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Debris generated by disasters can hinder relief efforts and resulievastating economic,
environmentakand health problems. In this paper, we present a desigdport toolemploying
analytical ‘modelgo assist disaster and waste managenwdfitials with decisions regarding
collection{ transportation, reduction, recycling, and disposal of debris. The tool enables
optimizing_and balancing the financial and environmental costs, duration of the collection and
disposaloperations, landfill usage, and the amount of recycled materials. In additippstio
disaster gperationadecisions the toolcan also supporthe challenging task of developing
strategic plans*for disaster preparedness. We illustrate the applicability and effectiveness of the

tool with a disaster scenario based on Hurricane Andrew.
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1. Introduction

An important postlisaster logistics actiwitis managg theresulting debris, whicks defined as
any kind ‘of waste generated laydisaster. Types of debris include building materi@s.,
concrete, lbricks, andood), vegetation (e.gfallen treesand plantatiojy household wastée.qg.,
furniture and*white goodlshazardous wastée.g., industrial chemicals cars, rubbles of road
infrastructurejand sediments.The timely management of pedisaster debris has important
consequencesnlthe shortterm it enablesresponse activities such as relief transportation
searchandfescue, an@vacuation. In the long ternt, preventsadverse effects on human health

and theenvironment due to factors such as decaying chenacal@ater pollution.
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Debris management is a costly and complicated process. For example, Hurritareeik2005
resulted in more than 100 million cubic yards of delaig] debris management cosiceeded

USD 4 billion, accounting for more than a quarter of the total assbciated with disaster
response and recovery (UNEP, 201Phe 20l1lcascading disasters in Japg@neratednore

than 25 millien tons of debris, with substantial amountixed anddisplaceddue to the tsunami,
hampering.the‘removal efforts as the comipmsiof the debris required substantial amount of
separatiofUNEP, 2012). In the Fukushima area, radioactive debris contents posed difficulties
for local authorities, who were still undecided on how to carry out collection apasdisthree
months aftethe disaster “because there were no official guidelines on how to handle it” (Japan
Times, 2011)»The lack of spader debris disposahlso results in challenging issues, as

exemplified‘by‘the cascading disasters in Japan and the 2010 Haiti earthquake.

Given theirthigh cost and complexitgebris management operatioten significantly benefit

from quantitative models andecisionsupport toolsMotivated by the lack of such models and
tools in the literatur@nd practiceparticularly of those addressing the decisions in the longer
term where (the aim is to recover from the effects of the disastisr paper preseés a
mathematicaimodel for debris management operatiang auserfriendly decisionsupport tool

that implemats this model. The model balances multiple objectives such as financial costs,
environmental effectsgjuration of thecollection and disposadperations and recycled debris
amount. The tool can be used in the-gisaster stage to prepare strategic debris management

plans and studwhatif scenarios, as well as in the pdstaster stag®r operational decisions.

The timeline of a disaster can be decosgd into threestages predisaster, response and
recovery (FEMA, 2007)Before the disaster hit@ach local communitgonsiderspotential
disastersscenarioand correspondinfprecastsof debris amounts and compositions, and plans
workforce and equipment requirementswell agotential debris management facilities such as
debris processing sites, recycling plants, and disposal areas. In the immediate aftermath of a
disasterg“debris amounts and compositions are estimated and the workforce ancergquipm
requirements are assessed. During this stage, deblearedoff the roads to facilitate response
activities such as searamdsescue and relief transportatiohe disaster recovery stage
involves debris collection i.e., debrisis transported from road and curb sides to temporary

processing sites, where it may go through certain processes such as sortiatjpeepganding,
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incineration, wood chippingand concrete crushing. After being processed, debris components

may be disposed of in landfillszcycled, reused, or sold

This paperfocuses on debris collection and disposal activiteesd addresss the following
decisions:location of debris processingites selectionof specific processesand respective
capacity levelgo install at eaclprocessing siteransportation of debris between facilitiesd
debris amountand typedo recycle ordispose at landfillsin general, theseomplex decisios
are made_and documented Ibgal communities and carried ousingboth local resources and

contractors.

As is the case with most problems in disaster logistics, multiple stakeholders (e.g., local
governments, aid agencjeontractorswith potentially different objectives are involveldring
debriscollection and disposaperationsFor example, local governments may want to complete
debris collectioras quickly as possible to miniminegativeeffects on the community. Private
contractorsmay-prioritize a cosefficient process, while environmental agencies may push for
minimizing environmental impacts arat/ maximizing recycled debris amounts Multiple
objectivesresult incritical tradeoffs. For example separahg debrisin the disaster aregersus

at a processingsite may increase theluration of the operations buenhance recycling
opportunities:Similarly, open burningo reduce debris volumgpeed up the disposal process,
but hasadverseenvironmentaleffects. The modelwe presentconsidersmultiple objectives,
enablingthe'usersof the decisiorsupport toolto analyze the tradeffs andevaluate the impact

of their decisions.

Debris management operations can be considered a®nargency management and
humanitarian logisticactivity (seeAltay and Green (2006), Apte (2009), Celik et al. (20&2d
Ozdamar ,andErtem (2015)for recentreviewsin this arej The literature on disaster debris
management.mostly focuses on the documentation of past experiences and theirvgualitati
analysis e.gq aftethe Japanese earthquake and tsunami in 2011 (UNEP, 2012), aiwhiiéu
Katrina (Moe;,2010)Brandon et al. (2011) retrospectiyeanalyzethe debriscollectionefforts

by the US Army Corps of Engineers (USACKjarunasena et al. (2009) present a case study
based on podlisaster waste management practices in Sri Lab&hris management guidelines

prepared by institutions such as the US Federal Emergency Management Agency (FEMA, 2007)
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and the US Environmental Protection Agency (EPA, 200&8)pvide operational
recommendationend document past experiences. Many local manities have developed
debris management plans in line with these recommendations. A comprehensive review article
by Brown et al. (2011) presents previous experiences and guidelines on planning, waste
composition-and treatment, social aspects, and emaenal consequence8rown and Milke

(2016) further study the effectiveness of different recycling strategies for-gieaster debris

based on“the“experience from specific disasters, rather than the use of quantitative models or
decision support tool©therqualitative studiesn disaster debris management include Reinhart

and McCreanor (1999), McEntire (2006), anddtkt al. (2009).

