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EXECUTIVE SUMMARY

This report éva1uateé'the‘ability 0f the exiSting;highway,syStemvto 
accommodate the evacuation'of beopTe from the Texas Gulf Ceast barrier |
fxs}ands pr1or to 1andfa11 of a hurr1cane Unfortunately, the state of the art
in predicting character1st1cs of storms netessary to evaluate the transpar- '
tation system capacity is not sufficiently definitive to make categorical
statements‘cohCerhing hurricane evacuation. “Nevertheless, there is’suffiCient
R ev1dence to 1nd1cate that an evacuation prob?em may ex1st on all the Texas
barrier isTands because roads may f?ood before peop?e are aware of a potentia!
- storm The prcbab111ty of occurrence of th1s probYem, however, is unkncwn.
| The ava1lab1e data base is suff1c1ent1y def1n1t1ve to prov1de a reason-
able estimate of the number of permanent residents and the maximum number of '
vehicles that permanent res1dents have ava11ab1e for evacuat1on.' It 1sya?so
passwble to estimate the minimum time it would'take to evacuate those péfménéni :
residents andvtheir,vehic1e$. This information is summarized ih‘Table‘ES~1.

The’study‘did not incTudekéonsideratidnvOf tourists because bo data k
vexisted to- 1nd1cate when they mxght 1eave, or whether they nght come durxng\
the threat of a hurr1cane It was, therefore, assumed that tourists wou1d
leave in advance of the critical t1me period. If tourists need to be evacu-
ated, evacuation times would increase. A

" The study indicated that winds of 50 mphfand gusting to 75 mph éan exist
10 to 20 hodrs prior to landfall of a h&rr?cane. Since, winds of this mag-
nitude can overturn trucks, motor hames and vehicles with trailers, consid-
eration should be given to‘pfohibiting these vebicTes on the highways‘upon_ '
issuance of a’hurricane warning. This would undoubtedly requiré special
legis?ation.

‘Further data and study are needed in several areas. As a result of
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subsidence, precise elevations along IH-45 are unknown. The sﬁudy shows that
evacuation may be possible if the elevation at which thé roadway was con-
structed still exists. The barrier islands, other than Galvestion Island;'t
all have critical roadway elevations in the range of four feet. Better data
are needed to determine when, with what probabi]ity; and with what types of
storm tides might reach 4 feet.
If 4-foot tides occur with high probabilitypls to 36 or more hours prier
' to a storm, as suggested by the Natjona1 Weather Service, tcﬁaT'evacuation of
the. barrier islands is‘not possibie;'gi?en existing roadway conditions storms
and forecasting techniques. The resuTting alternatives are: 1) improve
storm forecasting procedures; 2) change the roédway'e1evation; and 3) protect
people on the island during the stdrms rathérithan attempt evacuation. Each

of these alternatives warrants further consideration.

Table ES-1: Evacuation Demand and Capacity

Location Numﬁer of Maximum Roadway Minimum
‘ Permanent Number Capacity Evacuation
Residents of Vehicles (Vehicles Time

per hour) (Hours)

"|Bolivar Peninsula 3,100 1,798 850 2.1
Galveston Island 68,998 31,459 2,500 12.6
Mustang Island 1,276 933 300 3.2
South Padre Island . 589 431 1,000 0.5

Note: Includes only permanent residents.
Assumes everyone evacuates.
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I. INTRODUCTION

The Texas Gglf Coast is subject to,a'diversity of'natdral,hézards;  This
study is only concerned with‘one,af‘thOSe;haiafdsg ﬁurrfﬁanés.‘ The study is
further limited pfimarily‘to'conSide&atioh bf the barrier iSlands aTong the
Texas Gulf Coast. The,écope of ahaiysis’fs'Timited td ‘a consideration of the
~‘capac1ty of the exrsﬁing h1ghway system to accommodate the evacuat10n of bar-
rier island residents. : | | s
- The:study is concernéd’with bothyhufriéanes’ahd‘hurricane‘evacdatioh-
'TheSe storms produce striking‘thangeé in the sea;'huge waves and storm tides
are generated Hurricanes also tfigger‘héavy,rainfa13, créate7h{gh¥velocity
winds, and spawn tornadoes. These tonditidns make staying on‘avbarriér fs]ahd'

. during TandfaTl of a hurricane dangérous. 'They also make evacuationkdifficuit,\w
and in some cases, 1m90551b1e | | B 7 |

Th?S study has two obaect1ves concerning evacuatwon of the Texas Gu]f
Coast barrier islands. | R

1) To ascertain 1f'total evacuation is possibie; given present populations
and possible warning times, and if possib]e how long it wouid take.',h_

2) To determine what actions can 1mprove the ab111ty to evacuate barrier
island residents. ,

An extensive search of the literature relative to hurricanes and hurricane

* evacuation was made. Little 1nf0rmat1on spec1f1cal1y about hurr1cane evacuatxon

capacity was found. Any attempts that were made ut1}1zed many assumptions,
some of questionab?e va11d1ty, in order to estimate demand/capacaty re]atlon- ,
ships. The 11terature did contawn information concerning response rates, but
respdnse varied from 30 to nearly 100 percent.‘ This report will hopefu1]y

extend the state of the art in evaluating demand versus capac1ty.



During the.eariy‘étageé of the sfﬁdy, an at£empt,wes made:te deve]op'a
model of the demand/capacity re}etionship,' The thought was to break the .
problem into‘diecrete cemponents, sech as eQVironmenta1 factors,ephysical
factors, and demographic,factofs; As work progressed, it became clear that
the precess cou]d not be easily broken into d1screte components because
_ many factors were 1nterrelated. This d1screte component idea was subsequent— N
Ty droppeds; however, the pkoceSSw?s suff1c1ent}y modular that djfferent com-, ‘,‘

ponents can be replaced as the ‘state-of- the«art 1mproves

Instead of a mode] showvng all the 1nteractlons, the ana]ys1s process has

been d1vaded 1nto two parts.‘ A procedure wwl? be deve]oped to-est1mate~the
demand. in totaT vehicles that coqu reascnab?y be expected to evacuate dur1ng'
an approaching hurr:cane. Also, a procedure w111 be developed to estlmate
the‘vehicle capacity~ef‘a street system underkthe environmental conditions

- that precede landfall of a hurricane. | | | ': |
Finally, the ana1ysis methodology Wiliybe applied to the barrier ié]ands H'
e‘a1ong the‘Texas~Gu1f‘Coast that have significantypopu?ations. These'areas R
‘wouldkinclade,(from North to South)~BolivarfPeninsuIa; G&Tvestion Is?and;k

~Mustang Island, and Padre Island.



