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Motivation: Urban areas will continue to house the majority of the global population, often in 

regions exposed to earthquakes, hurricanes, extreme cold, and other climate-driven hazards. 

Current approaches to assessing urban resilience are largely qualitative without offering any 

predictive capabilities. Inspired by microrheology—where the macroscopic frequency and time-

response functions of viscoelastic materials is inferred from the Brownian motion of probe 

particles—this research conceptualizes a city as a dynamic matrix in which citizens move in 

response to economic incentives and infrastructure functionality to quantify urban and community 

resilience to natural hazards. 

Objectives: (a) Develop a science-based, quantitative framework for assessing urban and 

community resilience using concepts from Brownian motion and statistical mechanics, (b) 

formulate a mechanical analogy that links the mean-square displacement (MSD) of citizens or 

vehicles to the creep compliance of a deterministic viscoelastic network, (c) analyze empirical 

mobility data from multiple cities and events to determine whether large U.S. cities exhibit 

engineering resilience, (d) validate findings using two independent data streams: from cell-phone 

GPS trajectories (particle tracking) and from traffic-flow data (vehicles per time) at specific 

locations of major traffic city arteries, (e) assess resilience at both the metropolitan and community 

scale, including neighborhoods severely affected during the 2021 winter storm. 

Methodology: The methodology integrates inductive pattern recognition from empirical mobility 

data with deductive predictions from a mechanical model rooted in Langevin dynamics. First, cell-

phone GPS-location data from thousands of anonymous users in Dallas, Houston, Miami, and 

Jacksonville are processed to compute the MSD of residents before, during, and after major 

hazards struck. Subsequently, traffic-flow data from monitoring stations along traffic city arteries 

are used to derive the probability density function 𝑝(𝑥, 𝑡) for the location of vehicles as a function 

of time, and the second moment of 𝑝(𝑥, 𝑡) yields the MSD of vehicles from the city center. In 

analogy with results from statistical mechanics, the MSD of agents ⟨𝑟2(𝑡)⟩ is conjectured to be 

proportional to the creep compliance 𝐽(𝑡) of a deterministic mechanical network. This framework 

provides predictive capabilities for recovery trajectories. 

Results: (a) Across all cities and events, the MSD is strongly suppressed during the active period 

of the hazard, reflecting reduced mobility and constrained activity. (b) Immediately after the 

hazard expires, the MSD returns to its pre-event steady-state regime—ranging from an 

instantaneous response to within ~24 hours—regardless of event type, severity, or city. (c) Traffic-

flow-derived MSDs exhibit the same qualitative and quantitative behavior as GPS-derived MSDs, 

despite significant differences in sampling resolution and data origin. (d) The strong agreement 

between the post-event recorded MSDs and the predictions of the mechanical model validates the 

conjecture that a city’s MSD reflects the creep compliance of an underlying viscoelastic network. 
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(e) At the community scale, even neighborhoods identified as severely affected during the 2021 

winter storm show the same rapid reversion to the pre-event mobility regime. 

Overall finding: Large American cities with medium-to-high population densities exhibit inherent 

engineering resilience, characterized by rapid and predictable recovery of mobility patterns 

following severe natural hazards. 

Conclusions: This study establishes a unified, quantitative, and scientifically grounded framework 

for measuring urban and community resilience using the mean-square displacement of citizens or 

vehicles. The convergence of inductive empirical evidence and deductive mechanical modeling 

demonstrates that: large cities and their communities rapidly re-equilibrate after disruptions, even 

in areas with documented severe impacts. 
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(a) Normalized behavior of 

the city of Houston under 

normal conditions; (b) acute 

shock on a city expressed with 

a rectangular pulse with a 

duration 𝑻𝒆 = 𝟏𝟔𝟖𝒉 that is an 

integer multiple of a day = 24 

h; (c) normalized response of 

the city of Houston to the 

rectangular pulse alone with 

duration 𝑻𝒆 = 𝟏𝟔𝟖𝒉; and (d) 

preevent and postevent 

response of Houston [(a–c), 

solid dark lines] which is 

identical to the preevent 

response of Houston (a). The 

thin red lines are the 

normalized recorded MSD of 

the Houston metroplex prior 

to, during, and after the North 

American winter storm 

during the 3rd week of 

February 2021 as distilled 

from the recorded GPS 

location data. 

 