Despite the /abundance débris managemermuidelines, quantitative support on how to carry
out debris*collection andisposal activities is lacking in the literature, which we aim to address
in this paper™Further, even though there has recently beencesasing interest in the
Operations Research and Management Sciktecature in developing quantitative models for
the clearance stage (e.g., Aksu and Ozdamar (2014), Celik et al. (2015), Sahin et al.t{2016))
recovery stage hawt received the same attention.

An importantsaspect of the quantitative models developed to address problems faced by
practitionerssefshumnitarian logistics is the applicability of these models in practice. In general,

it is highly unlikely that a practitioner in the field has the technical knowledge to implement
mathematical optimizatiomodels. This paper aims to address this idsigging theory and
practiceby means of a usdriendly decision support tool that can be readily implemented with

minimal requiremers for technical knowledge and technological infrastructure on the user end.

Our work is among the few in the literature in terof using an analytical approach to debris
collection ;and. disposal operations. Similar to Fettedt Rakes (2012), we address decisions
about the locations of processing sites, the selection of processes to make available at each site,
and debris«flows. However, our model also includes decisions of whether or not to sort during
collection, the,selection of processing capacities (a decision involving fixésl witk a direct

impact on the total duration of the operatioras)dthe possibility of separatindebris before
applying other processes, allowing for a more precise and comprehensive analysis

operational support. As in Hu and Sheu (2013), we consider the temporal aspects of the problem,
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but with a different emphasis. Hu and Sheu (2013) modekpsoty capacities as constant and
fixed, focusing on debris flowletails. In contrast, a fundamental feature of our model is the
selection of processing capacities and the times at which they will become available and the
impact of these_decisions on tharation of debris removal operations. Finally, our work differs
from the previously mentionegapers omlebris clearancby focusing oncollection and disposal

activitiesinstead

The main_contributions of this papare twofold: (i) an innovativemathematical modethat
capture critical decisions and objectives postdisaster debris collection and disposal
operations and (ii) a usetfriendly decisiorsupport tool that aids ipre- and postisaster

decisiongelated tadebrisoperations and thanalysis ofradeoffs amongdifferentobjectives.

The remainder. othe paper is organized as follows. Section 2 discusses the mathematical model
developedand“its data requirementSection 3 descritethe decisiorsupport tool,whereas
Section 4presets a case studpased on Hurricane Andrewinally, Section5 concludeghe

paper and presents future research directions
2. Modehng approach

We develop a mathematical model for managing debris collection and disposdioopeia
this section, we present our modeling assumptions, input parantgeispns.and objectives,

as well as aliseussion otthe availability and quality of the dataquired bythis model.
2.1.Modeling-assumptions

During thepostdisaster tineline,cleared debrisvill go through several different procedure=e s
Figure 1.Immediately after the disastéiime periodb = 0) only collectiontakes placeThen,a
first batch=oefsites/capacitiebecome availablgtime periodb = 1) for processingand while
debrisisbeingmoved to disposal sitedllection mayalsocontinue Then(time periodb = 2) a
second batch*ef processing capacitiesy become availableand a combination of processing
(e.g., separation, crushing, grinding, etcollection recyclingand disposaat landfills can take

place as in the previous period.
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Figure 1- Time periods used in the mathematical model

Multiple processing steps can be applwdhin each time perigdas well asdisposal or
regycling. For the sake of simplicity and motivated by realrld applicationspn a given unit of
debriswe assume that at most two procesaesappliedwhich could be performeat the same

site or at different processirsies.

We combinamultiple debrissourceqe.g., road segments, residahtcommercial, and industrial
blocks)into debris zonesnd treat each zone as an aggredeat®is sourceThe debris amounts
and compasitionat each zone can bestimatednitially or during preplanning usingorecasting
toolssuch assHazus by FEM@&015)in the US and are input to the model.

We assumersthat potentidkbrisprocessing sites are determined prior to the disdateractice,

these sites are often listed in local debris management (gikem$&EMA, 2007).

Debris estimates Financial costs
for each zone by type Duration
Debris landfilled
Debris recycled

Potential locations
for_processing sites

v Processing O
'5' Work teams for Debris sites to open E,
o collection and Operations o
c transportation Model S'.
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Processing capacity

Landfill capacities levels at each site

Debrisiprocessing costs
and potential capacities Debris flow
(reduetien and recycling) decisions

Figure2 —Main inputs and outputs of the model

2.2.Inputs, decisions, and objectives of the model
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The mathematical formulation of the model we propose is given in the Appendix. Here, we
discuss the main inputs, decisions, and objectives, which are summarigéguia 2. The
amount and composition of debris in each zone as well as potential debris procissing s
locations are inputs to the model. Each debris tyge go through a subset of the available
processes. For example, mixed brig&od type debris can only go through separation, whereas
wood type.debris can be ground, mulched, or incinerated. After each process, the composition
and/or type“of‘debris may change. For example, after separation, 5 tons of mixeaduarick

type debris'may be decomposed into 3 tons of brick, 1 ton of wood, and 1 ton of waste. The

available processes for each debris type and the conversion rates are among the model inputs.

Another input of the model is a set of potential collection methods, each of which has a
predeterminedicollection rate (days per metric ton), cost, and transformation rate. For example,
one method*may separate debris during collection, but may be slower than another method tha

quickly collects debris in a mixed form.

The model also takes as input the processes and corresponding potential capsijtgdace
requirements, and setup times for each potential processing site. For example, the concrete
crushing process may be installed at capacity levels of 0, 500, or 1,000 tons/day, corresponding
to 0, lrand«2«machines, respectively. Installing concrete crushing at a capacity level of 500
tons/day may require 10,000 square feet of space and a setup time of one month (for our case

study, capaecityrand space requirementsadeptedrom Alibaba Group, 2015).

