delayed from 85 mph (137 561 
kph) to 107 mph (173 kph) (moving from failure expected in a Category 1 storm to almost a 562 
Category 3 storm) if all of the above improvements are undertaken, including changing fastener 563 
type and spacing, CGI type and gauge, and installing hurricane straps at purlin-to-truss and truss-564 
to-wall connections. The governing failure mode given these improvements is panel loss due to 565 
failures of the hurricane straps at the purlin-to-truss connections. Although these failures still occur 566 
below the wind speeds experienced in Hurricane Maria, their combined improvement would have 567 
a significant effect in future storms with lower wind speeds. 568 
 569 
Roof System Changes for Wind Performance Improvement for New or Reconstructed Roofs 570 
 571 
Other roof design variations that will influence performance, such as purlin and truss spacing, roof 572 
shape and slope, and eave size and placement, are more substantive, and impractical for existing 573 
roofs. These characteristics are more likely to be changed during the design process when newly 574 
constructing or reconstructing a roof. 575 
 576 
Effect of Roof Member Spacing  577 
 578 
We considered three variations of purlin and truss spacing to determine the effect of roof member 579 
spacing on roof system performance, with results provided in Figure 6. Overall, decreasing the 580 
spacing between roof members results in performance improvement at the panel-fastener interface, 581 
the purlin-to-truss connection, and the truss-to-wall connection because of greater load 582 
distribution. In the base case with all else equal, reducing spacing increased wind speed at 583 
governing failure up to 107 mph (173 kph). Conversely, if purlin and truss spacings are larger than 584 
that in the base gable roof, premature truss-to-wall connection failures may occur at a median wind 585 
speed of only 76 mph (122 kph).  586 



 

 

 587 
Figure 6. Changes to median wind speed at which various failure modes occur due to modifications 588 
in purlin and truss spacing* 589 
*Percent improvement from base case at 85 mph. Base structure: 4 ft purlin spacing, 6 ft truss spacing 590 
 591 
Effect of Roof Shape and Slope  592 
 593 
Changing the shape of the roof from a gable roof to a hip roof improves the performance of all 594 
significant roof components by reducing the wind uplift demands, including on panel-fastener 595 
interfaces, purlin-to-truss connections, and truss-to-wall connections. The initial governing failure 596 
mode in the hip roof – panels due to fastener tear-through – was the same as the gable roof, but all 597 
else equal in the base typology cases, wind speed at median failure of the panels due to fastener 598 
tear-out increased by 8% from the gable case to the hip case. Regardless of the quality, eave size, 599 
member spacing, slope, etc., hip roofs were able to withstand higher wind speeds. 600 
 601 
With improvement to the panel-fastener interface (through the strategies shown in Figure 5), the 602 
governing failure mode in the hip roof becomes the truss-to-wall connection. This order of failure, 603 
which contrasts that observed for the gable roofs, is significant, as improving the panel-fastener 604 
interface in a hip roof without improving other components could potentially lead to complete roof 605 
system loss, because the truss-wall connection failure mode is potentially catastrophic, pointing to 606 
the importance of cleat or hurricane straps connections at these locations. 607 
 608 
Considering roof slope, all else equal, a roof with a 28° slope outperformed a roof with a 21° slope, 609 
which in turn outperformed a roof with a 15° slope because of lower wind pressure coefficients 610 
associated with gable roofs with a pitch between 28° and 45° according to ASCE/SEI 7-16 611 
(ASCE/SEI 2016). The improvements in median wind speed consistent in both the gable and hip 612 
roof cases. However, we did not test roofs above 28° because they are impractical and not found 613 
in Puerto Rico, and we expect that even steeper roofs may actually perform worse.  614 
 615 
Combined Effect of Modifications to Newly Constructed or Reconstructed Roof 616 
 617 
These results show that the performance of an informally-constructed house can be greatly 618 
improved in a wind event. Given the above modifications, which include a hip roof shape, 619 
decreased spacing between the purlins and trusses, and a higher roof slope, in addition to the 620 
modifications to each of the connections discussed for existing roofs, the median wind speed at 621 