II. DEMAND RELATIONSHIPS

The vehwcular demand for evacuatTOn durxng a hurr1cane can be estxmated
in a three-step process. First, it is necessary to know how many peop?e res1de
in the area under evaluat1on. Second; an estimate'of_how many veh1c1e§kand what
~ types of veh1c1es will be used in the evacuation. Third; it is;hecessary.to,
T est1mate the percentage of the residents that w111 leave. These factors are. :
cai?ed demographxc factors, vehicle factors and response factors, respect1ve1y.
Although a fourth parameter, when will they Teave, woqu be desirab]e, :,'
the lack of data makes an alternative approach necessary The approach to be
used 1s-~ngen available capac1ty, when must evacuat1on begin to be sure that
| an opportun1ty exists for everyone to evacuate. For the purpose of th1s study,‘
two Tevels of demand wi?}'he'ahalyzed; One IeveT w111 be everyane re51d1ng in

the area; the second will be everyone 11ke3y ta evacuate.

Demographic Factors

TheTStarting place for poeuiation'estimates is the 1970 Census of'POpu-'
~lation. Where reliable data of a more current nature are available, theyeare
’used. ’The census data will also be used for‘estimating the nuﬁber of automo-
biles available for evacuaticn.‘ |

Although the summer‘population in co&étal areas inereases, there is‘no
evidence to indicate that tourists stay dufing the threat of a harrieane., In |

fact, the threat of a hurricane appears to have an adverse effect on tbe tour—

st bu51ness. Pendxng evxdence to the contrary, no cons1derat1on will be given

to tourist: populat1ons, although a fast mov1ng storm my cut off some }ow~¥y1ng

areas with little or no warn1ng



There is, however, some likelihood of an increﬁéerin the number of part-
time residents who are interested in protecting their property (e.g., 5e¢ch
 houses) or possibly in removing valuables such as boats. Again,. there are no

data available to QUantify these relationships.

Vehicle Factors -

Two VethTe.factors are of importance in the demand estimate--how many
vehicles and what types will be used. The number of Vehicies”uééd is deter~'
mined by how many peop?e will Teave and how many people will be in each veh1c1e.
The types of vehicles used wi11 depend on the types avazlable, the number to |
be used, and the pr1or1ty fcr using each type of veh1c1e, if a surp]us of
vehicles exists. A

There are somé ﬁctehtialTy coﬁf?icting‘désires in determining how,many  |
vehicles wﬁl}‘be‘used. For examp]e, it may be des1red to remove all, or as s
many as posSible,'cf'é fam1?y s veh1cies. Th1s may or may not be poss1b]e
kdepend1ng on the number of vehicles and the number of dr1vers.A A csnf?:ct1ng’
desire may be that a fam1]y does not want to separate dur1ng evacuation. |

Nevertheless, the number_of evacuees will be based on the number of
awai?abTe;vehicleSQ This is not unreasahable %f we~comparé the’humber of ,
licensed drivers with the number of availab]e‘Vehicies on March 31, 1977. The
number of licensed drivers in Texas, éccbrding to the Department of Public
Saféty, was 8,159,265 on‘March 31, 1977 which is the last day of the 1976 motor
vehicle registration year, and the most current available data. - The number
of registered passenger vehicfes was 6,534,582 accohding to the Texas State
~ Department of Highways and Public Transportation, Métcr Vehicle Divié?oﬁ.‘

Based on previous TTI'research (;),~approximately 30 perceht of,aT} trucks are -



.pfckués used'primari1y as peréona] use vehicles. There were 2,265,785 trucks
of all types registered on March 31, 1977; therefore, approximately 679,736
pickups are used as personal vehicles. Together these two élasses of vehicles
comprise a total of 7,214,318 vehicles. = The vehicle availability will be used

as the controlling factor on the total number of vehicles used during an

P

~evacuation.

Response Factors

A‘difficult factor to estimate is what portion of the population will evac-
uate. There may, however, be an obligation to provide an opportunify for every-
- one to evacuate. For this reason, one estimate of required evacuation time will
be made based on all residents evacuating. A second estimate of evacuation time
will be made based on those most likely to leave.

Studies (2-5) of reaction to the threat of a hurricane indicate a wide
variation in response. The most significant influence on whether people evac-
uate or stay is the action of local public officials. This has been shown (5)
to be the case in an analysis of response to‘Carlé. When the official position-
was a firm, uncompromising and unanimous request to evacuate, action followed.
The case on Galveston Island during Hurricane Carla was to allow citizens to
make the decisions to evacuate or fake she]tef.‘ Several factors can be attri-
buted to the lack of an order to evacuate. Such a decision woﬁ]d-bé unpopular.
Also, the sea wall gives residents a feeling of security. Finally, the tradi-
tion in Galveston has been to fight it out (4). )

The evacuation percentage for various coastal communities has been shown
(2-5) to vary from 30 percent to 100 percent. Given a firm order to evacuate,

at least two-thirds of the population of larger urban areas could reasonably be



cspected to jeave. In smaller coastal communities, it may not be unreasonable

£1} to expect nearly 100 percent evacuation.

Generalized Demand

2
-

the following procedure is recommended to provide a planning estimate of
semand. First, estimate population (either preseht or future as appropriate to
te analysis) using U.S. Census data or other reliable projection. Second,
setermine the most current per capita vehicle rates for study area (or next
targest geographical area for which both registered vehicles and popu1ation data
are available). The per capita’rate is simply total registered autos and pick-
w4 owned as personal vehicles (use 30 percent of total trucks as an estimate
of pickups 1f necessary) divided by total population for the same area. Third,
4ctermine the maximum number of vehicles to be evacuated by multipling the pop-

#tatton by the per capita rate. The demand is then reduced by the appropriate

+esponse factor (0.30 to 1.00).



IIT. CAPACITY RELATIONSHIPS

The ability to accommodate vehicular traffic is a primary consideration
in the-hurricéne evacuation problem. Highway capacity is a measure of the
effectivenéss of various highways in accommodating traffic. Traffic éngia;ers
are fami]iar with methods of computing éapacity under normal conditions.. This
study will provide additfona] factors to adjust for environmenta1 conditions
experienced prior to the landfall of hurricanes. These factors are necessary
because traffic engineers generally fgnore the effects of rain, wind and acci-
dents on capacity, since they occur relatively infrequently. During a hurricane
evacuation, they can be expected with reasonable certainty. In addition, |
simplified techniques for determining capacity will be developed as a planning

tooT‘for those not familiar with techniques for determining capacity.
Definition -

Capacity is the maximum number of vehicles which has a reasonable expecta-
tion of passing over a given sectfon of a lane or roadway during a given time |
. period under prevailing roadway; traffic, and ambient conditions. Ih expressing
capacity, it is.essential to state the prevailing roadway, traffic and ambient
conditions under which the capacity is applicable.

‘The number of vehicles passing a givén point on a roadway during periods
0of heavy demand will be governed by one of the following:

1. The demand being placed upon the section of roadway by

vehicles desiring to use it at the particular time, or
‘2. The capacity of the roadway at:

{a) The point of observation



(b) A point upstream; or

(¢) A point dbwnstream.