The remaining main inputs to the model include the collection rates (in tons/hodebia$
collection{teams, transportation times, landfill capacities, fixetisoof opening processing sites
and installing the processes, unit costs of debris collection, processing, anéldjsposon),

unit revenue.from sold debris (per ton), and transportation costs (per mile-ton).

The main decisions considered are: i) processing sites to open, ii) processes to employ at each
opened processing site, iii) capacity to make available for the processes selected at each opened
processing site, iv) collection methods to use at each debris zone, v) processes debris will go

through, and vi) which landfills to use and how much.
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In making these decisions, the model aims to balance the objectives of (i) firaost&l (ii)
environmental effects, (iii) duration until collection and final disposal are completethr{df)ll
utilization, and (v) revenue from recycled debris. These can be incorporated into thevebjecti
function with different weights/priorities, or included among the constraiitts asrresponding
bounds. The.problem can be solved multiple times by varying the weights and bounds to study

tradeoffs.

The solution_has to adhere to the following constraints: i) all debris must be abliextethe

debris zones and ultimately either disposed of or recycled, ii) processes can dgedmply at

opened processing sites anderfthe setup time for capacity installation, iii) the number of
opened processing sites cannot exceed a predetermined limit, and iv) available space at opened

processing'sites cannot be exceeded.

For our case“study instances (see Section 5) the desigport tool (see Section 3) employing
the above discussed model and using egmmce optimization softwarfends closeto-optimal

solutions withina few minutes.

2.3.Data’Requirements

As can be inferred from Section 2tBesuccessful implementation of the model proposed in this
paper depends on trevailability and accuracy of a number data categoriesThe required
input data can be categorized into five gro(gee Table A2 in the Appendix for detail§) per

unit revenue from recycled delsti depending on its compositiorixed, variable, and
environmental costs of transportatjgprocessing, and disposal, (ii) capacities in terms of total
processttime-and space in each existing/potential facility, (iiyyegght time required fodebris
collection, transportation, and processing, dependingsotomposition,iv) how each process
transformsa givendebriscomposition intoa different oneand (v) initial debris volumeand

composition inseach debris generating zone.

Among the five groups of data mentioned, the first four can be estimated, determined or
calibrated by local governments or emergency management agencies before the disaster hits. In
particular, existing debris management guidelines can support their deteymifa example,

FEMA (2007) outlines how costs can be calculated, the characteristics of different debris
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collection and processing methods, and the design of debris processing haigstle most

critical data inputs of the model presented abakethe resulting debris amounts after the
disaster hits, which depend not only on the impact of the disaster itself, but also on the number
and types_of buildings as well as tthemographic and geograpipoopeties of the disaster area

Given this we,wil outline in what followsvarious pre and postdisaster estimation methods for

debris amounts.

As a first_step_during prdisaster debris management operations, FEMA requires each local
community to generate potential disaster scenarios and estimatestiieng debris amounts
(FEMA, 2007). In order to guide thestimation process, FEMA2010) provides a debris
estimation field guide, along with eatyapply methods to estimate the debris amouAts.
similar guideline, specific to the debris generatechbiricanes, has been proposed by USACE

(2010), with-an estimated accuracy of within £30% of the actual debris amounts.

A more sophisticated debris estimation tool is HAZMB (Scawthorn et al., 2006), provided
free for downloadby FEMA (2015). The tool uses geograptaad demographic data of the
potential disaster location, along with stafehe art structural analysis methods to estimate the
economic and«physical damagecluding the resulting debris composition and amqumider a

given disaster-gmario.The resulting debris amounts, which are estimated at the census tract,
county, or state level, can be displayed on a map using Geographic Information Systems (GIS
software. 'HAZUSMH generally provides accurate estimates for-b#Sed disaster sceics.

For example, a validation study has observed that the debris estimations of the tootié@anieur

Ike resuledin an error of only 4.6% (Ding and Spinks, 2013). The HAZWS methodology

has also ‘been validated on AdB-based disaster scenarigsth satisfactory resultge.g.,
Ploeger et-ak=(2010) for Ottawa, Canadad Levi et al. (2015) for Israel). Due to the proven
accuracy of the tool, we use HAZLMH to estimate the debris amounts in the case study

provided in"Section 5.

In addition tostheséools, with the recentechnological advancements, various different sources
of data collection have been employed to gather disaster damage andirdebriation An
example is the light detection and ranging (LIDAR) technology, which has been uséth&iees

the debris resulting from Hurricane Katrjnghere the estimates were made available within a
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week of the dissipatioHansen et al., 2007) and in the aftermath of Hurricane Sandy (Xian et
al., 2015 and Hatzikyriakou et al., 2016Finally, with the increasing employment afata
sharing mechanisms (e.g., GOV, 2016) #&id Data approaches for disaster response (e.g.,
NSF, 2038), post disaster situational data is expected to become increasingly available, making it
easier for centractorand policy makers tosuccessfully usguantitative models and decision

support tools for debris management.
3. The deecisionsupport tool

There are important challenges in implementing the mathematical oestzibed in Section: 2

(i) the potentialusers of thenodel (e.g., local communities private contractorsareunlikely to

be familiarwith-mathematical optimizatiortii) the resultsshould be visually accessiblkendiii)

the modelsmay need to repeatedlyrun under different settingse(g., for different disaster
scenarios/or objectivesJo overcone these challenges, a uséendly decisiorsupport tool is
needed For this end, the optimization model propose@mbedded into apreadsheetased
decisionsupport tool. The tool requires a PC with 64 Microsoft Windows, Microsoft Office
Excel version.2003 or later, and internet connectiomtilizes the open source optimization
package GLPKi (GLPK, 2@) to solve the model, which eliminates the need for proprietary
optimization‘software, not genenakvailable for the potential userstbk model. Google Maps

APl Web ServicegGoogle, 2015) are used to display maps for visualizing inputs and solutions.