 

 

which the governing failure occurs can be delayed from 85 mph (137 kph) to 166 mph (267 kph), 622 
or a Category 4 hurricane.  Roof slope has the smallest impact on this value; if all modifications 623 
except roof slope are adopted, median wind speed at governing failure remains high, at 161 mph 624 
(259 kph). In both of these cases, the governing failure is the truss-to-wall connections. Although 625 
this is a more severe failure mode than the failure of the panels, the failure of this component is 626 
occurring at wind speed comparable to gust wind speeds in Hurricane Maria, so we believe these 627 
modifications to be beneficial, despite the severity of the failure mode.  628 
 629 
A Note on Eaves  630 
 631 
We also considered variations in the size and placement of the eaves, i.e., the roof overhangs. As 632 
expected, results in Figure 7 showed that larger eaves caused the median wind speed at roof failure 633 
to decrease due to larger pressures, whereas having smaller eaves, or no eaves at all, resulted in 634 
improved performance. Changing the eave length increased the uplift on the panels, and affected 635 
the wind speed at which panels were lost (due to either the purlin-to-truss connections or fastener 636 
tear-through). Eave size did worsen the performance of the truss-to-wall connections, but these 637 
changes were minor when compared to the effect on the panel failures, because of the greater 638 
tributary area of loads on the truss-to-wall connections. 639 

 640 
Figure 7. Changes to median wind speed at which various failure modes occur due to modifications 641 
in eave size* 642 
*Percent improvement from base case: 0.5 ft eaves on all sides  643 
 644 
Although the reduction of eave size, or better yet the elimination of eaves, would be beneficial in 645 
the structural performance, eaves protect against water intrusion and provide shade. In addition, 646 
the space under the eaves is often used for social gatherings, cooking, and other cultural activities, 647 
and households elsewhere have been found to be reluctant to eliminate eaves due to these benefits 648 
(Venable et al. 2021). Therefore, rather than suggesting the elimination or reduction of eaves, 649 
which we have assumed to be infeasible, this study instead suggests methods that strengthen other 650 
roof components to resist the increased uplift forces found in housing with eaves.  651 
 652 
Wall System Changes 653 
 654 
In-plane wall failures of plywood walls with no extra bracing in a one-story house occur initially 655 
at 170 mph (273 kph), which is a much higher wind speed than initial failures of any other 656 
components, even with the most-improved roof conditions tested in this study. Therefore, these 657 
wall failures are very unlikely. Adding in-plane wood diagonal members would further improve 658 



 

 

