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Abstract

It can be found in the past numerous literatures that there are many natural disasters where societal resilience is a key issue
for describing the recovery process from damage state such as earthquake disaster, heavy rainfall, volcanic eruption, etc.
Many relevant researches on "resilience” against natural hazards have been conducted with variety of definitions of
“resilience”. “Resilience” has often been treated in a time axis as a resilience rate, degree of recovery per unit time from the
damage state. In most of them, “resilience” is described as degree of capability of recovery from the damage of systems in a
specified time.

If a target system has no interaction with and no dependency from its external supplying systems during the recovery
process, it would be valid to evaluate the resilience of the system alone. Considering the recovery mechanism within the
system, the system must possess capability of self-recovery which can rarely be realized in most of systems such as societal
systems, physical systems, engineering systems, even biological systems. Most of modern recovery mechanism depend
heavily on physical supply, human support from the external systems or external environment, all of which must still have
extra capability of supporting the system in damage. How high the resilience of a societal system is depends upon not only
how high the self-recovery capability is, but also upon how much support can be obtained from its surroundings.

In light of the above thoughts, the present paper proposes new concept of the societal resilience of societal system or
a target region, which can take account of its self-recovering capability and dependence of support from external systems.
The new concept will be applied to several typical natural disasters such as earthquakes, tornados, etc. Degradation of societal
resilience in case of earthquakes is significant since most of earthquakes can affect wider regions and damage them
simultaneously. In case of local disasters such as tornados, landslides, however, societal resilience of the target region could
be kept because of support of external regions. These different damage characteristics of natural disasters can be taken into
consideration when the societal resilience is estimated.

In this paper, theoretical formulation of societal resilience as stated in the above will be shown and is applied to some
recent actual disasters in Japan to examine its effectiveness of the concept of the societal resilience which is proposed herein.
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1. Introduction
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Concept of resilience that describes restorative capacity or robustness of a system has attracted great attention in
the engineering field in recent years [1]. Also in building or urban engineering resilience gains high recognition,
and especially regional resilience, restorative capability from disaster damage, attracts attention. However, the

definition or treatment of the resilience varies among studies, and in addition most of them do not go much beyond
concept demonstration, do not go far enough to evaluate quantitatively [2] [3].

In most of relevant researches, general definition of resilience [4] is used extensively is shown in Fig.1,
where its vertical axis is for the recovery ratio of an intended system, and horizontal for elapsed time after initiation
of damage. At first time the system has 100% function, at next time suffers damage from disasters, and then
restores its function with time. The all of integration of recovery curve drawn by the recovery process is defined

as resilience. In other words, most of resilience used is the concept describing temporal recovery process from
damaged to normal states.

Several works study the regional resilience against natural hazard in accordance with this definition. Some
works studied about resilience of utilities or medical function [5] [6], and the others about resilience of population
recovery from earthquakes [7] [8]. But, considering that recovery process in region of distress proceeds not only

by self-support, but also with restoration supports from surrounding regions, spatial dependency and interaction
among regions must be taken in to consideration as shown in Fig.2, its conceptual scheme.

Nevertheless none of work has evaluated the regional resilience directly introducing these recovery supports

so far. And another thing, most of previous studies deal with only specific single hazard as earthquake, and then
they cannot be generally applied to a multiple of hazards.

In this context, this paper proposes new definition and evaluation methodology for more general regional

resilience, which is with consideration for recovery supports effects, and can be applied to general resilience
process due to variety of hazards.
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Fig. 1 — General definition of resilience Fig. 2 — Regional resilience with consideration

for recovery supports

2. Theoretical fomulation

In this paper a diffusion analysis model is adopted in order to describe spatial effect of restoration supports in a
regions. The diffusion analysis describes temporal and spatial transition state of diffusion material density such

as smoke flow or heat conduction. Then this diffusion phenomenon is related to spatial spread of restoration
support which are expected during and after disasters.
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2.1 Diffusion analysis model
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Diffusion analysis solves a diffusion equation about transition of a diffusion material density in discretely-
distributed two-dimensional space mesh as shown in Fig.3. A two-dimensional linear non-stationary diffusion
equation is given in the following.

o9 (3% %
p _D[axz +8y2J+Q (1)

Where ¢ is a density of diffusion material; t is time; x and y are space coordinates; D is a diffusion rate as a
function of space but not time-dependent; Q is time constant increment of a density.