The tool gontaingour groupsof worksheets: (i Control panel§ where different procedures
suchas generating input files, creating and solving the model, and displaying outputs can be
executed, (i) spreadsheets for inputting déid, tables for model outputs, and (iv) maps where
some ofthe inputs an@utputs can be visualized. Details of theltare provided in Section EC

of the Eleetronic Companion. The most up to date version of the tool and its documentation can
be downloaded from DOT (2015

The tool ¢an beisefulin the preand postdisasterstagesand under differerypes ofdisastes
(e.g. earthquakes, hurricanes, and flopds the pre-disasterstagethe tool cansupport the
evaluationof locations for new landfills or potential processing sild®e tool caralsobe run
under differentpotential disaster scenarios to evaludte the extent at which local versus
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external contractors should be employed for collection and transportation, ahd i(impact of

preversus postlisaster installation of certain processes.

In the postdisaster stagthe tool caraid disaster responders and solid waste officials in making
the various operationadkecisions discussed in SectionChntractoror otherentities responsible

for the debris management of large affected araasalso utilize the todbr operational support.
4. Casesstudy: Hurricane Andrew

Hurricane Andrew was a Category 5 hurricane that mainly affected the Florida and Louisiana
coastline in the summer of 1992 and generated the most disglated debris in the United
States until Hurricane Katrina in 20Q€ational Hurricane Center, 281 The reason behind the
selection of this specific disaster stems from Florida beingy$state that is hit most frequently
by major hurricane¢National Hurricane Center, 2016), aHdrricane Andrew being the most

devasatingshurricane in Floridavithin the last hundred years.

The specific ‘area we consider for analysis is Mi@ade County, where the volume of debris
constituted more than 75% of the pd&aster debris generated by Hurricane Andrew in Florida.

To estiméesthe amount of debris in each census tract under the current demographinggl sett
the hazard estimation tool Hazus was used (FEMA, 2015). In total, slightly more nhiiirod

metric tons of debris is estimated, of which 93.7% is brick and swasdd4.9% is concrete

based, and«1:4% is vegetative. We divided the region into a “grid” of 22 zones of equal area. The
geographical_eenters of these zones are givéfigure 3 The debris in each census tract was

then assigned to the closest zone.

This article is protected by copyright. All rights reserved



Wellington i ; Wellingtan}

@ Lake Worth ) | Lake Worth
j Boynton | Boynton

| Beach Beach

|Sugar |
Sand Park SB% f%
Pompano | Pompano
/Beach | /Beach
Weston &2 Lauderdale @m'@ derdale

Keridall

Cy
Naranja.
Homestead

Crocodile

Lake National
Wildiife Refuge

Ghoyle
Ve deta @213 Google. = Hlamingo Map data ©2013 Google

Figure 3- Debris source locations (left), and potential site locations (right)

There are l4-potential locations considered for opening processing sit€gy(geeld. Eight of

these locations are existing landfills and six are either parks or large empty areas that could be
used as temporary processing sites in the disaster response and recovery stages. Each landfill has
a disposal-capacity as well as a processing rate. There is a fixed cost incurred for installing
processes at each potential site. These rates and costs are adapted from Atlantic Cibesty Util
Authority (2011) and Alibaba Group (201 %espectively.

Four processes are considered: separation, concrete crushing, grinding, andiconfpiace

the disaster area is highly urbanized, open burning is not considered as a candidage Atoc

each potential site, each process can be installed in one out of three different capacity levels, with
correspondingsfixed costs and processing rates (see Section EC.2 of the El€dropanion).

Upon colleetion, each debris type (bralood, concrete, vegative) can be landfilled, separated

into its components (brick, wood, concrete, vegetative, and waste), or further plogesde

and wood can,be ground, concrete can be crushed, and waste can be conffgutedy
illustrates these debris types. Ground or crushed debris can be sold for reveposeddebris

incurs a cost of $6 per metric ton (Atlantic County Utilities Authority, 2011; dcdéevn to
account for a podtisaster scenario).

This article is protected by copyright. All rights reserved



Uncollected Concrete »1 Crushed concrete
-+ Concrete-waste
concrete-waste
Brick »> Ground brick
Uncollected -
. »| Brick-wood-waste Waste »] Compacted waste
brick-wood-waste

Wood I—bl Ground wood
Uncollected .
» \egetation-waste

vegetation-waste Vegetation

Ground vegetation

) 4

Figure4 —Debris typesonsidered in the case study

We assume“that the processes are installed after the disaster hits and it takes two months to
complete ithe installation of any given proces£ (lieeks to determine the needs and order the
machineryy=26sweeks for transportation lead timend an additional week for setugpdapted

from Alibaba-Group, 2015).

There arestworrate levels at which debris can be colleCtection without sortings fast (100
metric tons per, team per workday) and low cost ($10 per metri¢ wdni)e collection with
sorting takes longe66.67 metric tons per team per workday) and is more expensive ($15 per
metric ton),"but involves certain degree of separation (for exampleretem@ste can be
partiallystransformed into separated concrete and waste). The collection rates aodstmit
presented here have been estiméteich FEMA (2007).

Transportation,coss assumed to be $0.30 per cubic yard per mile. There are 500 work team
each of whigh<can transport 30 cubic yards in each trip, and can cover 300 miles per workday
(based on USACE, 2002, which reports a peak of 2,000 trucks per day; this figure is varied to
assess Its_sensitivity in Section 4.2). Sitieevaluable materia obtained from processing debris

can be sold, we define net castthe difference between the financial cost of the operations and

the revenue from sold debris.

Aside from_the work teams hired for collection and transportation, external contractdye can
hired (at a higher cost) to take debris from processing sites to recycling facilities and/or landfills

away from MiamiDade County.
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For each setting we considerthis section, we solve the mathematical model withobjective

of net cost minimizationfor different disposal time limits.