~ There are two points to be made relative to’hurricéne,evacuation; 'Firsi,‘
if the demand isy]ess than the capacity, as:in Item 1 ébﬁve, a portion of, the
pbssibleycapacity over a period of time’is,}OSt;and}cannot be used. An example
will illustrate the)pofht-  If the Capacftylaf a section of roadway is'1,000 
vehicles per hour; the cabacity is 10, 000 vehiclés for a 10-hour period How-
coever, if only 500 veh1c1es use the roadway 1n the first hour, the capac1ty in
" the remain1ng nQne hours 1s st111 9,000 veh1c1es " After the f1rst hour, the
maximum poss1b1e ut1112at1on 1s only 9 500 veh1cles for the 10 hour period.
The 500 veh1cle capac1ty not used in the f1rst hour is 1ost ’
The second poxnt is that the capac1ty of an evacuatlon route is the
‘ capac1ty of that sect1cn of roadway w1th the Ieast capac1ty For examp1e, if
an upstream sectxon of roadway has a capac1ty of 500 vehxcles per hour, a ;'
: downstream sectxon having a capacity of 1, 000 vehwcles is of 11tt1e s1gn1fi~
cance. The previous statement is cond1t1ona1 upon the fact that if an S
incident (e.g., traff1c acc1dent) occurs on the sectaon w1th‘the h1gher‘-
capacity, the effect Of:the incideht méy‘beﬂlessened‘or eliminatéd,by~the:.

~ effect of excess capacity.

E Prevailing Conditions

The capacity of a section of roadway depends on afnumber of traffic con-
ditions. Composition of traffic, roadway alignment, and number and width of
lanes are a few of those conditions whwch may be referred to collectively as

the prevailing cond*z,twns



The prevai?fng conditians»may be divided into tﬁree génera? groups: (1)
'thOSe that are‘estabTished by the phjsicai features of the roadway§ (2) those
dependent on the nature of traffic on the roadway, and (3) those dependent on i/
the envaronmenta1 situation. Those in the‘flrstrgroup,Anone of which ;an}be
changed unless some construction or réconstrﬂction takesrp1ace, are referred
"to as prevailing roadvay conditions. . Those in the second~grohp, any of‘whiCh 
can,be changed‘from;hour tc'ﬁour, are referkéd to,as‘prebaizing fraffiéicondi+
The third type of -prevailing conditions are usually fgnored becéuSe‘they :

- occur during limited periods. Thxs group of preva111ng conditions is ca11ed ’
',thé ambient cénditiéﬁé, They are, however, a very. 1mp0rtant cons1derat1on in 

. hurricane evacuaticn*since they'are very likely to occurVand reduce capaC1ty,
These conditions primarily relate to weathér and include rain, kind;'and high
tides. Ambfeht factors are deveioped in Appendix'A and ére,herein summarized,
- Rain 1s shown to reduce capacaty by a factor 0.84. wind is shown to be a po-
tenially serious problem for trucks, motor homes, and veh%c?es w1th tra11ers
Prohibition of these vehicTesfdurzng a hurrwcane warning, whx;h wou1dfrequ1re 7
special Tegis1étion,,is suggestéd as the;apprcpriate remedy."Tides arekcon-
sidered to’reGUCé‘capacity to zero once a Téne is half covered with water.

One note concerning number of lanes ava1}able for evacuation is approprx-
ate. F1rst, it is considered necessary by C1v11 Defense off1c1als that one -
lane be~ma1nta1ned for emergency and other author1zed vehic}es to~enter the
evacuation abea;, If thws assumption is accepted, it woqu be difficult to use
lanes other than those for traffic flow in the normal direction for evacuation.
The reason for th1s~conc13510n is that special traffxc control such as traffic
cones and/or p011ce officers would be necessary to des1gnate which 1anes could ;"

or could not be used.

For this study only normal traffic lanes were considered for evacuation.
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tnis is not fo say, however, that if a traffic accident occurred, that reverse

(1ow lanes would not be used for a short distance to bypass an accident.

Generalized Capacity

&

Generalized capacity figures are developed in Appendix A for several types
of highways--freeways and expressways, urban streets, 2-lane rural highwayé_
and multilane rural highways. The varidus capacities are shown in Table IIT-1.

Appendix A can also be used to determine the capacity of a specific rdadway. :

Table III-1: Generalized Capacities

Type of Facility Capacity
Vehicles per Lane per hour.
Freeways and Expressways ‘ 1150
Urban Streets = 500
Two-1ane rural highways ’ 850
Multilane rural highways. - 1150

Note: Capacities include ambient condition adjustment for
hurricanes, and an adjustment for poor roadway
conditions (See Appendix A).

Evacuation Time

The minimum time required for evacuation is the total number of vehicles
divided by the total capacity at the critical point in the roadway network.
The critical point is that which has the Towest product of -number of lanes in

direction of evacuation times the appropriate capacity in Table III-1.

10



IV. EVALUATION OF TEXAS BARRIER ISLANDS

A demand and capacity estimate is made for each of four Texas Barrier
[slands with significant popu]étions. The four islands to be evaluated are

Bolivar Peninsu]a, Ga1veston IsTand, Mustang Island, and South Padre Istand.

Bolivar Peninsula

Bolivar Peninsula includes the communities of Port Bo1iVar, Crystal Beach,
Cap1en and High Island. The most direct access to the mainland is via ‘State

‘Highway 124 (SH-124) at High Island.

Population

The 1970 U.S. Census (6) gives the population of the above mentioned
communities as 2424. A more recent study (Z),estimates the 1978 population

to be 3100 and this figure will be used as the basis for projecting vehicles

available for evacuation.

Vehicles Available

‘The 1970 U.S. Census (6) indicates more than 1124 autos on the penfnsu]a.
The exact number is not known since the Census Bureau uses only one category
for those having three or more autos. This per capita auto availability of
0.464 agrees well with the 1970 statewide per capita rate of 0.455 (See Appendix
E). Since the 1976 statewide per capita rate increased to 0.523, and sihce the‘

statewide per capita pickup truck rate for those used as personal vehicles was

11
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0.054, a per capita vehicle availability rate 0.58 will be used to estimate

vehicles available. This translates into 1798 vehicles for evacuation.

(;gpacit! ’ : L

The e1evatioﬁs along SH-87 are generale less. than fivemfeet. The High-
’way is subject to f1oodin§ for a distance bf about 20 miles under less than
hurricane conditions. According to the:National Hurricane Center, the qnset
of-tides two td four feet abové norma1 cah frequently occur along the Texas
Coast 36 hours before landfall withka large, slow-moving hurricane and 18-24
hours before landfall for a large, faster moving hurricane.

Residents of Port Bolivar, Crystal Beach, Gilchrist and Caplen, must take
action before the issuance of a‘hurricane warning. These residents must follow
stormg carefully and be prepared to evacuate almost instantaneoﬂs]y. Using a
2?]ane rural capacity of 850 vehicles per hour, eQacuation would require 2.1

hours.. It is possible that many residents could be stranded due to a rapid

tide buildup.