wall performance by 22%, increasing wall failure median wind speeds to 207 mph (333 kph).  659 
 660 
Venable et al. (2021) found that over-strengthening of roofs could have the adverse effect of 661 
leading to complete collapse of homes due to wall failures. The findings of the present study differ 662 
for one-story houses, as roof failures, even in improved cases, still occurred at wind speeds lower 663 
than any wall failures. The difference between these two findings is likely due to the wall materials 664 
commonly used; plywood, which is the most common in Puerto Rico, greatly outperforms amakan, 665 
which is a woven-bamboo material, which is common in the Philippines (Venable et al. 2021). 666 
These results suggest that improvements to the roof system and roof connections for one-story 667 
houses are a higher priority than improvements to the walls in informally-constructed Puerto Rican 668 
houses. 669 
 670 
For the two-story house (Gable 2), the median speed at wall failure is 148 mph (238 kph), meaning 671 
that in almost all cases, roof component failures will govern. However, in the case of the most 672 
improved roof, in which initial failures occur at 166 mph (267 kph), wall failures could potentially 673 
govern. Thus, substantial roof improvements in two-story houses should not be undertaken unless 674 
in-plane wood diagonal members are included.  675 
 676 
Similarly, in cases of unreinforced masonry walls with no ring beam at the top of load-bearing 677 
walls, uplift failures can occur. Nevertheless, even in this case, uplift failures occur at wind speeds 678 
of 141 mph (227 kph), which is after roof failures in the majority of cases tested. However, this 679 
failure mode could occur if the roof is improved through greatly improved CGI panels, fasteners, 680 
purlin-to-truss connections, and truss-to-wall connections. Substantial roof improvements in 681 
masonry houses therefore should not be undertaken unless a ring beam is provided at the top of 682 
the walls or the masonry wall is reinforced.  683 
 684 
DISCUSSION AND RECOMMENDATIONS 685 
 686 
The findings of this study point to some feasible, actionable recommendations for improving the 687 
performance of informally-constructed houses in wind events, with a focus on roofs. These 688 
recommendations can be split into two categories: modifications to existing roof structures (Table 689 
4) and design/construction details for new or reconstructed new roof structures (Table 5). These 690 
lists are prioritized based on modification importance, considering the wind performance (median 691 
wind speed at which the governing failure occurs) and the resulting severity of failure. We also 692 
assess the feasibility of the modification by providing relative cost estimates. These cost estimates 693 
are obtained from cost data from local hardware stores and informal builders across Puerto Rico, 694 
collected by local research assistants, along with information from RS Means construction 695 
estimating software (RSMeans 2021) based on material costs for construction in San Juan, Puerto 696 
Rico using 2021 USD. Although RS Means costs are for formal construction processes, they 697 
provide insight into relative cost differences. 698 
 699 
When modifying existing roofs to improve performance, there are three main target areas: truss-700 
to-wall connections, purlin-to-truss connections, and panel-fastener interfaces. In each of these 701 
cases, there are several possible improvements, as shown in Table 4. Our findings suggest that the 702 
changes to these components should be addressed in the prioritized sequence shown in Table 4 to 703 
avoid inadvertently increasing the severity of the governing failure mode (e.g., leading to a 704 



 

 

situation in which the entire roof structure rather than a single panel). Most of these changes are 705 
relatively inexpensive (from a materials cost perspective), except for buying thicker metal roof 706 
panels and replacing them more often. In addition, modifications to existing roof structures can be 707 
made to improve performance with minimal requirements for specialized skills and tools.  708 
 709 

Table 4. Prioritized modifications to existing roof structures 710 

Prioritized Modifications to Existing Roof Structures Rough Cost Estimates Corresponding to 
Recommended Modifications 

1. Strengthen truss-to-wall connections. Avoid using toe-nails 
to attach the truss to the wall, as well as cases in which the roof 
sits atop the walls with no connection. Hurricane straps are 
recommended.      

Cost of installing hurricane straps at every 
truss-to-wall connection when trusses are at 4 
foot spacing: ~ $40.00 (materials only)  

2. Strengthen purlin-to-truss connections. Particularly if 
fastener spacing, type, or panel gauge has been improved, 
weak purlin-to-truss connections are often the governing 
failure mode. Hurricane straps are recommended, but if they 
are not available, using a cleat connection with a nail with a 
diameter of at least 0.2 inches (5.1 mm) will improve 
performance.  

Cost of installing hurricane straps at every 
purlin-to-truss connection with 2ft purlin and 
4ft truss spacing: ~$40-$50/house (materials 
only)  

3. Improve the Panel-Fastener Interface 
A. Reduce fastener spacing to 6 in (0.15m) on interior 

and exterior purlins. Regardless of the type of nail 
and the head diameter, reducing the spacing of the 
fasteners improves performance of roof panels.  

B. Install 26-Gauge CGI or thicker. This change, or 
better yet, the use of 24-Gauge CGI, can greatly 
improve the behavior of panel-fastener interface, 
which is commonly the governing failure mode. 
Making this change also reduces the potential impacts 
of panel corrosion and deterioration.  

C. Use umbrella nails to fasten panels to purlins. The 
switch to the greater head diameter of the nails used 
greatly reduces the risk of panel loss. 

D. Install trapezoidal instead of corrugated metal roof 
panels. Trapezoidal panels outperform corrugated 
panels, all else equal.  

