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ABSTRACT 5 

This paper explores engineering- and social science-based strategies to mitigate risks posed by 6 

aboveground storage tanks (ASTs) during storm events. The Houston Ship Channel (HSC) is used 7 

as a case study to illustrate the application of an integrated model of built-human-natural systems 8 

and evaluate the viability of alternative risk mitigation strategies for protecting petrochemical 9 

infrastructure and nearby communities subjected to storm surge events. First, a model coupling 10 

storm surge exposure, fragility modeling, and social vulnerability of communities is used to 11 

quantify the effectiveness and economic viability of engineering-based measures to reduce spill 12 

risks, such as filling ASTs with liquid, anchoring them to the ground, changing their stiffness, or 13 

protecting them with dikes. Results indicate that no single measure is optimal, and that 14 

combinations of measures could be more suitable. Thus, an optimization approach and a heuristic 15 

approach are proposed to select and combine measures considering structural and social 16 

vulnerability. Both approaches prove to be effective in reducing storm-induced spills to a given 17 

target while minimizing costs; however, they do not improve the resilience of residents in the HSC. 18 

Thus, through social science assessment of communities at risk, additional measures are identified, 19 

which include: improved risk communication and evacuation planning, simplified governance 20 
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structures, moving from equal treatment approaches to equitable treatment approaches, and 21 

creating institutions that will empower and benefit local residents. Successful mitigation plans 22 

should cut across both engineering and social science approaches.  23 

Keywords: Aboveground storage tank; storm surge; community resilience; risk mitigation; 24 

optimization; petrochemical industry 25 

INTRODUCTION 26 

Often located in coastal regions for economic and strategic reasons, petrochemical infrastructure, 27 

especially aboveground storage tanks (ASTs), are vulnerable to natural hazards such has hurricane 28 

wind and storm surge; about 47% of the total United States (US) refining capacity is located in the 29 

hurricane-prone Gulf Coast area (Godoy 2007). This vulnerability was highlighted in past 30 

hurricane events during which ASTs suffered major damage resulting in both severe 31 

environmental impacts due to the spillage of hazardous chemicals, and economic impacts due to 32 

clean-up costs and lawsuits. During Hurricanes Katrina and Rita, more than 26.5 million liters of 33 

oil products spilled due to the failure of ASTs (Godoy 2007; Santella et al. 2010). Approximately 34 

5 million liters of oil were never recovered nor contained, resulting in the contamination of 35 

wetlands, marshes, and sediments as well as affecting fisheries and migratory birds (Davis 2006; 36 

Pine 2006). Following Katrina and Rita, federal agencies received more than $175 million in 37 

disaster funds to address oil pollution response activities and cleanup, and estimates indicate that 38 

the private sector spent at least an additional $150 million for similar activities (USGS 2006). More 39 

recently, two ASTs released 1.7 million liters of gasoline near the Houston Ship Channel due to 40 

flooding associated with Hurricane Harvey (USCG 2017). Fortunately, in this case, most of the 41 

spill was recovered or evaporated, while less than 20 liters of gasoline reached an adjacent 42 

waterway. In addition to environmental and economic impacts, AST failures can also have 43 
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significant social impacts as many residential areas are located near them. For instance, a spill in 44 

a residential neighborhood caused by the flotation of an AST at the Murphy Oil Refinery during 45 

Hurricane Katrina forced the relocation of 1,700 homes and resulted in a $330 million settlement 46 

(EPA 2016). Such spills can affect the physical and mental wellbeing of the communities in which 47 

they occur (Palinkas et al. 1993). Residents near the aforementioned spills during Harvey felt 48 

discomfort due to gasoline stenches and burning eyes (Eaton and Blum 2017). Moreover, 49 

communities are not equally vulnerable to such disasters as they have different capacities to 50 

prepare, respond, and recover from storm events (Cutter and Emrich 2006; Emrich and Cutter 51 

2011). The effects of a spill could be amplified in more socially vulnerable communities. Thus, 52 

given the serious consequences of AST failures, it is critical to mitigate the risks associated with 53 

these key energy infrastructure during storm and flood events, to improve the resilience of nearby 54 

communities, and to provide decision makers with tools to do so.  55 

 In recent years, several studies and post-hurricane investigations have proposed measures 56 

to protect ASTs during storm events. These measures range from procedural actions prior to a 57 

storm, structural details, and hazard protection systems (Godoy 2007; Kameshwar and Padgett 58 

2018a; Kameshwar and Padgett 2018b; RRT6 2016; SSPEED 2015). However, these studies 59 

mainly focus on empirical evidence or results from case study ASTs; there is currently little 60 

information about the effectiveness and viability of such measures on large portfolios of ASTs, as 61 

typically found in industrial areas. Such data is crucial for industry managers to improve the 62 

resilience of and protect the petrochemical industry, while mitigating consequences associated 63 

with spills. Furthermore, most studies looking at petrochemical infrastructure mainly focus on 64 

reducing structural vulnerability and potential spills. Considering social vulnerability is also 65 

important to target mitigation measures more efficiently in disadvantaged communities where they 66 
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could have a greater impact. At last, engineering approaches alone cannot capture many important 67 

social aspects of risk mitigation such as community dynamics, socio-demographic shifts, risk 68 

communication processes, or the complexity of governance structures. Therefore, it is necessary 69 

to also adopt a social science perspective to risk mitigation to propose alternative measures and 70 

policies that will complement engineering-based measures and improve community resilience. 71 

 In light of the discussion presented in the previous paragraphs, the main objective of this 72 

study is to investigate mitigation strategies and policy-oriented solutions for coastal areas that 73 

house petrochemical infrastructures and residential communities, and to develop tools for an 74 

efficient selection of such measures. In this paper, the Houston Ship Channel (HSC) is used as a 75 

case study. The HSC is home to the largest petrochemical complex in the US with 10 major 76 

refineries and more than 4,600 ASTs. Also, more than 83,000 people live in areas surrounding this 77 

industrial complex (Bernier et al. 2017a). The first part of this paper presents a largely engineering 78 

perspective on mitigation strategies. While this part of the paper mainly focuses on strategies to 79 

reduce potential spills, it also highlights the need to target such strategies in disadvantaged 80 

communities by using an integrated natural-social-physical model to evaluate and quantify the 81 

effects of mitigation strategies. This model couples hurricane storm surge modeling, structural 82 

vulnerability modeling, and social vulnerability modeling. Three main types of mitigation 83 

strategies are then presented and assessed using this model: (1) procedural measures, such as filling 84 

ASTs prior to a storm; (2) structural measures, such as anchoring ASTs to the ground or modifying 85 

their stiffness; (3) protection or prevention measures, such as building dikes around refineries or 86 

restricting the siting of ASTs. Finally, two methods, an optimization-based one and a heuristic-87 

based one, are presented and compared to combine and select mitigation strategies considering 88 

structural vulnerability and social vulnerability. The second part of this paper presents a social 89 
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science perspective of mitigation strategies. Social dynamics and community problems are 90 

identified, and used to suggest mitigation measures. In parallel to the engineering part, strategies 91 

are divided into three groups: (1) procedural measures, such as improving risk communication and 92 

evacuation; (2) structural measures such as identifying and assisting less-advantaged residents; 93 

and (3) prevention measures such as developing institutional structures to improve local 94 

communities. The following sections provide details on the engineering and social science based 95 

strategies for mitigating petrochemical spill risks as well as opportunities to link both perspectives. 96 

INTEGRATED MODEL TO EVALUATE MITIGATION STRATEGIES 97 

The evaluation and selection of mitigation strategies rely on an integrated model of natural-social-98 

physical systems developed in Bernier et al. (2017a) and summarized in Fig. 1. This model couples 99 

natural hazard exposure, structural vulnerability of ASTs, and social vulnerability to efficiently 100 

evaluate the effects and viability of mitigation strategies. First, the hurricane hazard modeling 101 

provides the loads acting on ASTs for different scenarios. Storm surge is the only load considered 102 

herein as it has historically caused the most significant AST failures and spills (Santella et al. 2010; 103 

Sengul et al. 2012). Other loads such as wind or wave impacts could also be included if desired. 104 

In this study, two proxy storms, referred as Scenario 1 and Scenario 2, that produce water surface 105 

elevations (WSEs) approximately corresponding to 100- and 500-year average recurrence interval 106 

(ARI) storm surge, respectively, are considered to determine the water levels in the HSC. These 107 

proxy storms are synthetic storms generated by the Federal Emergency Management Agency 108 

(FEMA) for its Flood Insurance Study (FIS) (FEMA 2013) and simulated with the Advanced 109 

Circulation Model (ADCIRC) computer program by the SSPEED Center (SSPEED 2016). Based 110 

on the results presented in Ebersole et al. (2016), the WSEs in the HSC from these two storms 111 

match very well the 100 and 500-year ARI WSEs obtained from a statistical analysis of a suite of 112 
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223 synthetic storms; differences less than 0.3 m were observed. The surge extents of both proxy 113 

storms are shown in Fig. 2; WSEs vary between 5.3 and 6.5 m in the HSC for the 100-year storm 114 

(scenario 1) and between 6.5 and 7.8 m for the 500-year storm (scenario 2). All WSEs are given 115 

with respect to the NAVD 88 datum; water levels in the HSC are usually between 1 and -1 m. 116 