Galveston Island

Access to Galveston Island includes the Interstate Highway 45 (IH-45)
causeway bridge, the ferry to Bolivar and the county owned bridge at San Luis
Pass. Pelican Island, which is connected to Ga]veston Island by bridge, is
also part of the study area. It should be noted that the city limits of‘Fhe
City of Galveston changed significantly during the 1970's due to annexatioﬁ.

A11 future references to Galveston Island are without regard to city limits

‘ and»include Pelican Island.

12



population

) The 1970 Census (6) placed the Ga?veston Island population at 62,897.
The estimated populat1on increase for the Ga]veston SMSA through July 1, 1976 is
g,; percent. ‘Using this percentage ‘yields a populat1on estimate of 68 938 wh1ch
w11 be used to progect the.number,of vehicles available for evacuation. |

yehicles Available

The 1970 U.S. Census (6) indicated somewhat more than 21,910 autos (the
census has a single category'for households with 3 or more autds, making
exact pkojections impossible) OnSGaTveston Isliand. 'Thiéinumbér of vehicles
'~represénts a 0.348 per éapita auto ownership.- The,census data for;Galveston'
County indicates a'per capita aute rate of O‘dﬂé'based bn a 1970‘cen$us @op~
ulation of 169, 812 and more than 68,653 autos. | ‘ |
The Census Bureau est}mates the 19?6 Ga?veston County population at
186,300. Galveston County registered autos numbered 91,524, or a per cap1ta
rate of 0.491. The number of registered:trucks'in:GaTveston County in 1976
was 26,960 and yields a'peé cépita rate of pickups'used as personal vehicles
of 0.043. This is again based onythe,30 pertent'rate~(l) previousiy mentioned;
7 For the purpose of this study, the 1976 Galveston County rates based on
- actual registrations will be factored by the ratio of the 1970 censu§~autos |
per capita on Galveston Iélahd té thé'per capita rate for Galveston County.
(0. 348‘dividéd by 0. 404'yie?ds a factor of 0. 853) The resu?t s a per cap?ta
auto avax1ab111ty of 0,419 and a per cap1ta p1ckup used as a personal veh1c1e |
of 0.037, or a total veh1cle‘ava1?ab1i1ty of 0.456 for Galveston Island. Total

vehicles for evacuation therefore, is estimated as 68,988 times 0.456, or 31,459,

13



Capacity

There are three means of’roadway access to and from Galveston IsTand
’1) The IH-45 causeway, 2) the San Luis Pass (To11) Br1dge, and 3) the ferry to
golivar. Because of the 1ow~eTevat10n of~roadways,~the tong distances requxred,
" and the exposed nature of the h1ghways alcng the coast, the IH- 45 causeway 15
the most viable means of evacuat1on for Ga?veston Island. The other two routes :
 ‘w11? net be conswdered as evacuatton routes. | o | '

The cr1t1ca1 point for evacuation capacxty is the. 1ntersectzon of Glst
and Broadway that feeds onto the causeway V1rtual!y all traff1c Teav1ng the

~island has to use one of these f1ve 1anes.k stng the prevxous?y developed 500

-veh1c1es per 1ane per hour yields an hourly capacxty of 2,500 vehicles.

Time Required

~ In order to evacuated 31,459‘vehicles at 2,500 vehicles pér hour wdu}d
<reqéire a minimum of 12.6 hours'as$uming-2,500 vehic1es were continuously avail-
-able during the 12.§ hours. -However,'if‘oh!y 38 percent of the population
evacuates as indicated in a’recent study (§}, én3y 4.8 hours would be required

for evacuation.

Time Available

The available evacuation time is partially determined by wheh the evacu-
ation route will become flooded. This can occur either due to rainfall or due
to storm surge (tides). ‘As indicated previously, prediction of rainfall is

- difficult. No prediction of rainfall closure will be made, however, it is quite

14



‘nwgaible that roadways will be impassable due to rainfall before ‘they é}'a .
f;oodgdduetostomsume , D |

- The lowest eonsﬁpuctzon elevation of TH-45 from 59th street to SH-6 is
78 feet. However, subsidence may have reduced some eZvamans to fwe feet or

tess. As indicated earlier, tides of four feet can occur 18 to 36 hours ngore

- 1andfall of a hurricane. -
The National Weather Serv1ce 5 goa1 is to issue a hurricane NAR&ING 18-24

hours. before Tandfa!l If a minimum elevation of 7 8 feet exists, the neces-
sary evacuation t1me is possible as shown in the surge prof11es in Appendzx C.
“‘Hewever, if the m1n1mum eTevat1on s 4 féet or }ess, evacuat1on may be posszble.-
It would also be equally Iikely not toqbe‘poss$ble, regardless of the number

desiring to Teave,

‘Mustanq Island

The principal populatioﬁ center on Mustang‘Is}ahd is Port:Arahsas."There
are two means of access to Port Arénsas ~ The firSt,:Via Park Road 53 and the"
Kennedy Causeway is 22 miles of mostly two-Tane highway sub;ect to b]ow1ng sand
: and fiood1ng due to the 1ow elevation (f1ve feet or Tess) and close prox1m1ty
to the Gulf. The second access, Via SH-361, is 6 m11es of equa??y poor condi-
tions and a short‘ferry ride. The §econd aTternative appears,to‘offer Tess
exposure and Shou]d be open as long as the causeWay aTternative because the

'ferry operates until 4-foot'tides,and/br hurricane force winds arrive.

‘Population

The 1970 census placed the Port Aransas popalatfon at 1218. The estimated
population increase for the Corpusychristi SMSA through July 1, 1976 was'4;8
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percent. Using this percentage yields a population estimate of 1276 which will

pe used to project vehicles available for evacuation.

~yehicles Available

metms——

s
-

The 1970 U.S. Census (g) indicated somewhat more than 652 autos available
1n.Port Aransas.“Thfg is a per capita auto availability of 0.535. The 1970
per capita rate for Nueces County based bn census data is 94,208 autos divided
" by 237,544 persons, or 0.396. |

The 1976 registered auto count was 125,481 and the population estimate
was 247,600. The per capita auto rate was therefore 0.507 for Nueces County.>
The nﬁmber of registered trucks was 35,305. This results in a 0.043 per capita
pickups used as personal vehicles based on the 30’percent factor (1) explained
earlier. .

Again, for the purposes of the study, the Port Aransas per capita vehicle
rate will be estimated based on actual 1976 Nueces County registrations. The
Nueces County rate will be féctored by the ratio of the 1970 census autos per
capita for Port Aransas divided by the 1970 census autos per cabita for Nueces
County (0.532 divided by 0.396 yields a factor 1.36). The result is a per capita
auto availability of 0.690 and a per capita pickup used as a personal vehicle
availability of 0.041, or a total vehicle availability of 0.731 for Port Aransas.
Total vehicles available for evacuation is, therefore, estimated as 1276 times

0.731, or 933.