The discrete expression of Eq. (1) in discrete temporal-spatial axes in an ith- and j-th mesh is given by

A - _ D(cﬁ."_l,j 2+ s A2 *‘47“1}@ @
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Where n is the time step. A density at n+1 step is obtained recurrently from a density at n step in Eq. (2) .
2.2 Practical recovery activity

Meguro proposed that three fundamental but essential types of recovery activities, “Self-aid”, “Mutual-aid”,
“Public-aid”, are important for recovery of region of distress [9]. “Self-aid” is activity within a single distressed
region; “Mutual-aid” and ‘“Public-aid” are interactive activities with surrounding regions.

2.3 Relationship between actual phenomenon and model

Figure 4 shows correspondence between these actual recovery activities and parameters to be used in the diffusion
analysis model. The actual distribution of recovery state in regions is explained by the distribution of density #in
the analysis model. Considering the recovery of region, ¢ will be termed as Recovery Index (RI). Then, progress
of recovery of region corresponds transit of Recovery Index ¢. “Self-aid” is explained by the internal increment
in mesh, which is obtained by the increment rate of density Q. Q is termed as Self Recovery Rate (SRR). “Mutual-
help” or “Public-help” is explained by the transition by diffusion of density from surrounding meshes, which is
obtained by the diffusion rate D. D is termed as External Supply Rate (ESR), which represents rate of transmission
of external supply per unit time.
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Fig. 3 — Two-dimensional space Fig. 4 — Relationship between factual phenomenon
mesh in diffusion analysis and diffusion analysis model
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3. Model validity
3.1 Analysis object
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The targets of simulation were regions in three prefectures (lwate, Miyagi, and Fukushima Prefecture), six months
after The Great East Japan Earthquake (from March to August, 2011) as shown in Fig.5. It is the earthquake of
magnitude 9.0 centered in Pacific Ocean off Sanriku at 14:46 PM on May 11th, 2011. This disaster extensively
harmed regions of Tohoku mainly by the following great tsunami.

The result of simulation is compared with the observed data. The observed data is Recovery Index in “The
Great East Japan Earthquake — Recovery, reconstruction index” [10] published by NIRA (National Institute for
Research Advancement). RI in this literature is described as the ratio of the functionality of region to that before
the disaster. Total Recovery Index (TRI) is now defined as an averaged index, Individual Recovery Indexes (IRIs),
including occupancy rate of provisional housing, utilities (electric power, gas or water), transport facilities
(railroad or road) and so on as shown in Table.1. In this paper not only TRI, but also IRIs were targeted. Since it
is described in each administrative district or in each local municipality, it needs to be transformed to regional
mesh unit form to use for analysis.

Table. 1 — Example of observed RI 100 = full recovery
Ratio of (Occupancy . . . ) " ) .. [Total
Date re fugees to rate uf Flectric powerGas Railmad Road Dekbris . Dekris . ChantysmdyMedlcﬁill faGIIMMe‘.:hFaI facllrtyRemry
population DI'DVI.BDI'Eﬂ removal ratio ide sposal ratio [rate Hospital) Clinic) Index
housing
Sendai—shi
201103 86— 98 8 213 198 1004 o— 0 100 985 475
201108 983 533 100 100 100 100 18— 4.5 100 987 692
201108 100 935 100 100 100 1004 70 19 458 100 987 827
201112 100 989 100 100 100 1004 97 7.8 78 100 987 891
20120 100 989 100 100 100 100 97 9.7 817 100 987 896
201202 100 989 100 100 100 1004 97 10 835 100 987 898
201203 100 989 100 100 100 1004 97 1289 885 100 987 905
201204 100 989 100 100 100 100 97 184 912 100 987 913
201 205 100 989 100 100 100 1004 98 214 92 100 987 917
201206 100 989 100 100 100 1004 98] 242 92 4 100 987 92
201207 100 989 100 100 100 100 99 242 924 100 987 921
201208 100 989 100 100 100 1004 99 325 928 100 987 929
201209 100 989 100 100 100 100 99 3786 929 100 987 934
201210 100 989 100 100 100 100 99 43] 992 100 987 94 4
201211 100 989 100 100 100 1004 99 48 4 992 100 987 949
20212 100 989 100 100 100 1004 99 508 992 100 987 951
201301 100 989 100 100 100 100 99 531 992 100 987 95 4
201302 100 989 100 100 100 1004 99 636 992 100 987 96.3
201303 100 989 100 100 100 100 99| 717 992 100 987 97|

3.2 Analysis condition

Since the Japanese tertiary regional mesh has 1 km grid in both of latitude and longitude, the two-dimensional
space mesh for discretization is set as 1 km grid. The unit time in analysis (1 step time) was 6 hours, and then 120
steps were comparable to 1 month. The initial Rl ¢ in the analysis is plugged with RI in observed data immediately
after the disaster.