Surge height (S) at tank locations are assessed by taking the difference between the WSE and the 117 

ground elevation. 118 

 Next, the structural vulnerability assessment is performed using parametrized fragility 119 

functions. Parameterized fragility functions give the probability of failure of a structure for a given 120 

hazard level and set of structural properties. Two main failure mechanisms of ASTs are possible 121 

during storm surge: flotation or buckling. Flotation occurs when the buoyant forces from the surge 122 

dislocate the tank from the ground, while buckling occurs when the lateral surge pressure on the 123 

tank shell becomes excessive. In this study, fragility models developed by Kameshwar and Padgett 124 

(2018a) are adopted. These models are based on a logistic regression model and parametrized on 125 

the AST diameter (D), height (H), internal liquid height (L), internal liquid density (ρL), steel 126 

design stress (Sd), external surge height (S), the containment berm height (B), and an additional 127 

vector of parameters X which are a function of the mitigation strategy as shown in Eq. 1.  128 
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In the above equation, ( )⋅l  are logit functions that can be found in Kameshwar and Padgett (2018a). 130 

The fragility models were developed by considering flotation and buckling using a series system 131 

assumption (i.e., failure occurs due to either flotation or buckling, whichever occurs first) and 132 

include uncertainties regarding imperfections of the tank shell and the density of steel and 133 

seawater. Additional details regarding the development of the fragility functions can be found in 134 
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Kameshwar and Padgett (2018a). As indicated by the presence of the parameter B, Eq.1 also 135 

considers the effect of a containment berm around an AST. By regulation, all ASTs storing 136 

hazardous materials must be protected by a berm, which may contain accidental spills within it. 137 

The berms are designed to contain the volume of the AST; they are not designed to protect the 138 

ASTs from external surge or flood. In the adopted fragility model, if the surge height is lower than 139 

the berm height, the AST cannot suffer any damage from surge and the probability of failure is 140 

null. In the opposite case, the berm is ineffective in protecting the AST or containing spills. In its 141 

current implementation presented in Eq. 1, the structural vulnerability assessment does not 142 

consider the likelihood of berm failure. It is acknowledged that surge effects could damage berms, 143 

and thereby yield higher probability of AST failure. Although such reliability assessment of the 144 

containment berms is outside the scope of this study, the results of such models could be easily 145 

incorporated here by modifying the conditions placed on Eq. 1 to capture the cascading failure 146 

effects. Moreover, the effects of the berms are mainly significant for small surge events (Bernier 147 

et al. 2017). For large surge events such as the ones considered here, the most vulnerable ASTs 148 

are subjected to surge heights significantly higher than the considered berm height, and the 149 

presence or absence of a berm has a limited effect on the overall structural vulnerability 150 

assessment.  151 

For a given AST, ρL and L are usually unknown prior to a storm and should be considered 152 

as random variables. Thus, the conditional probability of failure of a specific AST is obtained as: 153 

( ) ( ) L
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In this equation, (l)fL  and )(f lL
ρρ  are respectively the probability density functions (PDFs) of L 155 

and ρL. Both PDFs are assumed to be uniform distributions. For L, the lower and upper bounds are 156 

defined as Lmin = 0 and Lmax = 0.9H, while for ρL, the upper and lower bounds are a function of the 157 
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potential liquids that can be stored in the AST. While these bounds are specific to each AST, the 158 

density of most products in the HSC varies between 500 and 1000 kg/m3. In a similar way, it is 159 

also possible to compute the expected spill volume (SV (in liters)) for an AST as shown in Eq. 3. 160 
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The above equation assumes that ASTs completely spill their contents when flotation or buckling 162 

occurs. This assumption may be conservative, which is warranted given the consequences of tank 163 

failures. Eqs. 2 and 3 are integrated herein using Monte Carlo Simulation (MCS) with 104 samples. 164 

An estimate of the clean-up cost of a spill can also be computed based on the results of Eq. 3. A 165 

clean-up cost of $12/L is assumed and was obtained from US Coast Guard and EPA estimates to 166 

clean AST spills after Hurricanes Katrina and Rita (USCG 2006). 167 

 For this study, the location and properties (D, H, B, and range of ρL) of the ASTs in the 168 

HSC are obtained from the inventory developed in Bernier et al. (2017a). Thus, with knowledge 169 

of D, H, B, and S from the tank inventory and the storm scenario of interest, the probability of 170 

failure, expected spill volume, and clean-up cost of all ASTs located in the HSC can be computed 171 

from Eqs. 2 and 3. Results for the two storm scenarios are shown and summarized in Fig. 2, which 172 

represents baseline conditions in the HSC. The results shown in this figure are obtained by fixing 173 

Sd at 160 MPa, which corresponds to the most common steel grade for ASTs in the US, and 174 

considering no mitigation strategies are implemented (X = ∅). Thus, by comparing the results of 175 

the baseline scenarios with results considering mitigation strategies, the effectiveness of the 176 

mitigation strategies in reducing spill volumes can be determined. Moreover, the economic 177 

viability of each mitigation strategy can be assessed by comparing the monetary savings from 178 

reduced spill volumes to the cost of implementing the mitigation strategy. 179 
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 Structural vulnerability and the consequent spill volumes are then coupled with social 180 

vulnerability by using the concept of place vulnerability which indicates that disasters do not 181 

simply occur but rather emerge through interactions between the built environment and the social 182 

system (Emrich and Cutter 2011). Because communities do not have the same capacity to respond, 183 

prepare, and recover from disasters, a spill that occurs in a disadvantaged community could have 184 

more disastrous effects than one that occurs in a less disadvantaged community. Following the 185 

methodology presented in Bernier et al. (2017a), the index of concentrated disadvantage (CD) is 186 

used to quantify social vulnerability along the HSC, and census tracts serve as proxies for 187 

communities. There are 21 census tracts where ASTs are located. The CD index expresses poverty 188 

level, education level, and household composition in a neighborhood. Place vulnerability is 189 

considered by scaling the spills by the CD index value from the tract where they occur. Thus, spills 190 

that occur in disadvantaged communities will have a greater weight, and mitigation strategies that 191 

target spills in disadvantaged communities will also have a bigger impact. Since the CD index can 192 

be negative or positive, it is translated so that the lowest index in the Houston Metropolitan Area 193 

has a value of 1. This approach preserves the standard deviation of the index and prevents the 194 

scaled spill volumes from being lower than the estimated spill volumes from Eq. 3. 195 

MITIGATION STRATEGIES TO REDUCE STORM-INDUCED SPILLS 196 

With the above framework in place, it is now possible to evaluate the effectiveness and economic 197 

viability of mitigation strategies to reduce storm-induced spills. Results and insights are presented 198 

below for three types of mitigation strategies: procedural measures, structural measures, and 199 

protection or prevention measures. Regulatory-oriented solutions related to the petrochemical 200 

industry are also discussed as part of the protection and prevention measures 201 
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Procedural strategies 202 

Procedural strategies mainly consist of filling ASTs to increase AST self-weight and resistance 203 

against lateral pressure to prevent flotation and buckling. Such measures are the recommended 204 

best practices from storm preparation guides (RRT6 2016); ASTs should be completely filled with 205 

seawater or liquid and if that is not possible then ASTs should be filled with at least 0.9 to 1.8 m 206 

(3 to 6 ft) of liquid above the expected surge height. Filling with liquid generally consists of 207 

transferring products from ASTs or facilities not likely to be exposed to storm surge to ASTs likely 208 

to be exposed (Burgett et al. 2017). While filling with water consists of pumping seawater directly 209 

in the ASTs; the ASTs should also be completely emptied beforehand to limit seawater 210 

contamination. Fragility curves showing the effects of varying the minimal liquid level (Lmin) on a 211 

case study AST are presented in Fig.3a; the case study AST has the median geometry of the HSC 212 

inventory (D = 15 m, H = 10 m, and ρ = 750-950 kg/m3 (oil and gas)). This figure shows that 213 

increasing that filling an AST with product greatly reduces the probability of failure, and that 214 

filling it with water is even more effective. However, at high surge levels, high probabilities of 215 

failure are still observed. Results in Table 1 extend the findings of Fig 3a to the portfolio level; 216 

measures shown in Table 1 are applied to all ASTs in surge zones. Unfortunately, it was not 217 

possible to estimate the costs of such procedures, but they are expected to be significantly lower 218 

than the other mitigation strategies presented in the next sections as they are mainly operational 219 

costs related to the transfer or pumping of products. Filling ASTs with water is the most effective 220 

procedural measure to reduce the overall spill volume in the HSC and results in no hazardous 221 

chemicals released. Filling ASTs with liquid above the surge level can reduce the spill volumes 222 

and clean-up costs by 35% and 93% when ASTs are completely filled with liquid. Even though 223 

filling ASTs with liquid globally reduces the spill volumes in the HSC, failure of even one single 224 
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AST is likely to result in large spill volumes since it is filled with high levels of contents. Results 225 

in Table 1 also indicate that procedural measures are less efficient when higher surge levels are 226 

expected, as seen for Scenario 2. Finally, the feasibility of procedural measures is questionable as 227 

they rely on good pre-landfall predictions of the surge levels and extent; surge estimates prior to a 228 

storm are not always accurate as storms can abruptly change path. An underestimation of the surge 229 

level can significantly increase the probability of failure of an AST. Moreover, even though they 230 

are recommended, they have not always been adopted during past hurricane events in the Gulf 231 