4.1.Base case analysis

Table 1prgsents the results for the base case whemmzinmig net cost under differenlisposal
time limits:"A"longer disposal time allowiexibility for processing, lowers the cost spent on
extenal centractors, and lowers net cost, but there are diminishing returns. For extaple
(average per month) reduction in net cost when disposal time increases from 3 tdh§ isiont
4.39 million, USD, but when disposal time increases from 12 to 24 manibsli97 million
USD. When /disposal time is limited to 3 months, approximately 57%edbtal cost is due to
exterral contractors. This is becaughe completion of the disposalperations without
substantial_invelvement of external contractors is not possible when the target dispesa t
“short” (note“that the processes take two months to be installedheAwrgetdisposal time
increasesthe“external contractaostsdramatically derease, sincthe expenditure in fixed costs

for increased processing capacitias be justified.

Table1l -Base case results when minimizing net cost with different upper bounds on dispesalll

costs are in million USD.

Target disposal time (months) 3 6 12 24
“hNet cost 169.00 155.84 133.65 110.05

Fixed costs 3.20 9.05 10.89 7.72

“Collettion costs 43.98 49.84 56.71 53.54
Transportation costs 18.75 26.79 37.88 30.49
m=Processing costs 0.61 6.57 20.40 29.09

“Disposal costs 6.57 8.88 8.98 7.78

Ext tractor costs 97.11 61.49 15.93 3.05
Revenuefrom sold debris 121 6.78 17.14 21.61

Debris (million metric tons) 1.10 (27%) 1.48 (37%) 1.50 (37%) 1.30 (32%)

Debris picked'up,by external contractors

(million metric tons)

2.77 (69%)

1.71 (43%)

0.44 (11%)

0.08 (2%)

Debris sold (million metric tons)

0.15 (4%)

0.83 (21%)

2.08 (52%)

2.63 (65%)

Collection duration (months)

3.00

3.45

3.91

3.64
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Number of processing sites opened 7 12 12 9

When the target disposal time increases, collection, transportation, and disptsahaesse

(while external contractor costs decrease) up to a time limit (12 months in our case study), and
then start decreasing. This is mainly due to the factititaéasing the target disposal time
decreases the dependency on the more expensive external contractors and leads to opening more
processing_sitesWhen the target disposal time exceeds a threshold (i.e., when external
contractors.are no longer needed), deban be collected and processed in fewer sites with more
convenient locationdJnder a tight time constraint, opened sites are the ones that are closest to
the locations with the highest amount of delgsise Figure 3). When more time is allowed, the
savngs from less dependence on external contractors lead to the convenience of opening more
sites at more=remote locations. Processing more debris increases processing costs, but this is

compensated-by the reduction in other costs and the increased reeemueciycled materials.

Table2 - Capacities (in metric tons per day) of each process at each opened site under the base case with

disposal time limits of 6 and 24 months

6 months 24 months
Site Sepig' Concr'ete Grinding  Compaction | Separation Concr'ete Grinding  Compaction
rushing Crushing
A 500 1,000 500 100 500 500
B S 1,000 500
C 100 1,000 500
D u 100 500 500
E 500 500
F L 1,500
G 100 500 500 1,000 500
H _q 100 1,500 500 500 500
I 500 500 500 100 500
J 500/ 1,000 1,500
K 100 500
L 1,000 ™ 500 500 500
Total 2,500 500 6,500 3,500 4,500 200 4,000 2,000
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Table 2shows the processing capacities installed at each of the opened sites for the solutions
with disposal time limits of 6 and 24 months to better analyze the effect of simggethe
disposal time limit. The total capacities for these two cases are 12,900 and 10,50@meper

day, respectivelyWhen the target disposal time is 6 months, the total amount of processed
debris is close,to 1.5 million metric tons, and the total processing capacity is Fogltencrete
crushing, ‘grinding, and compaction, whereas when the target disposal time is 24 months
capacity' is*higher for separation and the amount of processed debris increases tthana®est

million tons:The latter is due to the fact theeparated debris is further processed and sold when

there is sufficient time.

An important feature of the decisi@upport tool is the visualization of model outpltgure 5
shows the opened separation sites for disposal time limits of 6 and 24 months. The tota
separation.eapacity is 2,500 and 4,500 tons per workday, respectively, and the total amount of

debris separated is 0.304 and 2.677 million metric tons, respectively.
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Figure5=Lacations where the separation process has been installed in the solutions for the base case,

when disposal time is 6 months (left) and 24 months (right).

4.2 Effect of the number of work teams
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We analyze the effect of the number of work teawailablefor collection and transportatiot
there are 750 work teams available compaoeithe 500 teams in the base cage,observe that
collection timecan be reduced hyughly 30%, but without sigificant improvement in net cost
(under any giverdisposal time limit Hence,the number of work teams should be selected
considering,the target disposal timore work teams will reduceollection time but if there is

not enough, cessing capacitylisposal time can still be long due to processing bottlenecks

4 .3.Effect of external contractor costs

To analyze.the robustness of the solutiagainstexternal contractor costs, we increase these
costs by 25%, 50%, and 100% of thattled base casé\s shown inFigure § whenthe target

disposal timeexceedsl?2 months net costis very close in all cases, amder sufficiently long
planning horizons the dependence on external contractors decrehses$o the fact thathe

fixed costs“of“opening processing sites and installing processes is compensated by the cost
savings from™not using external contractors. Howewdenthe targetdisposal time is short,
external contractorcosts significantly affectet cost When the external contractor cost rate
increases by 100%ver the base caseet cost increaseby 57% and 33%or targetdisposal

times of 3 and«6 months, respectively. Henthe impact of external contractor costs on net cost

depends strengly on the target disposal time.

280
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Figure 6- Net cost variations when the disposal time limit and the cost of external contractorseate vari

When external contractors are more expenshenumber of opened sites increases (for a 50%
increase in contractor costs, the number of opened sites increases from 7 to 11 wiisposad
time limit iss3=months and from 12 to 14 when the limit is 6 months). This, in turn, incteases
amount of\debris, processed and recycled locally. Howevieen the target disposal time is
short, opening more sites is not benefi@althere is not enough time for processing to generate
revenue from sold processed debris.