E. Replace roof panels when corroded or paint with rust-
resistant protectant. Corrosion and rust can lead to 
greatly decreased strength and performance, and can 
be prevented by painting or by replacing roof panels 
regularly.  

A. Cost difference between improved fastener 
spacing of 6 in interior and exterior, rather than 
standard fastener spacing of 6” interior and 12” 
exterior: Under $5 (materials only)  
 
B. Cost of 26-Gauge CGI panels for base 
houses: $400-$500/house (materials only) 
 
C. Cost difference between 26-Gauge standard 
CGI roofing panels and 26-Gauge standard CGI 
roofing panels: $5/panel or $150-$200/house 
(materials only)       
 
D. Cost difference between 26-Gauge standard 
CGI roofing panels and trapezoidal panels:      
$250-$350/house (materials only) 
 
E. See costs listed for improvements B and D, 
roof panels often replaced every 10-15 years. 

 711 
For the construction or reconstruction of roofs, the recommendations for the truss-to-wall 712 
connections, the purlin-to-truss connections, and the panel-fastener interface in Table 4 still apply, 713 
in addition to the recommendations listed in Table 5. These more substantial modifications, which 714 
address member spacing, roof slope, roof shape, and wood deterioration, can lead to additional 715 
improvements in the performance of these types of houses. The most affordable option is to 716 
provide additional purlin or truss lines. 717 



 

 

 718 
Although the results revealed that the most substantially improved roof performance would result 719 
from combining all modifications and recommendations listed in Tables 4 and 5, we aim to display 720 
these results in a way that allows individuals to prioritize specific modifications when they are 721 
financially or otherwise unable to combine all modifications and recommendations. In other 722 
words, individual modifications and recommendations in the order shown in Tables 4 or 5 will still 723 
improve performance if builders are unable to complete all of those listed.  724 
 725 
Material costs, and even material and labor costs, are only one measure of the feasibility of the 726 
improvements. Several of these modifications, for example, construction of a hip roof, require 727 
additional construction expertise and tools. In addition to costs, our fieldwork indicates that other 728 
factors, such as material availability and lack of training on hazard-resistant housing construction 729 
practices, may be barriers to these modifications. 730 
 731 

Table 5. Prioritized recommendations for the construction of new roof structures 732 
Recommendations for the Construction of a New 

Roof Structure 
Rough Cost Estimates and Requirements 

Corresponding to Recommendations 

1.Reduce spacing between purlins and between trusses. 
Regardless of component variations used, reducing the 
spacing between purlin and truss members improves 
roof performance. Reducing spacing of purlins and 
trusses to at most 2 ft (0.6 m) and 4 ft (1.2 m), 
respectively, is preferred. 

Cost difference between a house with purlin spacing of 
2 ft, rather than 4 ft: $80-85/house*; Cost difference 
between a house with truss spacing of 4 ft, rather than 6 
ft: $200-250* 
*Including labor costs from RS Means (2021) 

2. Use a hip roof instead of a gable roof. Reduced wind 
pressures on a hip roof lead to overall reductions in 
demand and improved component performance. 

Hipped roofs cost more than gable roofs and require 
more construction experience and training to build.  

3. Increase the roof slope for both gable and hip roofs 
when possible. Roofs with slopes up to 28° 
outperformed lower slope roofs, all else being equal.  

Higher roof slopes cost more than lower roof slopes 
due to the greater material quantity required.  

4. Replace wood members when necessary. Wood 
deterioration was shown to reduce performance, and 
can be prevented through replacement of deteriorated 
members with treated wood members.  

Several informal contractors indicated wooden roof 
materials needed to be replaced every 10-15 years.  