(Godoy 2007) as it is not always possible to fill large ASTs or large numbers of ASTs on short 232 

notice due to logistical reasons such as product availability and limited personnel on site prior to 233 

a storm (Burgett et al. 2017). These feasibility problems highlight the need for alternative strategies 234 

such as structural and protection measures that do not rely solely upon human action in the face of 235 

an impending storm. 236 

Structural strategies 237 

Structural strategies are permanent modifications of ASTs to prevent flotation or buckling. Post-238 

hurricane investigations have shown that ASTs anchored to the ground usually perform better 239 

during storm surge or flood events than unanchored ones (Godoy 2007, RRT6 2016). However, 240 

anchorage is not a common design practice in the Gulf Coast region. The geometry of ASTs is 241 

typically chosen to avoid overturning under prescribed load conditions (e.g., wind and earthquake) 242 

in design codes, and thereby avoid anchorage. There are no mandatory provisions to anchor ASTs 243 

for flood or surge load conditions (API 2002; API 2013). Kameshwar and Padgett (2018a) 244 

developed fragility models for the flotation and surge buckling of ASTs anchored to the ground. 245 

The additional vector of parameters in Eq. 1 is X = {fy, f’c, hef, c, d, s} where fy is the steel strength 246 

of the anchor, f’c the concrete strength of the foundation, hef the embedment depth, c the edge 247 



Natural Hazards Review 12 Bernier et al., August 2017 
 

distance, d the anchor diameter, and s the anchor spacing. Fig 3b shows the effects of anchors on 248 

the fragility of the case study AST for various anchor spacings. The results shown in this figure 249 

consider fy = 400 MPa, f’c = 30 MPa, hef = 300 mm, d = 25.4 mm, and c = 100 mm. These values 250 

are used as an illustrative example and were obtained from the minimum anchor and foundation 251 

requirements in AST design codes (API 2013) and from discussions with AST designers in the 252 

Houston region. Also, in Fig. 3b, s = 3.0 and 0.3 m correspond respectively to the maximum and 253 

minimum anchor spacings in design codes. Anchors reduce the probability of failure of the AST 254 

by approximately 20-30% for low surge levels, and by 10-15% for high surge levels. Fig. 3b also 255 

highlights that after a certain point, reducing the anchor spacing does not further reduce the 256 

fragility; while uplift is prevented, the AST becomes vulnerable to buckling. Modifying the 257 

stiffness of the tank shell is required to further reduce the fragility, which can be done by using 258 

stiffening rings. Typically, stiffening rings are used on the upper shell courses of ASTs to prevent 259 

wind buckling. Kameshwar and Padgett (2018b) also proposed their use on the lower shell courses 260 

of ASTs to prevent surge buckling. With the structural analysis presented in Kameshwar and 261 

Padgett (2018b), it is possible to adapt the anchored AST fragility models to include the effects of 262 

stiffening rings (Bernier et al. 2017b). An additional parameter Rh, which corresponds to the 263 

location of the ring, is introduced in the vector of parameters X; the optimal value for Rh can be 264 

obtained from Kameshwar and Padgett (2018b). As shown in Fig. 3b, the use of a stiffening ring 265 

with anchors helps to further reduce the fragility of the case study AST by 10-15% compared to 266 

the use of anchors alone.  267 

 Table 2 shows the effects of anchoring all of the ASTs in the surge zone for the two storm 268 

scenarios and for various anchor spacings. The anchor parameters are the same as the ones used 269 

for Fig. 3b. Results indicate that structural details have a comparable effect as procedural measures 270 
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in reducing spills. Moreover, structural details can be deemed more dependable as they do not 271 

require any human action prior to a storm. However, Table 2 also shows that the benefits of anchors 272 

plateau. For anchor spacing lower than 1 m, the additional reduction of spills is minimal while the 273 

cost of providing anchors considerably increases. This suggests that combinations of structural 274 

details and procedural strategies might be required to further reduce spills. The use of anchors with 275 

adequate spacing is also economically viable with a benefit-cost ratio (BCR) higher than 5. It is 276 

possible to estimate the costs of anchoring and providing stiffening rings from RSMeans (2016). 277 

The costs presented in Table 2 include the costs of providing ASTs with adequate foundations 278 

(ringwall and piles if required) to prevent uplift. Finally, the effects of stiffening rings on the 279 

portfolio of ASTs are presented in Table 2. Stiffening rings have a limited effect on reducing spills 280 

for Scenario 1 while the effect is slightly more significant for Scenario 2 where surge levels are 281 

higher and buckling failure more likely for anchored ASTs. Moreover, the monetary savings from 282 

stiffening rings are equivalent to the costs of providing the rings as the BCRs remain unchanged 283 

from the cases with only anchors. Note that these results on savings and BCR are portfolio level 284 

findings where the structural details are implemented on all ASTs in the surge zones irrespective 285 

of their actual structural vulnerability. 286 

Protection or prevention strategies 287 

Protection or prevention measures consist of hazard protection systems that reduce or limit surge 288 

loads acting on ASTs and regulatory approaches to protect ASTs during surge events. Hazard 289 

protection systems can be local or regional. Local systems usually consist of building dikes around 290 

refineries or raising the height of containment berms. An example is the Chevron Pascagoula 291 

Refinery, in Mississippi, where an 8 km long dike was built around the refinery following severe 292 

damage during Hurricane Georges in 1998. During Hurricane Katrina, this dike was credited for 293 



Natural Hazards Review 14 Bernier et al., August 2017 
 

preventing much potential damage to the refinery (Santella et al. 2010). In industrial corridors, 294 

such as the HSC, protecting each petrochemical complex individually might not be economically 295 

viable. Regional protection systems, like the Mid Bay Strategy (MBS) proposed by the SSPEED 296 

Center at Rice University (SSPEED 2015), might be more suitable. As shown in Fig. 4, this system 297 

is composed of a series of dikes, levees, berms, and gates to protect the Galveston Bay, the HSC, 298 

and the City of Houston. Using ADCIRC and the previously defined storm scenarios, the effects 299 

of the MBS on the surge behavior in the HSC were modeled (SSPEED 2016); the various 300 

components of the MBS were included by modifying the topography and bathymetry of the 301 

existing model and by using barrier boundaries. With the MBS in place the WSEs in the HSC vary 302 

between 1.1 to 1.9 m and 1.5 to 2.7 m for Scenarios 1 and 2 respectively. Effects on the portfolio 303 

of ASTs are shown in the last row of Table 2. Results indicate that this protection system is the 304 

most effective mitigation strategy in reducing spills in the HSC compared to procedural measures 305 

and structural details. However, regional protection systems require the cooperation of multiple 306 

levels of government, pose significant environmental challenges requiring further study (wildlife, 307 

water salinity, etc.), imply long design and construction processes, and are considerably expensive. 308 

Thus, procedural and structural measures are still of importance to protect ASTs during the 309 

decision, design, and construction processes even if these systems are implemented in the long 310 

term. At last, as shown in Table 2, benefits of the MBS for petrochemical infrastructure alone 311 

justify 40% and 90% of the construction costs under Scenarios 1 and 2 respectively. If a detailed 312 

economic life-cycle analysis was performed, higher BCR than the ones shown in Table 2 could be 313 

expected as multiple storms might occur during the service life of the MBS; however, such a 314 

detailed life-cycle analysis is beyond the scope of this study. Moreover, the above benefits are 315 
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limited to petrochemical infrastructure, while this system will also protect coastal communities 316 

and many other critical infrastructure systems. 317 

On the regulation side, land-use regulations could restrict the construction of ASTs in flood 318 

zones or enforce minimum ground elevations for them. For example, the Port of Rotterdam (2017), 319 

in the Netherlands, requires all new port or industrial infrastructure to be constructed above the 320 

10,000-year flood levels to protect them. The potential effects of similar regulations in the HSC 321 

are shown in Fig. 5. This figure shows the actual evolution of spill volumes and the possible 322 

evolution if no ASTs were built in the FEMA FIS 100- and 500-year floodplains (FEMA 2013) 323 

from 1999 to 2014. The historical database of ASTs presented in Bernier et al. (2017a) was used 324 

to generate this figure and only the Scenario 2 surge was considered. The contribution of ASTs 325 

located in floodplains, especially in the 100-year zone, to the overall spill risk is clearly 326 

highlighted. New ASTs in the 100- and 500-year flood zones increased potential spills by 30% 327 

and 35% respectively for the storm scenario evaluated. Restricting construction of ASTs in flood 328 

zones or persuading AST owners to relocate their tanks could significantly reduce the risk of surge-329 

induced spills and change the actual trends regarding potential spills. ASTs that cannot be located 330 

outside floodplains for economic or logistical reasons should be designed and protected 331 

accordingly. Currently, AST design codes (API 620 and API 650) do not adequately address surge 332 

or flood events. Protection for such events is left to the owners’ judgement, and no mandatory 333 

requirements for surge or flood loads are provided. In addition, most state or federal regulations 334 

do not provide any further requirements for such events. To the authors’ knowledge, only the State 335 

of Colorado requires declaration of a method to prevent flotation before granting construction 336 

permits (Code of Colorado Regulation 2014). Therefore, the findings shown in this study suggest 337 
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that design codes and regulations should be modified to consider surge and flood loads and to 338 

prevent flotation and buckling of ASTs using procedural, structural, or protection systems. 339 

OPTIMAL SELECTION OF MITIGATION STRATEGIES TO REDUCE SPILLS 340 

Overall, results in Tables 1 and 2 indicate that the above mitigation strategies can be considered 341 

efficient and cost-effective possibilities to reduce spills in the HSC. However, applying them in a 342 

uniform and systematic way to all ASTs located in flood zones might not be optimal in terms of 343 

economics or spill volumes. Mitigation strategies should be tailored to each AST according to its 344 

vulnerability. Moreover, combinations of different strategies could be more suitable and cost-345 

effective to reduce spills than using a single strategy. Finally, in the above analysis, mitigation 346 

strategies were implemented in the whole flood zone without respect to social vulnerability. Given 347 

that communities do not all have the same capacity to cope with spills, mitigation strategies should 348 

target ASTs located in disadvantaged communities where they are expected to have a greater 349 

impact. This section presents two methods, an optimization approach and a heuristic approach, to 350 

select combinations of mitigation strategies considering structural vulnerability and social 351 

vulnerability to achieve a regional performance target. Such performance targets are best selected 352 

by regional stakeholders and decision makers; rational targets are selected herein as an example. 353 