4.4 Effect of landfill space allocated forpost-disaster debris disposal

The tool can be helpful for decisionakers in the prelisaster stage analyze what portion of
existing landfill_capacitiesshould be used fopostdisaster debris, to balance the long term
benefit ofthisseapacityfor typical waste management operations and the short term benefit for
postdisaster ‘operation§uch analysis is especially important for urban or other settings where
landfill capacity is limited, e.g., as in the case of the 2010 Haiti earthquake2@theascading
disasters.«nJapan.

200 M Base case

B Landfill capacity reduced 25%

Landfill capacity reduced 50%

M Landfill capacity reduced 75%

3 6 12 24

Disposal time (months)

Figure 7- Net cost variations when the disposal time limit andahdfill capacities are varied

This article is protected by copyright. All rights reserved



The impact of varying landfill capacities on net cost is showkigure 7 When the target
disposal time is low, net cost for the base case is almost the same as when landfill capacity is
reduced by 25%. This is mainly because in both cases, less than 75%aofdfiledapacity is

used, and. hence, the resulting plans are almost identical. For higher disposal time limits, each
25% reductien. in landfill capacity results approximately in a $5 million ineréaset cost.

Error! Not,a valid bookmark seltreference. breaks down the resulting costs when landfill
capacity' is‘'reduced by 75%. While transportation and disposal costs may be lower, due to less

debris being'moved to landfills, these savings are offset by the higher externattoortosts.

Table3 - Transportation, disposal, and external contractor costs for the base case and the case with

landfill capacity reduced by 75%, for different disposal time limits

Base case Landfill capacity reduced by 75%
DWtime (months) 3 6 12 24 3 6 12 24
Transportation cost (million $) 18.7 26.8 379 305 11.9 17.4 24.3 22.3
Di@ost (million $) 66 89 9.0 78 2.0 2.3 2.3 2.2
Cost of external contractors (million $) | 97.1 61.5 159 3.0 128.7 99.5 56.1 36.2

4.5.Impact of incinerator availability

Another useful, prelisaster application of the tool is to evaluate the possibility of installing
incinerationseapacity at existing landfills under potential disaster debris scenarios. In our case
study, in addition to the base case (no in@tien available), we consider two cases where six
incinerators become available (i) immediately (due tedsaster installation), and (ii) 6 months

later (i.e., nstallation begins after the disaster strikes). For each of thesd-igases8 shows

cost decomposition (fixed, collection, transportation, processing, disposal, xdachaé

contractor.eost)nder variouslisposal time hnits.

When the target disposal time is 3 or 6 months, the base case and the case where incinerators
become available after 6 months are identMéien the target disposal time is 12 or 24 months,

the investment in incinerators results in significant cetings(of around $25 million in our
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case study). For 12 months, the savings are mostly due to less reliance on exterebcantr

For 24 months, the majority of the savings are due to reduced transportation and disgiesal

Fixed costs are also slightly reduced, since incineration availability increases processing capacity
at landfills, and thereby decreases the need for more processing sites. Processing costs are

slightly increased due to the use of incineration.
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Figure 8- Cost breakdown undeiftérent disposal time limits for the case with no incinerators,
incinerators available at month 6 after the disaster, and incinerators aviadabtbe onset of the

disaster

If the incinerators are already installed when the disaster strikes, addit@astasavings are
observed. When the target disposal time is 3 months, most of the savings are duecdoctien

in external'contractor costs. For 12 months, the savings are mainly due to lessl disgosore
efficient transportation. For 24 month®) significant savings are obtained over the case where
incinerators become available after 6 months, since there is sufficient time to carry out the
activities in a coseffective way under both cases. The most significant savings are obtained
when the teget disposal time is 6 months. In this case, the time horizon is long enough to

provide significant savings over external contractors. Heitlee, benefit of incinerator
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availability depends on the target disposal time, and in our case study, is espeeraficial

when the target disposal time is neith@o short nor too long.

4.6.Robustness to debrisestimation errors

Given that'debris estimation methods areexaict as discussed in Section 2.3, we illustrestes
a simple procedurkased orthe tooldevelopedo study the robustness of the solutions obtained

underdebris estimabn errors

Let usfirst consider the flexibility of the different decisions addressed by the m8dppose

that at some gpoint of the debris collection and dispasaleses after a portion of the debris has
been collected; the operational plan is to be redesigned given new and more accuratesestim
for the remaining uncollected debris amour#d. this point, decisions corresponding to
collection, _transportation, procesgin recycling and disposal are flexible, and can be
immediately updated whereas modifying the opened processing sitemsialled processing
capacitiesds:much sloweBased on tis observation, weavill illustrate how the quality of a given

set ofsite/@pacitydecisions (that is, opened processing sites and installed processing capacities)

can be assessedder debrigstimationerrors.

Consider the site/capacity decisions obtained in the base case desc@aetion 4.2, under a

target disposal time of 6 months. We study the robustness of this site/capadinsunder

debris over.and undesestimations by constraining these decision variables to stay fixed, while
re-optimizing the remaining decision vaboiasfor cases where debris amounts are modified by

20%, 10%;20%, and 20% with respect to the amounts considered in the base case, for all debris
types and locations. Then, for each case we observe the performance obtained by the base case
site/capacitysolution and compare it to the performance obtained when site/capacity decisions
are allowed to be optimized (that is, when they are not fiaedif a perfecestimation was

availablg. Table 4 breaks down the most relevant costs obtained for eaclsettses.

If we compare the net cost obtained under debris estimation errors against the casefedath
debris informationwe obtain a relative difference of 1.01%, 0.49%, 0.53%, and 1.51%, under
the -20%, 10%, 10%, and 20% debris variation cagespectively. Further, from Table 4 we
can observe thatvhen debris is oveestimated the net cost increase is due to an excess of
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processing capacities, incurring high fixed costs, whereas when debris isestoeated the net
cost increase is explained bysufficient processing capacities, requiring a high employment of

expensive external contractors.