Capacity

The ferries from Port Aransas to Aransas Pass have 3 slips at each end and

a maximum capacity of six ferries making a round trip every ten minutes. A
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ferry's capacity averages 9 cars, yielding a capacity of 9 cars times six ferries
times six trips'per‘hour;;or a total 324 cars per hour. AFer pTanning purposes,

a capacity of 300 vehicles per hour will be used.

i

Time‘Reguired'

To evacuate 933 vehicles at 300 veh1c?es per hour would require 3. 2 hours. |

Based on survey responses (2), it 13 assumed that a11 re51dents will desire

to evacuate.

Time Available

As prev1ous stated 4 foot tides can occur 18 to 36 hcurs pr1or to land-
  fa1] of a hurr1cane. Under these c1rcumstances, evacuat1on would have to beg1n '
- prior to iSSuance of a hurrxcane warn1ng This wou]d require act1on as soon

as a tide bu11dup become apparent and would resuTt in evacuation in many causes
when landfall in the area did not beccme a realzty.,~Aga1n it is 0bv1ous‘that
being tfappéd on the island is a definite'possibi1ity and apprﬁpriate p1ans

should be made in advance.

: South Padre Island

South Padre Island is the southmost barrier island along the Texas Gulf
Coast. Access is prov1ded by the Queen Isabe11a Causeway, a modern 4- lane

‘divided fac111ty. The maJorxty of the island roadway system 15 two lane, except

in the area approach1ng the causeway.
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_ The 1970 census included South PadrekIsiand as a portion of a larger .
~ census gract including Port Isabel and Bayview. ,However; in September 1977 a
special census was'conducted by the U.S. Census Bureau for the island and.-

k{hdﬁcated a population of 589 permanent residents.

 yehicles Available

For estimating purposes, the number of Vehicles available will be assumed
to be the same as fok PortyAransas;‘or 0. 731 per Capita. An aSSumption'is hec-r,'
‘ essary since the 1970 census data can not be broken down for South Padre Island.

| Thxs trans]ates 1nto 431 veh1c3es ava1]ab]e for evacuatTOn
- Cagacitz .

‘ The critical point {n:the system is the‘intersectidn of Park'Road 100 and

~ the Causewéy,  Howevér;'it is questionablejwhéther‘the 2-1ane road system'oh the
rest of the island can proviéé enough Veﬁi¢1es to beach the capacity of the
' bridge‘aDproaches; The distribution ef‘thearesident5~on the island is also.

not known. It’will therefore, be assumed that effectively the two 1anes operate'
under urban flow conditions with an effective capacwty of 500 veh1c1es per

Iane per hour, or 1000 vehxcles per hour.

Time Required

The time required to evacuate 431 vehicles at 1000 vehicles per hour is
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about 26 minutes. Since the Town of South Padre Island has an ordinance (8)

providing for mandatory evacuation, there is no reason to presume less than

100 percent evacuation.

W

Time Available

The approach to Queen Isabe]la causeway has a low po1nt of 4 feet. As
previously stated, tides of four feet can ex1st 18 to 36 hours before 1andfa11
" This may require action prior to issuance of an ‘hurricane warn1ng if evacuatu1on

is to be assured, otherwise 1t is very poss1b1e that res1dents would be stranded.
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V. SUMMARY AND CONCLUSIONS

The repbrt has evaluated «giveanresent‘cohditions - the first objective
of the study——Is tota] evacuation of - the four barrler islands possible? The
answer to the quest1on-1s ‘total evacuatwon may not be poss1b1e on any of the
islands fér séme,stormé; 1t,may;not.be possxb]eydur:ng the time frame of a
hurricane waﬁning, n0r‘duriﬁg'thevtime‘frame,of é'hurricane watch.

The secchd'objective of~the‘stUdy was to'deﬁermine'what~acticns cén improve

“the abi1ity of residents to evacuate. An a]térhétive‘is to improve forecasting o
~ procedures in those areas mostycritiéa?kto'eVacuafion. 1For’the,Tex§s Gulf Coast

| bafrief is?ands,‘the time qf*otcurrence50f fcur-tides,‘the4prqbabilityVof occur-
rence of four-foot tides and thé severity;of s£orms that can follow 18 to 36 4
hours behind a four~fobt‘tide is informéticn necéésary‘for eva?uatidn.

- Another possxb?e answer 1is ts raise the elevat10n of the roadway ;For‘f
th1s to be effective on a barr1er 1s1and the techn1que used on Galvesten fol-
lowing the 1900 hurr1cane would be required. The technique was'canstruct1on of
a seawal},and a ]iterai raising of the island. It is not khown whether this
1cou1d be done today, given the present state cffehvirbnmenta] éwareness, nor-
if it is f1nanc1a¥1y feasible. ' L | |

If after refxnxng the ana1ys1s wwth better hurr1cane forecastzng data,

and if 1ncreas1ng roadway elevation is not possible, the remaining alternative
is to protect residents at or near théir homes. This‘wcuid require structuvéé ~
Df.sufficiént height and strength to weather a major huréicane, énd the,capacé
ity to hous? the appropkiéteknumber of people. |

It is'necessary to 1ook at'Ga1veston as a special case. A ]arge number

~of people live behiﬁd,a seawall on a raiéed island. Because the seawall is

‘not'higher than some potential storm surges (tideS) and‘because the seawall
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does not ring the island, evacuation is still a necessary consideration. 1In
the case of Galveston, evacuation is contingent upon detefminatién of the effect -
of gubsidenCe on TH-45. If neceséary, it may be‘possible to.raise some roads,
' thereby providing a means of escape. | o
The study indicated that winds of about 50 mph aﬁd}gusting to 75 mph <€an
exist 10 to 20 hours before landfall of a hurricane. Since winds of the ‘magni-
tude can overturn trucks; motor homes, and vehicles with trailers, consideration
should be given to prohibiting these vehicles on the highways upon issuance of
a hurricane warning. This would undoubtedly require special 1egislation.:
One additional area that requires further stu&y is tourists. This study
assumed they would leave before the critical evacuation time period. The first
question to be answered is how long will they stay? If they stay past the time

critical to evacuation, then it is necessary to estimate their numbers.
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APPENDIX A-CAPACITY

 capacity Under Interrupted and Uninterrupted Flow
This appendix is intended to Serve'twa pufpases., First,~it documents
R the. procedure used to arrwve at the capacwty f1gures used in Chapter 1.
second, this appendwx w111 DPOV1dE the basic too?s to further refine the capac-
ity figures for spec1f1c 1ocat10ns if so desired ‘The ana]ysxs uses two dif-

ferent techn1ques, one for uninterrupted flow ( 9} and another for 1nterrupted

- flow (J,Qsl}_) v

Uninterrupted F?ow '

| A]though few highwayskactua1ly opefate‘under the ”ideal"'conaitionS'
associated with uninterrupted flow, mcdern;fréeways; expréssways,and ruréT~'
highways maygapproach the 9ideé1" cqhditions réquired for unintef%Upted flow
conditfons.AVWhere there is at least two lanes for ﬁhe exclusive movement of
traffic in one direction, the capacity of a mu}tf?éne highway under Zdeal condi-
tions is considered to be 2000 p&ssenger vehiCTes:per,]ane per hour. The capa-
‘city of a twoflane, two~waykroadway underyggggg condifions is EOOG'passenéeé

vehicles per hour, total of both directions.