Multi-objective optimization methodology 354 

In order to select mitigation strategies, this approach relies on optimizing two objectives: (i) the 355 

spill volume in the HSC; and (ii) the cost of implementing the mitigation measures. As described 356 

earlier, the spills are also scaled by the CD index value where they occur; scale factors vary 357 

between 1.0 and 3.9. Thus, spills that occur in disadvantaged communities and strategies that target 358 

these spills will have a higher impact. Since the two objectives are conflicting, it is not possible to 359 

identify a single optimal solution but rather a set of solutions, the Pareto front, that are optimal 360 
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tradeoffs between the two objectives. The MATLAB multi-objective genetic algorithm (GA) is 361 

adapted to the purpose of this study to identify the Pareto front. GAs mimic natural selection where 362 

an initial population of solutions, often referred to as individuals, evolves toward optimal solutions 363 

and are widely used to optimize civil engineering systems (e.g. Sutley et al. 2017; Woodward et 364 

al. 2014). The multi-objective GA procedure is outlined in Fig. 6, and detailed below. 365 

The algorithm first starts by selecting the ASTs of interest and defining the surge levels 366 

acting on the ASTs, the CD index associated with each AST, and the regional performance targets 367 

in terms of expected spill volumes and costs. To reduce the computational cost, the algorithm only 368 

operates on ASTs subjected to more than 0.3 m (1 ft) of surge. This results in 818 and 1088 ASTs 369 

for Scenarios 1 and 2 respectively. These ASTs represent more than 97% of the spills in the HSC. 370 

In this study, the performance targets adopted are the spill volumes and CD index values in 1970. 371 

While any performance targets could be selected by relevant stakeholders, the 1970 levels from 372 

Bernier et al. (2017a) are used here as an illustrative example. Next, an initial population of 2,000 373 

individuals (or solutions) is generated. Each individual corresponds to a different random 374 

combination of mitigation strategies for the ASTs. Preliminary analyses determined the size of the 375 

initial population by systematically increasing the number of individuals until an adequate 376 

resolution of the Pareto front was obtained, where the difference between the performance target 377 

and the spill volume of the closest optimal solution is less than 1%. The mitigation strategies 378 

considered are: filling the ASTs with liquid (Lmin between 0 to 10 m), anchoring the ASTs (s 379 

between 0.9 and 3.0 m), providing stiffening rings, or any combination of these three. Other 380 

strategies such as protection systems or modifying the siting of ASTs could also be considered. 381 

However, given the significant uncertainties regarding the costs and feasibility of these measures, 382 

they are not included here. For an AST, the parameters of each strategy (Lmin, s, and the presence 383 
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of stiffening rings or not) are randomly selected and encrypted in a gene. There are three genes per 384 

AST for a total of 2,454 (3×818) and 3,264 (3×1088) genes per individual for Scenarios 1 and 2 385 

respectively. The fitness function, which consists of the scaled spill volume and the mitigation 386 

costs, is then evaluated for each individual, and the individuals forming the Pareto front are 387 

extracted. After an iteration, a new population is obtained through selection, crossover, and 388 

mutation. Selection consists of selecting the parents for the next population. Four individuals are 389 

randomly chosen from the current population, and the best one is retained; this is repeated until 390 

enough parents are selected. Crossover consists of creating a new individual by randomly selecting 391 

each gene from two parents. Mutation consists of generating a new individual by randomly 392 

modifying the genes of a parent. Each gene has a probability of 0.05 of being modified. Eighty 393 

percent of the new population comes from crossover and 20% from mutation. The fitness function 394 

is then evaluated for each individual of the new population, and this process is repeated until the 395 

Pareto front has converged. Convergence is assessed every 500 iterations by looking at the distance 396 

between two successive fronts. On average, 2,000 iterations are required for convergence and the 397 

computation time is approximately 26 hr on 24 2.2 GHz cores (i.e., 624 computational hours). 398 

Finally, the optimal solutions below the performance targets can be identified as shown in Fig. 7 399 

for Scenario 2. Fig.7 also highlights that optimal solutions are possible for almost any desired spill 400 

volume. In the above procedure, a cost of $0.25/L is imposed to fill ASTs with liquid such that, in 401 

general, the cost of filling an AST is more expensive than the use of anchors or stiffening rings. 402 

Thus, the algorithm first selects structural details and then procedural measures if structural details 403 

alone are not sufficient to reach the performance targets, providing more dependable and feasible 404 

solutions. 405 
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 Results of the multi-objective GA are presented in Table 3 for the two storm scenarios and 406 

for three different approaches where: (i) optimization is done for the whole HSC without scaling 407 

spills to consider social vulnerability; (ii) both spill and target spill values are scaled with their 408 

respective CD index values in time to account for social vulnerability and overall changes in place 409 

vulnerability; and (iii) a geographic constraint is introduced in approach (ii) such that the GA 410 

operates independently on each census tract. In the first two approaches, the performance targets 411 

are defined for the whole HSC. In the last approach, performance targets are defined for each 412 

individual tract and mitigation strategies only have an impact in the tract where they occur and not 413 

in other regions of the HSC. Comparing the two first approaches highlights the importance of 414 

considering social vulnerability in the optimization algorithm. While considering social 415 

vulnerability almost doubles the performance target values, the actual spill volumes are 35% lower. 416 

This result was expected as the CD index has also increased in most census tracts since 1970 along 417 

with the spill volumes, and the algorithm considers this increase by further reducing the spills. In 418 

other words, the algorithm tries to reach the place vulnerability levels of 1970, not only the spill 419 

levels of 1970. Considering social vulnerability also leads to a larger number of ASTs being 420 

retrofitted, resulting in lower BCRs. Costs are approximately 80% and 55% higher for Scenarios 421 

1 and 2 respectively. The larger number of ASTs can also be explained by the fact that many ASTs 422 

now have a greater importance given their location and the associated CD index value. As 423 

expected, more ASTs are retrofitted with Scenario 2 given the higher surge levels. However, the 424 

cost increase is more significant for Scenario 1 given that this scenario mainly affects low-lying 425 

areas with high CD index. With higher surge levels, Scenario 2 affects additional areas that have 426 

lower CD index. 427 
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 A limitation of the previous approaches is that the optimization algorithm mainly targets 428 

the ASTs that have the largest expected spill volumes and are the easiest to mitigate in the whole 429 

HSC. Some regions with high CD index values could still have significant spills - that are ignored 430 

by the optimization algorithm - because the algorithm operates on all of the ASTs in the HSC to 431 

reach the performance target. Introducing a geographic constraint can overcome this problem. 432 

Thus, under the third approach, optimization is performed tract by tract. Results from the second 433 

and third approaches are mapped and compared in Fig. 8 for Scenario 2; similar results were 434 

obtained for Scenario 1. When the optimization is performed for the whole HSC (Fig. 8a), most 435 

mitigation strategies are located in regions R1, R2, R4, and R5, while few ASTs are retrofitted or 436 

filled in region R3. However, when the optimization is performed at the tract level (Fig. 8b), the 437 

number of mitigation strategies significantly increases in region R3. This region had one of the 438 

largest increases in spill volume since 1970 and has become the most socially vulnerable region in 439 

the HSC. The number of ASTs retrofitted or filled also decreases in regions R1 and R5. Overall, 440 

as shown in Table 3, optimization at the tract level increases the total number of ASTs that are 441 

retrofitted and the cost of mitigation. Mitigation strategies are now more efficiently distributed 442 

over the whole HSC. Table 4 further emphasizes these findings by comparing the allocation of 443 

resources (mitigation costs) between the second and third approaches and for the five regions 444 

identified in Fig. 8. This table clearly shows a shift of costs from regions R1 and R5 to region R3 445 

when the optimization is done at the tract level. Mitigation costs in regions R1 and R5 are reduced 446 

by about 30 and 70% respectively while costs in region R3 are increased by 270% and 115% for 447 

Scenarios 1 and 2 respectively. Resource allocation also slightly increases in region R4. These 448 

findings indicate that if an adequate distribution of mitigation strategies and an adequate reduction 449 
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of spills over the whole region is desired, the optimization algorithm should operate on multiple 450 

small geographic units rather than on a large geographic area. 451 

Heuristic methodology 452 

Moving from optimization algorithms, this section proposes a heuristic methodology to determine 453 

storm surge mitigation for ASTs and meet performance targets. The heuristic approach is proposed 454 

to serve as a simple, easy-to-use, and computationally inexpensive method to select mitigation 455 

measures and to provide insights into the extent and cost of mitigation measures required to 456 

achieve performance targets. The approach is based on a distribution of mitigation measures and 457 

costs according to the respective contribution of each AST to the overall spill risk. The heuristic 458 

method is summarized in Fig. 9 and described below.  459 

 The heuristic method first determines targets for each individual AST based on the regional 460 

performance target. These AST-specific targets are used to determine the mitigation measures for 461 

each AST. For this purpose, the performance (spill volume) of the portfolio of ASTs and the 462 

contribution of every tank toward the performance of the entire portfolio is assessed as: 463 