Table 4—=Percent change in thet fixed, processing, and external contractor costs (in million US$)

underdebris estimation errors, compared to the perfect informationfoasearious debris variation

cases
Debris estimate variation -20% -10% 10% 20%
Net cost 1.02% 0.49% 0.53% 1.51%
Fixed costs 19.87% 2.84% -2.69% -12.81%
Processing costs 18.59% -0.75% -5.48% -14.23%
External cont. costs -6.73% 2.24% 1.52% 12.19%

5. Conclusions

Debriscollection and disposalperationsareamongthe most complicated, time consuming, and
costliest activities in thalisasterresponse and recovery stagésisting literatureon post

disaster debris management mostly fesusn policyrelated issues such as assigning
responsibilities,and listingdministrative procedures. Motivated by the lack of quantitative
models and decision support tools for debris management operations, we have proposed a
mathematical=-model that optineigthe localization ofprocessing sitg selection ofprocessing
capacities, and debris flodecisionsencompassingollection, transportation and disposal, with

the goal of balancingonflicting objectives such ast and duration of the operatiofi® the

best of our knowledge, the proposed model is the Grsonsider all of these aspects.

The limited_availability of usefriendly tools that allow decisiemakers to use mathematical
models for_decision aictreates a significant gap between theand practce. We have
developed.arspreadshdaetsed decisiosupport tool that runs our proposed model based on user
inputs andallows simple output visualizatiomo solve theproblem the tool uses open source
optimization software, avoiding the need fopersive commercial solvers. The tool can be used
by local disaster management authorities to conduct-iivhatlysis in thepre-disasterstage and

as an operational tool in thesponse orecovery stage
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Our case study on Hurricane Andrew shows thatdbkis able to capture various tradis. We

summarize the insights obtainfmt this case study as follows:

e The overall costs are significantly affected by the dependence on externattoosira
which plays an important role when there is a short limi¢ for disposal.

e When thetargetdisposal timéds short processes such as concrete crushing, grinding, and
compaction are more widely employed, whereas wathger targetdisposal time
separation isisedmore, since this process is critical for extetidecycling.

e The number of work teams to be employedcollection and transportatiameeds to be
in line with the targetlisposal time.

e Increasing the available landfill space for pdstaster debris disposal results in
significantcost and time savings.

e Installing incineratorsafter (before) the onset of the disaster is beneficial if the target
disposal time is long (neither too short nor too long).

e Underestimating (oveestimating) debris amounts can lead to high external contractor

costs(fixed costs)

While theseresultsare specific to the case study discussed in the paper and the specific input
data used, they provide a means to shed lightantbexemplifyhow the proposed model and
decision support tool can be used by decision makersate dolicy-based insights of similar

nature.

Debris management decisions are complex, as many interrelated factors are at play, with
outcomes .that are difficult to understand based only on intuition and previously reported
experiences..lnithis context, thaol helps decisiormakers evaluate the consequences and-trade

offs of alternative operational decisions and preparedness strategies.

Decisions _fer'debris management in various stages of the disaster life cycle are often considered
independently. Therefer there isa need for developing holistic models and tools to address
problems in all disaster management stages. The todhave developed will serve as an
example of innovative angractical solutios in this contexthile bridging the gap between

metlodology and practice.
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Appendix: Mathematical formulation of the problem

In Tables Al through A4, we present the index sets, parameters, decision vanabbassiary

variables used in the mathematical formulation of the problem, respectively.

Table Al —Index sets used in the mathematical formulation of the problem

Index Sets

B time periods

I debris types

1€ debris types ird that need to be collected before transportation

g debrisdypes ird that have been collected and can be transported
[NR

debris types id"that cannot be sold

] all debris,zongand existing/potential landfill/processing sitedtions

JP debris’zone locations

JP existing and potential landfill or processing siteations

K available processdk = 1 represents storage without processing)
L available processing capacity levels
P processing phases
Q collection methods
Table A2 —Parameters used in the mathematical formulation of the problem
Parameters

a; density (ton per cy) of debris types I

APy, | 1, if processc € K is applicable for debris typee I at phaseg € P; 0, otherwise

by time period at which procegse K is made available at capacity levet L

BP'S | totaldisposal capacity (cy) in existing/potentia ¢ € J*

st fixedcost of opening a processing site at site/”

cjyy | fixed'€ost of making processe K available at sitg € J* at capacityl € L

CiCjZL fixed cost of collecting debris tyges I at locationj € J? with collection method € Q

TR

Cijjr cost penweight ($/ton) of transporting debris tyge! from locationj € Jtoj' € ]

chR cost per weight ($/ton) of applying procéss K on debris typé € I

DIS

Cij cost per weight ($/ton) of disposing of debris typel at locationj € J*

TE

cijjr environmental cost ($/ton) of transporting debris tygel from locationj € Jtoj' € |
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Cite environmental cost ($/ton) of processing debris tygd with process € K
cfj" environmental cost ($/ton) of disposing of debris tiygel atlocationj € JP
st spatial capacity (sg. ft.) available at processitg at locatiorj € J?
KPR | spatial capacity (sq. ft.) used by prockss K if available at processing capaclt¢ L
m;;j initial volume (ton) of debris typiee I at locationj € J°
M¢ | upper bound for objective, 6 € {FC,CT,DT,DL,EC}
mPR | lower bound for the revenue obtained from recycled/reused q&bris
riEV | revenue per weight ($/ton) from selling debris tygel at location; € J”
TID | totalinitial debris of all types in all locations
Ty duration(in days) from the beginning of the horizon to the stdirmne periodb € B
XX minimum,and maximum number of processing sites that can beedstall
Vio Yy minimum and maximum number of sites where pro&essK can be installed
yiry, | transformation rate from debris typee I to i € I when applying process € K
yf,l.q transformation rate from debris typec I to i € I with collection method € Q
tiab | time per weight (days/ton) taken when collecting debris fypd® at locationj € /® with collection
methodg € Q
rl-Tj*}, time, per/weight (days/ton) taken when transporting debris typé&" from location; € J to location
j'e]
iR time perweight (days/ton) taken when processing debrisi tgplewith processt € K for capacity level
lel
p? weight of objectived, 6 € {FC,CT,DT,DL,EC, DR}