Interrupted Flow

fInterrupted flow is génera?Xy dSSOCiated with urban highways. ‘Unlike unintere
rupted f1ow; few bréadkcritéria can be described for‘interrupted flow. ‘Itkis
not feasible to define capacities under ideai conditfdns, because too many
variables are involved. Interrupted flow requires a detailed study of the

‘elements producing the interruptions.
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Generally speaking, a 1ine~ofivehities,stopped_by an intérruption such
as,é tréffic signal, wiil 0n1y~rare1y move;away'from“an interruﬁtiOnyat rate
i greaterithan'1750 passenger cars per 1anevper'h0ufg duriﬂg those periods when -
fthebinterruptiOn (e.q., red signal) is not in éfféctgf_zt is essential to note
. that these values are‘rates,‘kot‘voZuMes; For trafffﬁ signals,\the ya?ues
must be muTtipliéd byfthé perceht‘of,tota1 time the signal,is‘gréen'fer the

lane under consideration.

- Factors AffectﬁngVCapacity, :

It is seldom that all roédway‘and traffic ccnditions’that affect capacity -
- are idea?.,,Thekefore, adjustmentvfactors‘must be applied to détefmihe capacity‘
for most highways. Factoéskaffecting éapacity canyﬁe classified in'threé
catégories-4roadway féctors?_traffic‘factors, and ambient factors, although

in some cases they are interrelated.

Roadway Factors

Restrictive physical features in a roadwéy that reducé the capacity and
level of service generally are’ca}Ted "roadway factors“ and'ihcluderTane width,
lateral clearance to'boadside obstacles, grades, shoulders, auxiiiahy 1anes,

. and surface conditions. ' o |

(1) 'Léne Width. Twéive-foot wide lanes are conside}ed tb‘represent an
"ideal” lane wid;h. Lane widihs 1e$s than 12—ft.'reduCe roadway
ycapacfty. Narre& lanes adversely affect the ability'to pass on two-
lane highways. On multilane raadWays, vehicle enrcéchméni on ad-
jacent Tanes’increases as the travel ]énes narrow, Lane width re-

duction factors for lanes as narrow as 9 ft. have been established
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(2)

(3)

(4)

as a percentage factor of the 12-ft. lane width considered ideal

(100 percent)}. These factors are applicable for uninterrupted

flow conditons.

Lateral Clearance. Obstructions adjacent td the roadway (such as

retaining walls, bridge abutments, sign posts, parked cars, ete.)

Tocated closer than 6 ft. from the edge of the travel lane reduce;

its gffecti?e width, and,therefore, reduce capacity. Even one re-

striction will reduce the capacity of the entire section. Factors
have been developed for application on uninterrupted flow conditions

for obstructions closer than 6 ft.

Grades. Grades affect capacity ih several ways. On two-lane

facilities, passing sight distance may be restricted and if the per-
centage of trucks in the’traffic stream is appreciableg the capatity
or service volume is considefably reduced, particularly when érades
are long. To take into effect the reduction due to grades, degrading
factors have been established for uninterrupted flow conditions.

The -factors are applied by considering the percentage of trucks,
the’general type of terréin (level, ro11ing, or mountainous) and

on two-lane highways,-cqnsideringythe percentage of,passing~$ight

distance 1eSs-than 1500 ft. along the highway section.

Shoulders. To prevent short-duration lane blockage, shoulders

are essential since one stalled vehicle can effectively block a
travel lane. Shou%defs,'in addition to providing refuge for dis-
ab]ed vehicles, in~some cases increase the effective width of the
travel lanes. For Tanes less than 12 ft. wide, surfacéd shoulders
4 ft. wide or more inérease the effective width of the adjacent

travel lane by 1 ft.
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(5)

(6)

5gxi1iary'tanes. ‘Speed change, weaving,‘turﬁ~bays, and c?imbing

lanes improve the qua1ity of service on the thrgugﬁ lanes. Although -
not specifically quantified in capacity anaiysis;-thé'presence of

these lanes can improve capac1ty

Surface Cend1t1ons. Adgustment factors are not ava1?ab1e to ref]ect

- ,‘the effect of surface cond1t10ns at partacu]ar,leve3s 0f servxce.

However, it may be- assumed that where surface CcnthYSEi,:fF very

poor, operatzng speeds are somewhat Towered for any g1ven vaiume

‘as compared to those attained where the surface 1s,good.

Traffic Factors

Capacity and level bf,serviée on two geometrica1ly‘similér highways may

| be apnreciab?y‘different due to the composftion and behavior of the-traffic

stream.r Factors which take these cons1derat1ons into acccunt are called "traffxc ‘

factors" and 1nc1ude trucks, buses, and traffic 1nterrupt1ons in partxcu1ar.

(1)

(2)

Trucks. Trucks and buses reduce the capaCTty of a h1ghway in terms

_ of the tota? vehicles carried per hour. Each truck dxsp?aces several

passenger cars in the,traffic Stream‘ " Also, trucks exhwbzt un1que
operating'charactéristics and s¥ow‘the traffic stream on grades or
due to passing sight distance probiems; particulaFTy on two-lane
highways. ,Cnrrection factors are based on truck volume perééhta§es
within the traffic stream'for both uninterrupted and interrupted ‘
flow level ofvservice analysis. | |

Right and Left Turns. Right and Teft turning thic?es pfoduce‘an

adverse effect on capacity. Generally, turning factors become more
important in interrupted f1aw"analysis. The inclusion of turn=bays

and separate signal phasing helps to reduce the turn conf?icts.
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Adjustment factors for left and right turns to and from both one-

way and two-way streets have been established for interrupted flow

level of service analysis.

Anbient Factors ‘ _ ’ : =

Ambient cénditions as previously stated are generally ignored in tréffi
capacity due to their infrequent occurrence. In Houston wet conditions (rain-
fall greater than 0.01") occur about 53 times a year during morning and evening
peak periods. However, the likelihood of bad weather during a hurricane |
evacuation is high, and it is'necessary to adjust capacity for rain, wind and
high tides.

| The development of factors for ambient conditions is difficult because,
unfortunately, available data is often limited or wide]y variable. Neverthé?ess,
what, hopéful]y, are\conservative factors will be developed for hurritanerevacu—
ation analysis.

Rain. During the hurricane evacuation time frame (6-18 hours before arriv-
al of the center),/hourly rainfall varies from zero to .20 inches.‘ The rain-
fall rate, however, is likely to bevtwo to’four times the total observed rain-
fall as the most intense part of a squall lasts only 10 to 15 minutes.