∑
=

i
i

i
i ws

wsc                   (4) 464 

where ci is the normalized contribution of the ith AST towards the performance of the portfolio and 465 

wsi is the scaled spill for the ith AST. As mentioned earlier, spills are scaled by the CD index value 466 

where they occur. Based on the regional performance target (TWS), the allowable scaled spill 467 

(awsi) is evaluated for each AST using the following expression: 468 

TWScaws ii ×=                   (5) 469 

Based on awsi, the additional resistance (ARi) against flotation is obtained as: 470 

----
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In the above equation, Ffi is the surge buoyancy force; Wi is the self-weight of the tank shell; Di, 472 

ρLli, and ρLui are the diameter, lower and upper bound of ρL for the ith AST; and f is a factor that 473 

accounts for uncertainties in ρL. The number of anchors (na) and s are determined by dividing ARi 474 

with the anchor’s strength (see Kameshwar and Padgett 2018a). An adequate foundation (ringwall 475 

and piles (np), if required) is also provided to resist ARi. To allow comparison with the optimization 476 

methodology, a constraint on na is applied such that s is between 0.9 and 3.0 m. 477 

In the heuristic approach, only cost-effective retrofits are implemented. When the cost of 478 

implementing retrofits is higher than the monetary savings due to prevented spills, procedural 479 

measures such as filling ASTs with liquids are prescribed. The number of anchors is then adjusted 480 

to have a cost-effective solution. For example, in cases where providing a ringwall foundation to 481 

anchor the AST is more expensive than the savings, no anchors are used and Lmin is prescribed 482 

following Eq. 7. Similarly, if providing piles to prevent the uplift of an AST is too expensive, na 483 

and Lmin are prescribed using Eq. 8a and 8b, and only a ringwall foundation is used.  484 
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In Eq. 5, Wrf is the weight of the AST including the ringwall foundation. In the same way, a 488 

stiffening ring is provided if the increased buckling strength justifies the ring costs. When 489 

stiffening rings are used, Lmin = 2S/3 is also prescribed to further increase the buckling strength.  490 

I 

F 

I 



Natural Hazards Review 23 Bernier et al., August 2017 
 

Considering the mitigation actions on each individual AST, the performance of the 491 

portfolio of ASTs is evaluated again. If the scaled spill volume is higher than the performance 492 

target, the factor f in Eq. 6 may be modified; increasing f will reduce the spill volume. This process 493 

may be repeated until a satisfactory performance of the portfolio of ASTs is achieved. Results of 494 

the heuristic methodology are shown in Table 5 for the two storm scenarios and can be compared 495 

with the results of the optimization algorithm in Table 3. As in the previous section, the heuristic 496 

methodology was applied considering a performance target for the whole HSC, and performance 497 

targets for each individual census tract. Only the two approaches including social vulnerability are 498 

presented as neglecting social vulnerability did not provide any additional insights here. When 499 

considering performance targets at the HSC level, the optimization and heuristic solutions have 500 

very similar spill volumes. However, for the same spill volume, the heuristic method solutions are 501 

17% and 28% more expensive for Scenarios 1 and 2 respectively. Moreover, almost all ASTs are 502 

retrofitted or filled since the heuristic method looks at and provides additional resistance to all 503 

ASTs. The main difference when considering performance targets at the tract level is not the total 504 

number of retrofitted ASTs but rather the number of anchors used on each AST. The results of the 505 

heuristic method at the tract level are mapped in Fig. 10 for Scenario 2; an almost identical map 506 

was obtained for the approach at the HSC level and is not shown here. As such, the heuristic 507 

method is less sensitive to the geographic constraint. However, additional anchorage is still 508 

required to further reduce spills in some tracts with high CD indexes, highlighting the importance 509 

of considering smaller geographic units when selecting mitigation strategies. In addition, at the 510 

tract level, the scaled spill volumes of the heuristic method solutions are significantly lower than 511 

the performance targets. This is due to a lack of flexibility in the heuristic method since it operates 512 

on each AST individually. For example, if providing minimum anchors for an AST reduces spills 513 
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significantly below the aws, it is not possible to adjust the aws of other ASTs accordingly, contrary 514 

to the optimization method. This effect is more noticeable at the tract level since a specific AST 515 

has a larger contribution within a tract than within the whole HSC. Finally, for both storm 516 

scenarios, the heuristic methodology fills ASTs with liquid only when buckling is the likely mode 517 

of failure. This is why the number of ASTs with stiffening rings is very similar to the number of 518 

filled ASTs. Again, more ASTs are retrofitted for Scenario 2 given the higher surge heights. 519 

 Overall, the optimization methodology is more flexible, targets a smaller number of ASTs, 520 

and yields a better BCR than the heuristic methodology. Nonetheless, both of the methodologies 521 

are efficient in reducing the spills to a given performance target. The heuristic approach may be 522 

useful in regions where ASTs are owned by several entities. The costs and spill risks may be 523 

distributed in a more equitable manner since the heuristic approach aims to reduce the spill for all 524 

ASTs given their respective contributions to the overall spill volume. However, the optimization 525 

approach would be better suited for regions where all the ASTs are owned by a single entity or 526 

have cooperative agreements since they can specifically select which ASTs should be retrofitted 527 

to optimize costs. The heuristic method also provides a good, computationally inexpensive, first 528 

approximation of the costs and extent of mitigation; the computational time is only 5 minutes on 529 

a single core. Furthermore, results obtained from the heuristic methodology could serve as inputs 530 

for the initial population of the GA in order to improve its computational efficiency. 531 

MITIGATION STRATEGIES TO IMPROVE COMMUNITY RESILIENCE 532 

To now, this study has focused on strategies to protect ASTs and reduce potential spills, 533 

particularly in disadvantaged neighborhoods. However, as shown in Fig. 1, it is also essential to 534 

consider strategies to improve community resilience, defined here as reducing population 535 

vulnerabilities and enhancing absorptive capacities of constituent households, social groups, and 536 
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neighborhoods to improve local robustness, or resourcefulness, prior to a major spill (Tierney 537 

2014; see also National Research Council 2011). To develop these strategies, this section blends 538 

theory-driven insights from the sociology of risk production, urban inequality, and environmental 539 

justice with careful analysis of relevant empirical data and comparator cases organized along the 540 

same broad lines of intervention presented above: procedural, structural, and preventative. The 541 

intent is to illuminate parallels across engineering and social sciences, not to imply that respective 542 

methods or mitigation efforts are substitutable. Indeed, the most successful mitigation plans would 543 

develop a rich complement of practices drawn from across both fields. With this in mind, analyses 544 

proceed from a simpler understanding of “the” community at risk to a more detailed investigation 545 

of its internal structure, divisions, and dynamics. The unifying question is, what would mitigation 546 

efforts look like if they began with the best interests of residents rather than industry, while also 547 

recognizing the diversity of these residents? An overview of key foci, findings and proposed 548 

solutions is provided in Table 6. 549 

Procedural strategies 550 

Procedural assessment builds from several foundational points in social scientific research on risk 551 

(Freudenburg 1988). First, it is difficult for nearby residents to prepare for industrial risks they 552 

know little about. Second, what residents know is often more a function of industry power than 553 

information held by those wielding that power. Third, there are two ways that such information, 554 

when publicly disclosed, tends to be framed (Clarke 2006). One framing stresses the improbability 555 

of extreme events of the sort analyzed in this study and the irrationality of dedicating excess 556 

resources to their consideration. This approach has long been the dominant form of risk 557 

communication in the US because it seems rational and protects industry interests who can afford 558 

to hire their own experts to communicate risk in their own preferred ways to the public. In these 559 
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communications, people who challenge industry experts are often branded as uninformed and 560 

irrational, with this irrationality further presented as threatening over-regulation and waste of 561 

valuable public resources that could be otherwise dedicated to more pressing public concerns. The 562 

other, less prominent framing is a more possibilistic one that draws attention to the potential 563 

consequences of an extreme event, should it occur. It applies a “what if?” rather than a “how 564 

likely?” perspective to the problem, which emphasizes fuller disclosure of available information 565 

and more inclusive, democratic deliberation over what should be done to prepare and protect 566 

nearby residents before, during, and after such an event.  567 

Procedural assessment begins at the crossroads of these two framings, with an accounting 568 

of residents and housing units probabilistically at risk of the possibilistic extreme event described 569 

in Scenario 2 above. Following common practice in social indicators research (e.g., Cutter et al. 570 

2010) but extending it to consider changes over time, existing data are used to develop a broad, 571 

moving picture of the community at risk, if no engineering mitigations were undertaken. To start, 572 

residential parcels located in the surge zone of Scenario 2 where ASTs are likely to spill are 573 

identified using addresses from local tax records. Fig. 11a shows that the number of residential 574 

parcels in the immediate risk zone has increased by 35% over recent decades, from 6,432 in 1970 575 

to 8,691 in 2013. On these parcels are now located 9,692 residential structures, with close to a 576 

hundred being multi-unit complexes. Applying a local average of 2.7 persons per household 577 

suggests that at least 26,000 residents are now living in housing at direct risk of exposure. Next, 578 

Fig. 11b shows that the total assessed value of these at-risk parcels has also been increasing over 579 

time (net of inflation), due mostly to new development rather than rising land values. As a result, 580 

total assessed housing values (residential lands plus structures) now exceed $1.3 billion, or 581 

approximately $134,000 per parcel, in the area of direct risk. These results coincide with rising 582 