Table A3 —Decision variables used in the mathematical formulation of the problem

Decision variables

x; € {01} 1,if a processing site is opened at locatianj”; 0, otherwise

yiu € {0,1} | 1, if processk € K is made available at locatione J* with processing capacity € L; 0,

otherwise
Dijq amount (in ton) of debris typec I¢ at locationj € J° collected with method € Q
0 amount (in ton) of debris typée I” transported from locatiori € J° to location j’ € JP

ijj'

immediately after collection

0

ijj'bp

amount (in ton) of debris typee IT transported from locatiop € J? to locationj’ € J¥ in time

periodb € B and processing phages P

Tijkibp amount (in ton) of debris typee IT processed atotationj € /¥ with processk € K under
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capacity level € L, in time perioch € B and processing phages P

Aij amount (in ton) of debris typee IT sold at location € J*

1if amount (in ton) of debris typec I” disposed at locatiope J?

TablewAd - Auxiliary variables used in the mathematical formulation of the problem

Auxiliary variables

FC total financial cost (in $)

CT total,duration of collection (in days)

DT total disposal time (in days)

DL total space used in landfills by disposed debrigyin

EC totalenvironmental costs ($)

DR total revenue obtained from sold debris (in $)

Based on/the notatian Tables A1A4 we formulate theroblem as follows:

Minimize (pf¢EC + p¢T CT + pPT DT + pPL DL + pE¢ EC — pPR DR

subject to
Fe= Wi ) ) ) i @
jeJjP j€JP kEK LEL
coL
w2, 2, <K ou
iel€ jejP qeqQ
55y e
, yj o uj
ierl’ fE]Dj e]P
PR
J Z Z Z Z Z o uon Z Z ZZZ Z Cike Tijklbp
iel” jeJ¥ j'ejP bEB pe keK TEL beB peP
53,3 et
ielT jejP
_ coL TR 0 (2)
SR DI I TR
i€I€ jeJP q€Q ielT jej j'ej
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DTZTbyjkl-i-ZZngnijklbp VJEJP,kEK,lEL,bZEkl

ieIT peP 3)
COL TR
DT 2 Z Z z Tijq Pija + Z z Z Z Z Tijjr9ijj'bp
ielC jeP qeQ ieIT jeJ jre] beB peP (4)
DL = z Z A (5)
ai
ier jeyP
_ TE O TE
EC = Z Z Z Cijjr Oy + Z Z Z z Z CijjiBijjmp
ielT jejDgejP ieIT jejP j'ejP bEB peP
IDIPIWIPW: TR I
icIT jeJP keK leL bEB peP ielT jejP
(6)
7
DR = Z Z Ti};EVAij ( )
ielT jejP
jeJb
_ 9
XkSzZyjleyk Vk eK ()
jeJP leL
z Vik, S % vie kek {13 (10
leL
Z Z Kifyme' < K x; vj€JP (11)
keEK leL
T[ijklbpSAPikaIDyjkl VbEB,iEIT,jE]P,kEK,lEL,pEP (12)
T jrip = 0 vbeB,iel’,jeJ ,keKIeLp€EP:b,>b (13)
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(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)



FC < MFC
CT < MCT (25)
DT < M™7,
DL < MPL
EC < M€

DR = mP*®
Xi» Yiki € {0,1} V], k,l (26)

(pl]qr 91,0]”1 eljjlbpr T[Uklbpi Al]r H'U 2 0 Vbl Lr];]’r ki ll p (27)

The objective Is to minimize a weighted sum of financial costs, collection time, disposal time,
debris landfilled,environmental costs, and revenue from recycled deBasstraints(1)-(7)

define these objectives. In particulagnstraints (3) statthat disposal time must be bounded
below by.thestimeit takes to make each process available, determined as the starting time of the
last timeperiodin which it is used, plus thprocessingdurationwithin that timeperiod.Based

on constraints(3) and (4lisposal time is the maximubetweerprocessing time at each opened
site, and collection timadded withpostcollection transportation timegsuminghat the same
resources used for collection are used for-teigite transportation Constraints (8) enforce
boundsfor. the number of processing sites to make availd@dastraints (9) enforclkeoundsfor

the number.of.sites where each process can be made avalaplgtraints(10) statethat
processes ean.be made available at sites only if they are opened, and that only dagdesagbac

can be selected for each process at each site, excéptfar that corresponds to no processing.
Constraints (11nforcespatial capacities of opened sit€anstraints (12) ensutkat processes

are applied in_their corresponding phases according tordspective orderor example, first
separation_then grinding) and to the corresponding debris types (for example, woodsgrinde
cannot crush concrete), and only where the respective processes have been made available.
Constraints (13) statthat processing in any tingeriodcan onlyoccurif the process was made
available before the start ofattime period.Constraints (14) limithe debrisprocessed in each

time period according to its duratioGonstraint{15) statethat debris can only be sold at opened
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processing sitesConstraints (16) enforcindfill capacities.Constraints (17) ensurinat all

debris & collected.Constraints(18) and (19) state that all collected debris is transported to
processing sites or landfill€onstraintg20) and (21) determine debris flow balance within each

time period so that debris is processed in phase 1, then transported, then processed in phase 2,
and so on.Censtraints(22) detemine debris flow balance between tinperiods so that all

debris transported at the last phase of each pen@dis processed in phase 1 of the next time
period.Constraints (23) ensutkatall debris transported in the last phase of the last piened

is either soeld“or'dispose@onstraints (24) stathat debris types that cannot be sold are not sold.
Constraints (25) enfordeounds for the objective€onstraintg26) and (27epresenthe binary

or nonnegative natar of the respective variabled preliminary version of the model has

appeared iErgun et al. (2015).
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