 733 
LIMITATIONS 734 
 735 
The most crucial of the study’s limitations are as follows. First, informally-constructed housing is 736 
neither uniform across a specific region nor regulated. Thus, this study does not evaluate the 737 
structural performance of any particular house in Puerto Rico, but instead makes assumptions 738 
based on our fieldwork related to housing design details and component variations to capture the 739 
wide range of different housing types, and variations between those housing types. In addition, the 740 
wind performance assessment is based on static wind pressures, and does not consider load 741 
redistribution after failure. Finally, the cost estimates do not include regional differences in cost or 742 
information regarding the specialized tools or skills required from builders to change their specific 743 
design and construction practices.  744 



 

 

 745 
CONCLUSIONS  746 
 747 
In this study, we established and tested the wind performance of four housing typologies 748 
representing informal-construction practices in Puerto Rico. We used a component-based static 749 
wind performance-assessment method to identify the median wind speeds at which these failures 750 
occurred, as well as how design and construction modifications affect these wind speeds. There 751 
is limited past research that has formally evaluated the safety and performance of informally-752 
constructed housing using structural analysis or performance-based engineering. Furthermore, 753 
although reconnaissance reports and previous wind assessments provide insight into structural 754 
vulnerabilities and types of failure, they do not evaluate the effect of potential modifications or 755 
make recommendations for improved wind performance. To address this knowledge gap, this 756 
study contributes information on the performance of houses built through informal construction 757 
practices under wind loads and the effects of potential modifications.  758 
 759 
We find that roof failure modes generally occurred at lower wind speeds than wall failures in both 760 
wood-frame houses with plywood walls and those with unreinforced masonry walls, occurring at 761 
wind speeds corresponding to even a Category 1 storm. Performance of existing roofs can be 762 
improved by installing hurricane straps at truss-to-wall and purlin-to-truss connections and 763 
improving the panel-fastener interface by reducing fastener spacing, installing a thicker panel, 764 
using umbrella nails, or using trapezoidal panels. We recommend prioritizing the truss-to-wall 765 
connections first due to the severity of this failure mode, followed by the purlin-to-truss 766 
connections, then the panel-fastener interface. Modifications to existing roof structures like these 767 
can be made to improve performance for a relatively low cost with minimal requirements for 768 
specialized skills and tools. During construction or reconstruction, roof performance can be 769 
improved by reducing spacing between purlins and between trusses, using a hip roof shape, and 770 
increasing the roof slope when possible. With these changes, the roofs studied can withstand wind 771 
speeds corresponding to a Category 4 storm. 772 
 773 
Extensive roof improvements can result in masonry uplift failure in unreinforced masonry houses 774 
without a ring beam and wall failure in two-story houses with plywood walls. Wall failures are 775 
more severe of a failure mode, and thus, substantial roof improvements in an unreinforced masonry 776 
houses and two-story plywood houses should not be undertaken unless the wall structure is also 777 
improved. 778 
 779 
This study shows the improvement in hurricane wind performance possible for informally-780 
constructed houses, either in the renovation or construction of a roof. Past work on housing 781 
performance has mostly focused on the types of housing found in high-income countries, and the 782 
modifications and construction techniques that are available in these locations are oftentimes not 783 
feasible in areas with fewer resources. The house typologies examined in this study were based on 784 
field observations, informational interviews, and reconnaissance reports specifically focused on 785 
Puerto Rico to reflect the context-specific nature of impacts and produce effective, targeted 786 
recommendations, as described by Méheux et al. (2007). These results, which will be shared with 787 
local, community-based organizations and community members, provide actionable, affordable, 788 
and realistic modifications that can be implemented to make informally-constructed houses safer 789 
and more resilient to hurricanes as a form of climate adaptation.  790 



 

 

 791 
In addition, we observe that informally-constructed housing typologies we studied are prevalent 792 
across much of the Caribbean (FEMA 2018b, Build Change 2016). Prevatt et al. (2010) provide 793 
data on houses on six Caribbean islands, revealing significant similarities between informally-794 
constructed homes with those studied here, including low sloped gable roofs, wood exterior walls, 795 
metal roof panels fastened using nails, and wooden purlins and trusses, which are typically toe-796 
nailed. These similarities in housing typologies and materials indicate that although the typologies 797 
and results were developed for Puerto Rico, the recommendations and prioritization may be 798 
applicable in similar types of housing across the Caribbean.  799 
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