Natural Hazards Review 27 Bernier et al., August 2017 
 

spill volumes calculated above to produce a classic scenario of rising risk, wherein likely spill 583 

volumes and numbers of residents and homes are both increasing together in the same zone, with 584 

the latter largely unaware of their likely exposure to hazardous chemicals in the event of a major 585 

surge-producing hurricane.  586 

In light of these findings, an obvious procedural mitigation strategy, to start, would be to 587 

make this risk more widely and clearly known to local residents. After Hurricane Harvey, residents 588 

near the aforementioned spills were not informed about them for almost two weeks despite 589 

multiple complaints about strong odors in their neighborhoods. Even then, federal agencies only 590 

publicized the spills after journalists reported them (Eaton and Blum 2017). A second procedural 591 

mitigation strategy would involve targeted evacuation planning. At present, local plans developed 592 

by the Houston-Galveston Area Council in coordination with state and local jurisdictions divide 593 

the larger Houston region into four major zipcode zones that indicate who should evacuate when 594 

in advance of a major hurricane, based on proximity to the coast and inland bays (HGAC 2017). 595 

This plan, however, ignores risks of exposure to released petrochemicals along the HSC. As a 596 

result, the risk zone in Scenario 2 lies almost entirely within the last designated evacuation zone, 597 

with the lowest priority for departure. This designation not only discourages early evacuation, it 598 

also emboldens more residents to shelter in place, leaving them exposed to hazardous releases 599 

from nearby ASTs, should they fail. 600 

A more comprehensive approach to evacuation planning and risk communication would 601 

designate any area with significant risk of industrial release with higher, earlier priority for 602 

evacuation. It would also educate residents about the risks of sheltering in place and even consider 603 

declaring mandatory evacuations in areas of highest direct risk. The possibility of direct exposure 604 

to hazardous chemicals is simply too great, as is the likelihood that outside assistance will be 605 
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delayed, as damage to local petrochemical infrastructure complicates exit in addition to search and 606 

rescue efforts. This recommendation is backed by a growing body of research showing that the 607 

type of evacuation order issued by government officials significantly influences evacuation 608 

behavior (e.g., Reininger et al. 2013; Petrolia and Bhattacharjee 2010; Hasan et al. 2011; Dixit et 609 

al. 2012). 610 

Another procedural strategy would be to extend beyond immediate evacuation and 611 

response efforts to inform residents of what is likely to happen after evacuation, if a large-scale 612 

release were to occur. Here, the Murphy Oil spill during Hurricane Katrina offers the closest, recent 613 

analog (Stout et al. 2007). Thereafter, a class action suit was filed on behalf of displaced residents, 614 

and the U.S. District Court accelerated hearings to reach a verdict quickly, which was aided by 615 

clear, measurable evidence of chemical release from a single source. Even in this best-case legal 616 

scenario, however, proceedings lasted more than a year, and the final settlement provided owners 617 

compensation only for what their housing structure, not land, was worth post-disaster, which was 618 

set at $40 per square foot of improved living area. The legal logic was that the storm and flooding 619 

was responsible for the bulk of residential damage, and Murphy Oil was liable only for the 620 

depressed value of structures that remained, and only to owners. Non-owner occupants, including 621 

renters, were compensated only $2,500-$3,375 per person, according to how contaminated their 622 

household contents had become. If this same formula were applied to Scenario 2 in the HSC, the 623 

result would be a settlement of approximately $500 million, or less than 40 percent of the total 624 

assessed residential value of $1.3 billion. 625 

This information suggests that another procedural mitigation strategy should be to make 626 

this type of information more widely available to residents and homeowners along with assistance 627 

in pre-planning for long-term displacement and protracted litigation, should a spill occur. While 628 
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this type of strategy might seem straightforward, current procedural arrangements make it 629 

exceedingly difficult to access information about nearby industrial risks. To illustrate, consider the 630 

byzantine process required to access current Risk Management Plans (RMPs). These are federally 631 

required documents that industrial facilities must file and make publicly available if they process 632 

or store a significant amount of regulated, hazardous chemicals on site (EPA 2017). In Houston, 633 

the authors’ investigation indicates that to access these public documents one must first locate and 634 

navigate a terse, English-only, online database to identify a twelve-digit code for each facility of 635 

interest. Once these codes are located, one must then call and leave a message on the Federal 636 

Reading Room Hotline, which in Houston is run by the U.S. Department of Justice (DOJ). That 637 

message is then relayed to a federal office in Washington, D.C., which then initiates an email 638 

exchange for the requested facility information, which is limited to ten facilities per person per 639 

month. Once the requests are approved, the DOJ then contacts the local U.S. Marshal’s Office, 640 

who reaches out to each selected facility to solicit its report. Once the reports are cleared, the Office 641 

then calls the requesting party to schedule an appointment for viewing. At that appointment, a 642 

federal marshal requests official government identification from the requester and brings him or 643 

her to a conference room, where heavily redacted, un-narrated portions of each requested RMP are 644 

presented for on-site viewing and notetaking only (no photos, photocopying or electronics 645 

allowed), while the federal marshal looks on. The provided sections are typically only a few pages 646 

long, almost entirely in numeric format, and do not specifically identify potential spills in the case 647 

of a major hurricane. The upshot is that while residents technically have access to publicly 648 

available information on nearby spill risks, this information is difficult to access, process, and 649 

communicate for planning and mitigation purposes. 650 
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Structural strategies 651 

Next, structural mitigation strategies can be understood as moving from the general geographic 652 

community at risk, as discussed above, to recognizing that such communities are socially 653 

structured into different groupings of residents with unequal abilities to plan for, absorb, recover, 654 

and adapt to hazards when they occur (Wisner et al. 2004). Here and broadly consistent with the 655 

measurement approach known as baseline resilience indicators for communities (BRIC) (Cutter et 656 

al. 2010), analyses focus on three dynamic dimensions of community structure: demographic 657 

composition, residential resources, and formal governance. 658 

With respect to demographic composition, Fig. 12a displays data that have been aggregated 659 

for the twenty-one census tracts in which at-risk ASTs are located. By focusing on at-risk tracts 660 

rather than addresses linked to residential tax records, it is possible to develop a richer, moving 661 

picture of socially vulnerable groups in the area while still avoiding the problem of commonly 662 

used county-level data, which cover too large an area to examine localized inequalities. Here, the 663 

patterns and trends in the risk zone of Scenario 2 are clear. Since 1970 and alongside the residential 664 

growth documented above, there have been substantial increases in residential unemployment, 665 

female-headed households, poverty, foreign-born residents, and minority presence. While none of 666 

these trajectories are negative in themselves, they do reflect local conditions commonly linked to 667 

diminished financial, family, and social resources and thus heightened vulnerability to hazardous 668 

events (Tierney 2014). 669 

Next, Fig. 12b displays relative changes in owner-occupied housing units and median 670 

resident-owned housing values over the same period. The former indicates the degree of control 671 

over local lands while the latter reflects a form of collective wealth and equity that could help 672 

residents prepare for and recover from long-term impacts in the event of a major spill. Here, again, 673 
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the results are clear. Since 1970 and despite relatively steady homeownership rates, median owner-674 

occupied housing values have declined 80%, net of inflation. This decline represents a net 675 

estimated loss of approximately $254 million in local, resident-controlled assets, alongside 676 

growing subpopulations of socially vulnerable residents. 677 

Finally, Fig. 13 and Table 7 provide an overview of the different municipal, state, and 678 

federal agencies that currently hold some type of legal authority in the twenty-one tracts that 679 

comprise the risk zone of Scenario 2. Their multiplicity points to the complexity of governance in 680 

the zone as well as to the fact that there is no clear authority in the case of a large-scale event that 681 

combines environmental and industrial hazards alongside land and water contamination of 682 

residential areas spanning multiple jurisdictions. This lack of clear regulatory structure reflects the 683 

fact that over recent decades, governance of urban ports and their surrounding lands has become 684 

increasingly complex (Olivier and Sack 2006), as complicated webs of stakeholder relationships 685 

and strategic alliances have decreased local political control and accountability (Brown 2009; Hall 686 

et al. 2011). Again, the spills that occurred during Hurricane Harvey provide a valuable example 687 

of this complexity and lack of accountability. Multiple state and federal agencies did not report or 688 

inform the public about the spills, even if they were aware of and helping to clean them, saying 689 

that it was not in their jurisdiction (Eaton and Blum 2017). The formally responsible agency, the 690 

Environmental Protection Agency (EPA), took almost two weeks to do so, leaving many local 691 

residents with concerns about their health and safety. 692 

Overall, these ongoing changes in the demographic, resource, and governance structures 693 

of the local at-risk community are rendering growing residential populations increasingly 694 

vulnerable to spill risks. These increasing vulnerabilities undercut the collective resilience of the 695 

area as a whole, but they are expected to be especially acute among growing populations of lower-696 
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income Hispanics, who now comprise the majority of residents and yet often possess little in the 697 

way of financial, social, or political power in the area (Bernier et al. 2017a; Chakraborty et al. 698 

2014). To mitigate these structural vulnerabilities, a multiphasic strategy is recommended. The 699 

first phase would institutionalize a clear organizational authority, or structure, tasked with 700 

improving residents’ preparation for, evacuation from, and recovery after major spills. This 701 

authority could be a government agency, a public board, a public-private partnership, or some 702 

other entity. The key is accountability to residents throughout the pre-, trans-, and post-stages of a 703 

potential spill.  704 

The second phase would then task this authority to identify and work specifically with less-705 

advantaged social groups in the area to target and tailor procedural strategies discussed above 706 

specifically to their needs. This effort would include working with socially vulnerable households 707 

and neighborhoods to improve understanding of spill risks; building trust in government 708 

evacuation warnings; and dedicating assistance for long-term housing and legal needs, should 709 

these resources eventually become needed. In this way, the broad goal would be to build from 710 

procedural mitigation strategies that treat the risk zone as an unstructured whole to also developing 711 

mitigation strategies that target and assist less-advantaged residents more directly by providing 712 

them with more assistance in planning for, absorbing, recovering and adapting to AST spills, if 713 

they were to occur. 714 

Prevention strategies  715 

Prevention mitigation strategies would scope beyond the preceding procedural and structural 716 

strategies to develop a more equitable balance between the costs and benefits generated by industry 717 

in the risk zone generally. This effort would begin with a recognition that while the benefits of the 718 