Studies (6) of rainfall records and extensive traffic flow data on the
Gulf Freeway in Houston were used to define the effect of rain on capacity. Rain
was found to reduce freeway capacity to between 81 and 86 percent of dry weather
Capacity with 95 percent confidence. These studies included hourly rainfalls
that varied from as little as 0.01" to more than 1.0".

It, therefore, appears reasonable to reduce capacity because of rainfall,

to 84 perceht of dry weather capacity for hurricane evacuation pukposes.
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A}thoggh the data is fof uhinterrqpted f?cw‘éonditidns, it wi]} aiso be used as

gne’best estimate of the effect on fnteerQted:f}ow. |
Rain'has been shown (13) tb incréase accident raies, however, aé shown in

Append1x D, the overall effect of acc1dents in genera? is very small Fbr the -

purpose of this study, t the effect of aCCTdentS in genera1 w1}¥ not be considered
Mind. The problem associated w1th wwnd is the 1ncreased potential of an

accident due'te high wihds' especiai?y gustiﬁg w?ndé. With the 1nceptton of

the 1nterstate hzghway system came the concern for veh1c1e handlzng under h1gh~

speed driving conditions, where the normal disturbance of the vehicle arises from
aerodynamic inputs' Cehsiderable work (14-15) ﬁas been done in the U.S., Gerﬁany
and Japan in the area of modeTwng veh1c1e performance under crossw1nd qusts. |
In reality, a constant crosswznd w1}1 not occur. Due to natural gusts
“and obstacles in the viéinity‘of the road'(e.g.'bfidgés and other vehicles) both
| veTocity énd direction of the wind acting oh the vehicle arekchangihg with time
~and disténﬁe. The driver must, therefare, compensate for directiéha? deviations
of his vehicle. Beyond a limit that f5~d€fficu?t‘to calcuate, these tedious
’ directional adjustments will become a risk for driver and'vehic1e.
Desirab1y we woﬁ]d Tike to know‘at,what wind speed or‘gu5t condition vari-
ous vehicles become unstable. Although the Sﬁate of the art does not appear to
~be able to give us a direct'answer, it does give an indication of what causes
the probfem. Futhermore, empirical evidence also gives an estimate of when a
' pfoblem does occur. V‘ |
Winds that ranged from 0 to 47 moh and gusting to 75 mph (based on 1.6
gust factor) caused a serious accident problem for trucks and motor homes on I-8
‘f mountain brwdge (17). Since winds of this magnztude can exist 10 to 20 hours
before the arrival of the eye (see AppenéiXVB), prohfbition of trucks, motor -
homes, and vehicles with trailers should be considered upon issuaﬁce‘of‘a hurri-

cane warning. This would undoubtéd]y require special 1egislation. The reason
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for considering such drastic action is that it is difficu}t to remove a large
vehicle from the roadway. It should also be noted that the Governor of Texas
authorized the movement of mobile homes without permits during Hurricane Anita
in 1977. The appropriate action would have been to gggggl_any existing permits
éffective*upon issuance of a hurricane warning. o

Since it is not possible to estimate the effects~of wind on ldrge>vehic1es
at this time,'the analys{s must presume appropriate action to eliminate the’
accidents and associated capacity reduction caused:by such vehic]es. The most
effective measure would be the prohibition previously stated.

Ijgg, Rising tides perhaps have greatest effect on capacity. Once the -
"roadway is flooded, the capacity is reduced to zero. For the purposes of
analysis, it w111 be assumed that once half a lane width of pavement is covéred,
the_]ane no longer has any capacity. What additional capacity does exist will
be required to clear vehicles already on the highway, but no additionaT vehicles
should be allowed to begin evacuation.

The prediction of tides is difficult. The National Weather Service has
developed two computer models to predict tides along the open coast. Nineteen
computer runs using the Splash II mode1 were made a1ong‘tracksras shown in

. Appendix C. The differences in tide heights are p?imari]y the result of

differences in water depth offshore.

Due to the limitations of the model, it is necessary to use the data with
caution. The data are certainly reasonable for roads along the islands. It
will also be used as an approximation of what may happen in the bays and on
the mainland immediately in from the bays. However, tides can rise f&ster in

the bays due to the confined nature of the basins.
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Uninterrupted Flow Capacity Calculations

For planning purposes, we need to determine the maximum volume that may
be accommodated. This maXimum voiume,is‘COmputedvby making a number of adjust-
_ments or corrections to the ideal capacity for various factors influencing cap-

acity. The generaT'expreSSion for'inc}udingkthese faCtors is as fc]]ows:'

Capacity = (IdeaT Capacity) X
(Roadway Factors) X (Traffxc Factors) X (Amb1ent Factors)
- When we quant1fy the funct1on, -the re?atxonshwp becomes‘

€ = 2000 vph/lane x N x W x Tx A

‘where:
N - Number of Tanes in one dlrectfon
W=A fracttonai mu1t1p11er to account for the reduct1on
~ effects of lane width and lateral clearance ef,obstructions.’f
T = A fractional multiplier to account for the effects of the‘number'
of trucks and the type of terrain; |
A= A fractional multiplier to éccount for. ambient conditions.

MV Computational Procedures for Two-Lane Highways

The generaT re]at1onsh1p deve?oped above is applicable to two-Tane highways,
»‘except for the appl1catzon of N, the number of lanes. For two~1ane‘h1ghways,

N = 1, because they are only able to accomodate a total of 2000 vph in bothk
dfrections. If'vehic1es have complete freedom to pass (opposing volume ap-
proaches{O);the capaéity in one direction approaches 2000 vph. |

Thus, thekrelationship is:

Capacity = 2000 vph'x WxTxA



Roadway Factors. For two-lane highways, roadway factors consist of lane

widths and lateral clearances, sight distance~restrictiens, and average high-
way speed. Adjustment factors for the combined effect of lane width and lat-

eral clearances are give in Table A-1.

Traffic Factor. The adjustment factors for the effect of trucks‘on‘ca-

pacity are found in Table A-2.

Ambient Factor. The adjustment factor for the effect of rain is 0.84, -

Computational Procedures for Multilane Highways and Freeways

The main difference in dealing with multilane highways and freeways =
fcompared to two-lane highways is that capacity is based on the number of lanes,
~ whether or not the faci1ity is divided or undivided and whether access is

controlled. The generai'capacity relationship developed earlier applies:
Capacity = 2000 x N x W x T x A

Roadway Factors. ‘Lane width and lateral clearance effects are combined

into one adjustment factor given in Tables A-3 and A-4. Table A-3 applies to

~divided highways and freeways.

Traffic Factors. The adjustment factors for trucks related to type of
terrain are given in Table A-5 and Table A-6. These factors apply to free-

‘ways as well as multilane highways. Either table may be used.

AmbientVFactor. The adjustment factor for the effect of rain is 0.84.