SRR Q (related to internal recovery activities) is considered to be depend on RI, and then decided based on
initial RI.

ESR D (related to external recovery activities) is also considered to be depend on RI, but its effect to
transition of Rl was more than SRR. Therefore, ESR D with the best reproducible precision was estimated by the
following optimization method.

3.3 Optimization method for estimating External Supply Rate D

In this paper, the steepest descent method, one of the gradient methods, is adopted to identify the parameters
because this method is so simple to calculate a lot of parameters. The algorithm of the steepest descent method is
shown below.

Some function f (®), a function to be minimized, has the parameters set ®, given by
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Where ap, by, ..., zo are parameters of f (0 ¢). With & as initial value for searching, the gradient of f (@) for® is
obtained as below
Vi(o,)= @) H(©) o) (@)
oa, ob, 0z,

By using vf (®, ) best suited parameters were sequentially searched as below

0,.,=0,-4Vi(0,) ()
By Eqg. (5), parameters move to smaller gradient direction, and finally the parameters for minimum of the function
f (®0). In Eqg. (5) the adequate range of weight coefficient £ depends on sorts of problem of dealing with, and is
set not to diverge of analysis result.

In this paper, the parameters set to be estimated was ESR D in each mesh in two-dimensional space. The
minimization function is an RMS (root-mean-square) error function between observed and simulated RI as below

nj

RMS[error] = n : zizzk(¢observed (k) - ¢simulated (k1 Dij ))2 (6)

AL ]

Where RMS[error] is a minimization function, ¢ onserved iS Rl in 0bserved data, and ¢ simulated(Diji) is R1in simulated
result, depending on ESR D. i and j are coordinate in mesh and n; and n; is a number of meshes for error calculation.
k is step number and n is a number of steps for error calculation.

The distribution of ESR obtained by the steepest descent method is shown in Fig.6.
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4. Result of TRI
The result of simulation about TRI is shown in this chapter.

4.1 Overall reproducibility of phenomena
The comparison maps between TRI of diffusion simulated result and observed TRI is shown in Fig.7.
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Fig. 7 — Comparison map of simulated and observed TRI

In Fig.7, monthly TRI from March to August are plotted as heat maps. In each figure the upper map shows
simulated result and the lower shows observed data. Additionally, the red dashed circle shows the caution zone
associated with the Fukushima-1 plant (Fukushima Daiichi Nuclear Power Station).

At the first step, in March, in the inshore areas including the Sanriku Coast (the area of light blue ellipse in
the left lower map) TRI weakened by tsunami damage. Since then, the broad appearance of gradually increment
of TRI in observed data is reappeared by simulated TRI distribution at each step. Focusing on the local, however,
the appearances differed in the areas around Fukushima-1 plant; in observed data the recovery gets delayed, on
the other hand in simulated recovery progresses slightly faster than observed.
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For reviewing numerical accuracy of TRI, the comparison between observed data and simulated result is shown

in Fig.8.
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Fig. 8 — Comparison of simulated and observed TRI

The left graph shows April, the median June, and the right August. The vertical line shows the simulated TRI and

the horizontal the observed TRI. The blue points are values at each analysis mesh and the red points are mean
values in each district.

The distribution of ratio of TRI of simulated to TRI of fact is shown in Fig.9.
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Fig. 9 — Ratio of simulated TRI to observed TRI

The richer color districts are less accurate; rich red denotes overestimate and rich light blue denotes underestimate.

From Fig.8 and 9, repeatable precisions in the districts around Fukushima-1 plant (Namie-machi, Futaba-
machi, Ookuma-machi, and so on) had bad correspondence. However, some districts (Sendai-shi, Iwaki-shi,
miyako-shi, Ishinomaki-shi, Onagawa-cho, and so on) had good agreeement.

7
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4.3 Recovery curve

&3

The temporal alteration of TRI in each district is shown in Fig.10.
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Fig. 10 — Recovery curve of TRI

In the districts around Fukushima-1 plant the recovery curves of TRI differed between observed and simulated,
the simulated recovery process was earlier (in other words, the simulated was overestimate). On the other hand, in
some districts including Sendai-shi and Ishinomaki-shi, the simulated recovery curves finely corresponded to the
observed.

5. Result of IRIs
The result of simulation about IRIs is shown in this chapter.

Because of their size of effect to recovery process, three IRIs, the function recovery ratio of medical facilities,
the debris removal ratio, and the railroad and road recovery ratio, was considered.
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5.1 Function recovery ratio of medical facilities
These are the result of simulation about the first IRI, the function recovery ratio of medical facilities.