HSC include good-paying jobs, tax revenues, and economic development that are distributed 719 
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widely across the metropolitan region, nation, and globe, associated costs tend to be much more 720 

geographically concentrated in the form of chronic air pollution and depressed housing values, in 721 

addition to acute AST spill risks in the immediate area. In terms of jobs alone, commuting data 722 

show that workers who in-commute from elsewhere outnumber those who live in the risk zone 723 

nearly 2.5 to 1; out-earn them by an average of $25,000 per year; and are much more likely live in 724 

wealthier, less-polluted neighborhoods (USDOT 2010; Elliott and Smiley 2017; Hernandez et al. 725 

2015). This imbalance poses a dilemma for local officials who depend on port operations for 726 

revenue and economic development but who also must respond to environmental and public health 727 

concerns facing shifting residential populations in the risk zone. Addressing these concerns 728 

preventatively requires moving beyond general procedural strategies and targeted outreach to 729 

socially vulnerable groups to actively building and resourcing new institutional capacities to 730 

enhance everyday resilience in the risk zone.  731 

An example of such a strategy can be found in the industrialized port communities near 732 

Los Angeles and Long Beach, California. In 2004, faced with a new state bill (AB 2041) aimed at 733 

regulating harmful industrial activities in the area, businesses and terminal operators worked 734 

together to develop their own mitigation plan (Giuliano and Linder 2011). The result, which 735 

continues to this day, is a new institutional structure in the form of a mayorally appointed advisory 736 

committee staffed with community representatives and advocates working alongside industry and 737 

port personnel. Their charge is to distribute funds collected via newly adopted operating fees to 738 

local non-profits, who propose projects each year to assess, protect, and improve overall quality 739 

of life in nearby, socially vulnerable communities. One of these non-profits is the Harbor 740 

Community Benefit Foundation (HCBF), which engages in several ongoing directives.  741 
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One of the directives is to conduct independent research on past, present, and future adverse 742 

impacts of port operations on local residents’ health and wellbeing. Another is to fund and then 743 

evaluate projects and programs designed to mitigate these adverse impacts, often by developing 744 

strategic partnerships, sponsorships, and community events. In 2014, for example, HCBF 745 

administered nearly $1.5 million in fees collected from industry for the Port Community 746 

Mitigation Trust Fund; it also supplemented this money with $4 million more collected from other 747 

government, industry, and non-profit partners, in addition to local schools and private donors. 748 

These funds financed various projects to improve local health and education programs, 749 

beautification projects, youth services, resource development, career training, and open spaces that 750 

act as buffers between residences and risky port operations as well as habitats for local wildlife. 751 

A longer-term, preventative mitigation strategy for the HSC risk zone could include 752 

institutionalization of a similar type of public-private partnership. Lessons from California indicate 753 

that the biggest challenges would likely revolve around how much to tax local terminal operators 754 

and how exactly the new institutional structures should be staffed and operated. Yet, lessons also 755 

indicate that resolving these issues can facilitate port expansion, creating a mitigation-for-growth 756 

strategy that could address acute risks of AST spills alongside more chronic risks of industrial 757 

pollution that continue to be born disproportionately by an increasingly vulnerable residential 758 

population nearby.  759 

Overall, these and the other social science strategies outlined above seek to apply theory-760 

driven insights from prior research and case studies to identify mitigation strategies that can reduce 761 

population vulnerabilities and enhance absorptive capacities, especially of growing residential 762 

groups with few personal, financial, and social resources. The approach adopted here has 763 

deliberately avoided trying to quantify the benefits of these strategies because such calculations 764 
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are more prone to error than engineering-based solutions. This is because the latter are designed 765 

specifically for quantification, whereas social science strategies scope to include less predictable 766 

but no less important mitigation strategies, whose potential value stems as much from processes 767 

of development and implementation as from the final product itself. This difference does not mean, 768 

however, that future research could not engage in such quantification. One strategy might be to 769 

conduct historical-comparative calculations to estimate what it would cost to return local indicators 770 

of vulnerability and resilience to past, lower levels. Another strategy might engage in optimization 771 

modeling that considers the risk perceptions and mitigation preferences of different stakeholders 772 

in the risk zone (e.g., local industries, residents, and government officials) when identifying 773 

optimal combinations of adaptation, mitigation, and policy solutions that promote port community 774 

resilience.  775 

CONCLUSIONS 776 

This study proposed tools to evaluate engineering-based measures and develop social science-777 

based strategies to mitigate risks associated with petrochemical infrastructure located in coastal, 778 

residential areas. The Houston Ship Channel was used as a case study. First, an existing integrated 779 

model of built-human-natural systems was adapted to facilitate the comparison of engineering-780 

based procedural, structural, and protection measures. In this model, storm surge modeling is 781 

coupled with fragility modeling to determine the effects of mitigation strategies on spill volumes 782 

and cleanup costs. Spills were also scaled to highlight their potentially more severe consequences 783 

in more socially vulnerable communities.  784 

With respect to findings, analysis performed here shows that simple procedures, such as 785 

filling ASTs with liquids or water, greatly reduce the potential for spills. However, concerns still 786 

arise because it might not always be possible to implement these procedures adequately prior to a 787 
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storm. While they are slightly less efficient than procedural measures, anchors and stiffening rings 788 

were found to be economically viable and more dependable. Hazard protection systems were the 789 

most efficient measures to protect ASTs and reduce spills, but they involve complex and costly 790 

projects. Overall, results indicate that each measure has benefits and drawbacks, and that no single 791 

mitigation strategy is optimal. Results also indicate that a combination of measures might be more 792 

suitable and that measures should target ASTs given their respective vulnerability rather than 793 

applying the same mitigation measures to all ASTs in a uniform manner. As such, an optimization 794 

approach and a heuristic approach were also proposed to select and combine mitigation measures. 795 

While both methods were efficient in reducing spills to a given target, analysis indicates that the 796 

optimization approach as posed may be more appropriate for regions with a single large facility 797 

since this approach targets fewer ASTs and yields lower costs. Since the heuristic approach targets 798 

ASTs given their contribution to overall risk and distributes actions accordingly, it may be more 799 

appropriate for regions with multiple smaller independent facilities. Results from both approaches 800 

also highlighted the importance of considering social vulnerability and small geographic areas 801 

when selecting strategies as they can strongly affect the distribution of mitigation measures and 802 

resource allocations in the HSC. Finally, analysis of the siting of ASTs indicates that regulations 803 

to restrict the construction or protect new ASTs in flood zones could strongly reduce potential 804 

spills and change the risk trends.  805 

Since engineering approaches alone cannot capture important social aspects of risk 806 

mitigation, additional analogous procedural, structural, and prevention measures were identified 807 

through social science based assessments of residential communities at risk of AST spills. These 808 

assessments revealed major communication challenges between residents, government agencies, 809 

and industries, leaving a growing population unaware of increasing spill risks around them. 810 
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Procedural solutions would better inform local residents about properties that could be affected by 811 

potential storm-induced spills and how they should go about planning for and recovering from 812 

possible displacement, and the litigation that might follow. This improved risk communication 813 

could also be integrated with evacuation planning that considers industrial risks as well as surge 814 

risks. In addition, analyses pointed to drastic changes in the socio-demographic structures and 815 

resident-controlled resources of at-risk areas over recent decades, as well as increasingly complex 816 

governance structures that have decreased accountability and political control over the HSC. 817 

Structural approaches would tailor and target the above procedural measures for each community 818 

and their respective social vulnerabilities. Additionally, a clear organizational authority 819 

accountable to these tasks would be put into place to help residents prepare, cope, and recover 820 

from spill events. Finally, longer term prevention strategies would include creating and funding 821 

new institutional structures to ensure that benefits generated by petrochemical industries along the 822 

HSC are shared with local communities in ways that enhance their everyday collective resilience. 823 

Design and implementation of such measures would rely heavily on the willingness of local 824 

industries and policymakers, but there are clear precedents for such strategies and institution 825 

building already in operation elsewhere in the United States.  826 

 Overall, the contributions of this study provide important insights on improving the 827 

resilience of petrochemical infrastructure and nearby communities during storm events, and can 828 

support industry managers and policymakers developing mitigation plans or considering 829 

regulatory and institutional interventions. Given that no single approach will be sufficient to 830 

capture all of the complexities related to risk mitigation, the best mitigation plans will mix and 831 

match procedural, structural and prevention initiatives from both the engineering and social 832 

science perspectives. Recent spills during Hurricane Harvey signaled needs not only for mitigation 833 
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of risks to the tanks themselves but improved risk communication, evacuation planning, and 834 

governance structures of the sort raised in the present study. The tools and approaches developed 835 

here could also be adapted or refined in context-specific ways for other types of industrial 836 

infrastructures and communities in coastal regions prone to surge or flood events.  837 
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Table 1. Effect on spill volumes and monetary savings of procedural measures 