Fig.11 shows the comparison map, Fig.12 the ratio of simulated to observed IRI, and Fig.13 the
recovery curves of IRI.
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Fig. 11 — Comparison map (medical facilities)
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Fig. 13 — Recovery curves of IRI (medical facilities)

In the districts around Fukushima-1 plant or on the Sanriku Coast, the reproducibility of analysis was not
good. However, in the other districts, the simulated IRI corresponded to the observed.
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5.2 Debris removal ratio
These are the result of simulation about the second IRI, the debris removal ratio.

Fig.14 shows the comparison map, Fig.15 the ratio of simulated to observed IRI, and Fig.16 the
recovery curves of IRI.

Mar.2011 Apr.2011 Jun.2011 Aug.2011
S a) S N s x o JraS 7 2
401~
lwaizumi-shi
E Miyako-shi
T 3¢ inomaki-shi
D
?Ul gawa-cho
= Sendai-shi
g 38 Caution nie-machi
n / zone of thle Futaba-machi
* Fukushim Okbma-machi
- a-1plan Iwpki-shi
=
- [ e
409
r o<
— 39v
e f
QL t
P
S k-
[} !
9N 38 The Sanriku
'8 ! 7 Coaslt\l
37;' : I LT oI F § v B 1
w00 1410 14701400 1410 1420 » — Long.[°]
Long [ . -1 ::.
o[ 0 20 40 80 80 100 c» 0 15?
IRI [%] Ratio of simulated IRIs to observed IRI
Fig. 14 — Comparison map (debris removal) Fig. 15 — Ratio of simulated to
observed IRI (debris removal)
. iwaizumi-cho - Ishinomaki-shi - Sendai-shi
21 / 21 21 / Observed
] e —<— Simulated
Apr. May. Jun. JU. Aug. Apr. May. Jun. JU. Alg. N My Jmn Ju A,

Fig. 16 — Recovery curves of IRI (debris removal)

In the result of the debris removal ratio, although some districts had good correspondence, the
reproducibility was so bad in many districts. That is because the observed debris removal ratio has a
sharp transition as can be seen from Fig. 16, and thus it is hard to describe these phenomenon as diffusion

model.

10
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5.3 Railroad and road recovery ratio
These are the result of simulation about the third IRI, the railroad and road recovery ratio.

Fig.17 shows the comparison map, Fig.18 the ratio of simulated to observed IRI, and Fig.19 the
recovery curves of IRI. In addition, the road network is shown in the observed map on August in Fig.17.
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Fig. 19 — Recovery curves of IRI (railroad and road)

About the IRI of railroad and road the reproducibility of analysis was quite good in many districts.
That is because of the recovery process of railroad and road. Comparing the road network with the
observed IRI, it is seen that the districts with tight road net (i.e. Sendai-shi) has fast recovery than with
sparse road net (i.e. districts on the Sanriku Coast). And another thing, the districts near to Sendai-shi,

11
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the capital city, (i.e. Ishinomaki-shi) has fast recovery than faraway from Sendai-shi (i.e. districts on the
Sanriku Coast). In this way, the railroad and road has spatially diffusive recovery process, and thus the
diffusion model is better suited for this phenomenon.

&5

5.4 Discussion
Comparing the result of TRI in section 4 with IRIs in section 5, the reproducibility or numerical accuracy differed.

And another thing, they were difference among IRIs. The IRI of debris removal ratio didn’t have a good
reproducibility because of its sharp transition, on the other hand the IRI of medical facilities or the railroad and
road had a certain level reproducibility.

When IRIs are dealt it is important to consider whether the describable or indescribable the each targeted
IRI is by diffusion phenomenon, since the characteristic of recovery processes vary in each IRI.

6. Conclusion

This paper, emphasizing that the temporal-spatial effect is important for evaluation of the regional resilience from
disaster, proposed a diffusional analysis model as a completely new evaluation method.

This model was applied to Recovery Index of The Great East Japan Earthquake, and the simulated result
was compared with observed data. As a result, though RI in some districts differed, RI in overall region had a
relatively reasonable level reproducibility. That is to say that validity of this model is proved at the certain degree.

If the parameter of this model is chosen adequately, the future forecast of recovery process from disaster
damage would be possible. Thus, its forecast would come in handy as basis for decision making of recovery plan.

After this, the upgrading of parameter estimation method and the general application to a multiple of hazards
including earthquake, tsunami, or tornado are expected.
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