Procedural 
measure 

Scenario 1 Scenario 2 
Spill  

(106 L) 
Monetary 

savings (%)a 
Spill  

(106 L) 
Monetary 

savings (%)a 
Liquid - 0 m 
above surge 131.8 44.5 347.0 36.3 

Liquid - 0.9 m 
above surge 63.0 73.5 204.1 62.5 

Liquid – 1.8 m 
above surge 24.0 89.9 114.4 79.0 

Liquid - Full 7.8 96.7 35.7 93.4 
Water - Full 3.5 100.0 3.5 100.0 

Notes: a Monetary savings considering a cleanup cost of $12 per liter of chemical and relative to baseline 
conditions shown in Fig. 2. No cleanup costs for spill of water 
 
Table 2. Effects on spill volumes and economic viability of structural details and protection 
systems 

Mitigation 

Scenario 1 Scenario 2 

Spill  
(106 L) 

Monetary 
savings 

(%)a 

Cost of 
mitigation BCRb Spill  

(106 L) 

Monetary 
savings 

(%)a 

Cost of 
mitigation BCRb 

Anchors (s=3.0 m) 84.2 64.5 195.0 9.4 248.4 54.4 291.5 12.2 
Anchors (s=1.0 m) 26.8 88.7 460.6 5.5 134.8 75.3 716.5 6.9 
Anchors (s=0.3 m) 25.6 89.2 1219.8 2.1 128.3 76.5 1916.9 2.6 
Anchors and stiff. 

ring (s=1.0 m) 24.5 89.7 466.3 5.5 125.6 76.9 725.4 6.9 

Mid Bay Strat. 0.5 99.8 7550.0 0.4 2.7 99.5 7550.0 0.9 
Notes: a Monetary savings considering a cleanup cost of $12 per liter of chemical and relative to baseline 
conditions shown in Fig. 2. 
           b Benefit-cost ratio 
 
Table 3. Summary of the multi-objective genetic algorithm solutions for the three different 
approaches 

Scenario 
Performance 
target (scaled 
spills 106 L) 

Optimal solution Number of ASTs with 
mitigation measure 

Cost 
($M) 

Scaled spills 
(106 L) 

Spills 
(106 L) BCRb Filling 

with liq. Anchor Stiff. 
ring 

Social vulnerability not considered: 
1 136.0 56.9 - 135.0 21.6 3 126 25 
2 291.0 125.4 - 290.5 24.3 17 279 54 

Social vulnerability considered and optimization at the HSC level: 
1 250.0 101.5 247.6 85.9 17.9 25 251 44 
2 540.3 196.0 540.0 188.7 21.8 90 456 111 

Social vulnerability considered and optimization at the census tract level: 
1 250.0a 123.9 248.6 88.4 14.4 103 349 67 
2 540.3a 261.5 535.3 190.1 16.3 170 666 142 

Note: a Sum of performance targets for all census tracts 
          b Benefit-cost ratio 
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Table 4. Comparison of resources allocation when the multi-objective genetic algorithm is 
applied at the HSC level or at the census tract level 

Region 
Proportion (%) of costs for optimization at the: 

Scenario 1 Scenario 2 
HSC level Tract level HSC level Tract level 

R1 42.2 27.4 34.7 24.0 
R2 16.8 15.7 20.5 14.1 
R3 8.2 30.4 16.8 35.9 
R4 15.8 18.4 14.0 16.9 
R5 11.4 2.6 7.7 2.2 

Total 94.3 94.4 93.6 92.9 
 
Table 5. Summary of the heuristic algorithm solutions for the three different approaches 

Scenario Target (scaled 
spills 106 L) 

Optimal solution Number of ASTs with 
mitigation measure 

Cost 
($M) 

Scaled spills 
(106 L) 

Spills 
(106 L) BCRb Filling 

with liq. Anchor Stiff. 
ring 

Social vulnerability considered and optimization at the HSC level: 
1 250.0 119.1 251.1 86.3 15.2 91 818 91 
2 540.3 251.7 541.0 183.9 17.2 254 1088 254 

Social vulnerability considered and optimization at the census tract level: 
1 250.0a 157.9 184.9 67.9 12.9 93 817 92 
2 540.3a 299.5 413.7 148.9 15.9 268 1085 259 

Note: a Sum of performance targets for all census tracts 
          b Benefit-cost ratio 
 
Table 6. Summary of the procedural, structural, and preventative mitigation strategies 
derived from social scientific research along the Houston Ship Channel 

Type of Social 
Mitigation 
Strategy 

Primary 
Focus 

Local Context 
and Findings 

Possible  
Solutions 

Procedural Improve Risk 
Communication 

Thousands of residences and 
millions of dollars in property 
values continue to accrue in 
the risk zone, with limited 
knowledge and understanding 
of associated short and long-
term risks. 
 

 

Equal Planning for All Residents  
 
Official recognition and 
dissemination of information 
regarding AST spill risks. 
 
Targeted evacuation planning and 
discouragement of sheltering in 
place 
 
Information and planning for 
prolonged displacement, litigation 
and lost housing values. 

Structural Integrate 
Community 
Structures and 
Dynamics in 

Demographic shifts are 
contributing to the 
concentration of more 

Equitable Planning for More 
Vulnerable Residents 
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Mitigation 
Planning 
 
 
 

socially vulnerable residents 
in at-risk neighborhoods. 
 
Residential control over local 
housing values/resources and 
thus capacity for resilience 
have declined. 
 
Jurisdictional complexity and 
a lack of accountability to 
residents undercuts potential 
planning and recovery. 
 

Institutionalize clear governmental 
accountability for and from the 
perspective of residents. 
 
Identify and work specifically with 
less-advantaged residents and sub-
communities. 
 
Develop plans for long-term 
housing and community 
displacement, including legal 
assistance for those lacking requisite 
knowledge, experience and 
resources. 

Preventative Develop 
Community 
Capacity  

Establishing and funding new 
institutional structures to 
empower and improve local 
communities in ways that 
broadly reduce (rather than 
just counter-balance) 
vulnerabilities of local 
residents.  

Long-Term Mitigation Planning 
 
Investigate, adopt and adapt a 
public-private partnership of the 
type currently operating in urban 
port communities of southern 
California. 
 

 

Table 7. Government agencies with jurisdictional authority in the Houston Ship Channel  

Federal agencies State agencies County agencies Regional actors 
Army Corps of Eng. 
Citizenship & Imm. Services 
Env. Protection Agency 
Occupational Safety & Health Admin. 
Customs & Border Protection 
Dept. of Justice 
Chemical Safety Board 
Dept. of Homeland Security 
Fed. Emergency Management Agency 
Transportation Security Agency 
Coast Guard 
Dept. of Transportation 

Port of Houston 
Authority 
Dept. of Transportation 
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Fig. 10. Overview of the integrated natural-social-physical model with important linkages 

indicated (adapted from Bernier et al. (2017a)) 
 

 
Fig. 11. Maps showing surge extent, tank inventory, baseline conditions, and probability of 

failure of each AST for: a) Scenario 1; b) Scenario 2 
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Fig. 12. Fragility curves showing the effects on the probability of failure of the case study 

AST of: a) increasing internal liquid height; and b) using anchors and stiffening rings 
 

 
Fig. 13. Overview of the Mid Bay Strategy to reduce storm surge in the HSC (adapted from 

SSPEED (2015)) 
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Fig. 14. Effect of restricting the siting of ASTs in flood zones on the evolution of spill risks 

in the HSC 
 

 
Fig. 15. Overview of the multi-objective genetic algorithm procedure (adapted from Sutley 

et al. 2017) 

~ 500 

~ 
"' 0 

X 
-; 450 
E 
:::, 

~ 
1400 

al 
t 
QI 
a. 
JS 350 

-+-- Actual evolution 
--- No new tank in 100-yr flood zone 
----- No new tank in 500-yr flood zone 

300 ~-----~------~-----~------~ 
1995 2000 2005 

Year 

Select ASTs and census tracts of interest 
Define surge level and CD index 

l)efine performance targets 

Generate initial population: 
Randomly select mitigation measures 

for each AST (L,,,,,. s, still'. ring) 

Repeat to get 2,000 individuals 

Evaluate fitness l'unc.tion: 
Compulc spill volume 

Compute mitigation costs 

Extract desired optimal solutions below 
the pcrfnrmam:c targets 

Stop 

2010 2015 

Generate new population: 
Perform Tournament Selection 

Perform Crossover 

Perform Mutatioa 



Natural Hazards Review 52 Bernier et al., August 2017 
 

 
Fig. 16. Pareto front showing cost and spill volume of optimal solutions for Scenario 2 and 

considering the HSC as a whole 
 

 
Fig. 17. Maps showing the distribution of mitigation measures using the multi-objective 

genetic algorithm for Scenario 2 and considering: a) the HSC as a whole; and b) each tract 
individually 
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Fig. 18. Overview of the heuristic algorithm procedure 

 

 
Fig. 19. Map showing the distribution of mitigation measures using the heuristic algorithm 

for Scenario 2 and considering each tract individually 
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Fig. 20. Changes in: a) the number of residential parcels; and b) total market value of 
residential lands and structures at direct risk of spill exposure according to local tax 

records identified in Scenario 2, 1970-2013 
 

 
Fig. 21. Changes in: a) the socio-demographic composition; and b) owner-occupied housing 

units and median property values for the 21 census tracts with ASTs at risk of failure in 
Scenario 2, 1970-2010 
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Fig. 22. Distribution of residential parcels at direct risk of spill exposure within the six 

different municipal government jurisdictions covering the 21 census tracts with ASTs at 
risk of failure 
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