Generalized Capacity

For planning purposes, a single generalized capacity for uninterrupted
flow would be useful. Several assumptions will be made concerning prevailing

’conditions such that a generalized capacity can be computed. The assumed
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Table A-1: Combined Effect of Lane Width and Restricted Lateral Clearance On
~ Capacity of Two-Lane Highways with Uninterrupted Flow. '

Adjustment Factor w For Lateral Clearance & Lane Width

Distance From Obstructionvdn One Side Only|Obstructions on Both Sides
Traffic Lane Edge ' _ . '

To Obstruction 12-FT [ 11-FT| 10-FT} 9-FT {12-FT } 11-FT} 10-FT| 9-FT,
(FT) : Lanes | Lanes | Lanes} Lanes |Lanes | Lanes | Lanes| Lanes
6 1.00 |0.88 | 0.81 | 0.76 1.00 j0.88 |0.81 | 0.76
3 0.97 10.85 | 0.79 | 0.74 10.94 |0.83 | 0.76 { 0.71 |
2 0.93 |0.81 | 0.75 | 0.70- }0.85 }0.75 | 0.69 | 0.65
0 0.88 [0.77 | 0.71 | 0.66 {0.76 }0.67 | 0.62 | 0.58

Source: ‘Reference (9)

Table A-2: Average Generalized Adjustment Factors for Trucks on Two- Lane High-
ways, over Extended Section Lengths.

Truck Adjustment Factor, T
Percentage
of Trucks Level Terrain Roiling Terrain Mountainous Terrain
1 ~0.99 - 0.96 0.90
2 0.98 - 0.93 0.82
3 0.97 0.89 0.75
4 0.96 0.86 0.69
5 0.95 0.83 0.65
6 0.94 0.81 0.60
7 0.93 0.78 0.57
8 0.93 - 0.76 i 0.53
9 0.92 0.74 0.50
10 0.91 0.71 0.48
12 0.89 0.68 -+ 0.43
14 0.88 0.64 0.39
16 0.86 0.61 0.36
18 0.85 0.58 0.34
20 0.83 0.56 0.31

Source: Reference (9)
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Tab!e A-3: Combined Effect of Lane Width and Latera? Clearance on Capacity of Undi-

vided Multilane H1ghways with Un1nterrupted Flow

" ADJUSTMENT FACTOR, W, FOR LATERAL CLEARANCE AND LANE WIDTH
DISTANCE FROM OBSTRUCTION. ON RIGHT SIDE ONLY, | , :
TRAFFIC LANE EDGE |  OF ONE-DIRECTION TRAVELED WAY | OBSTRUCTIONS ON BOTH SIDES OF
TO OBSTRUCTION (INCLUDES ALLOWANCE FOR ONE-DIRECTION TRAVELED WAY
(FT) OPPOSING TRAFFIC ON LEFT) .
126 | 14Fr | 10FT | 9-FT | 121 | HFr | 10T | 9P
LANES '|. LANES | LANES | LANES | LANES CLANES | LANES | LANES |
{a) 4-Lane Unpivibep HiGHWAY, ONE'Dmﬁmon OF TRAQEL'
6 1.00 0.93 Q.89 | 0.77 | NA, N.A. | NA | NA/
-4 0.98 | 0.94 0.88 0.76 N.A. NA. | NA, N.A,
2 0.95 0.92 | 0.86 Q.75 0.94 0.91 0.86 | NA,
0 0.88 E 0.85 0.80 | 0.70 ; 0:81 0.79 0.74 0.66
{5) 6-Lane Unoivipep HicHway, ONE Dméc*nore OF TRAVEL
6 1.00 | 095 | 0.8 | 0.77 | NA. | NA. | NA | NA.
4 0.99 0.94 0.88 | 0.76 N.A, NA., N.A. N.A.
2 - 0.97 0.93 0.86 0.75 0.96 0.92.{ 0.85 N.A.
0 0.94 0.%90 0,83 0.72 0.91 0.87 0.81 | 0.70
Source: Reference (9)

Tab]e A 4: Combined Effect of Lane Width and Restricted Lateral C]earance on Ca-
“pacity of Divided Multilane Freeways and Multilane H1ghways with
Uninterrupted Flow

ADJUSTMENT FACTOR,. W, FOR LANE WIDTH AND LATERAL CLEARANCE
DISTANCE FROM " i - - )
TRAFFIC LANE EDGE | . OBSTRUCTION ON ONE SIDE OF OBSTRUCTIONS ON BOTH SIDES OF
TO OBSTRUCTION ONE-DIRECTION. ROADWAY ONE-TMRECTION ROADWA (¢ ‘
(F7) — ' ,
oo ! o , ~
12-F7 | 11-FT 10-r1 9-FT 12-F7 | IleFy 10-F1 9-F1
LANES | LANES | LANES | LANES | LANES i LANES | LANES | LANES
(@) 4-LANE Divipip Frieway, ONe DIRECTION OF TRAVEL
e e s e e : i —- ...._T. e e

6 1.00 |- 0.97 0.91 0.81 1.00 0.97 0.91 0.81

4 0.99 0.96 0.90 0.80 | 0.98 0.95 0.89 0.79

2 0.97 0.94 0.88 0.79 0.94 0.91 0.86 0.76

0 0.90 0.87 0.82 0.73 0.81 0.79 0.74 0.66

6) 6- anp 8-Lane Divipep Frerway, ONe DIRECTION OF TRAVEL

6 1.00 | 0.96 | 0.8 | 0.78 1.00 | 096 | 0.89.] 0.78

4 0.99 0.95 0.88 0.77 | 0.98 0.94 0.87 0.77

2 0.97 0.93 0.87 0.76 0.96 0.92 0.85 0.75

o 0.94 0.9 0.85 Q.74 0.91 0.87 0.81 0.70

Source: Reference (9)
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Table A-5: AVerage Generalized Passenger Car Equivalents of Trucks énd Buses
on Freeways and Multi-Lane Highways, Over Extended Section Lengths

(Including Upgrades, Downgrades, and Level Subsections).

Equivalent, E, For:
Adjustment-
Factors Level Rolling Mountainous
Terrain Terrain “Terrain
E for trucks 2 4 8
E for trucks 1.6 3 5

Source: Reference {9)

K

Table A-6: Adjustment Factors for Trucks on Freeways and Multi-Lane Highways,
over Extended Section Length.

FACTOR, T, FOR ALL LEVELS OF SERVICE
PERCENTAGE OF
TRUCKS .
LEVEL TERRAIN ROLLING TERRAIN MOUNTAINOUS TERRAIN

) 1 0.99 0.97 0.93
2 0.98 0.94 0.88

3 0.97 0.92 0.83

4 0.96 0.89 0.78

5 0.95 0.87 0.74

6 0.94 0.85 0.70

7 0.93 0.83 0.67

8 0.93 0.81 0.64

9 0.92 0.79 0.61

10 0.91 0.77 0.59

12 0.89 0.74 0.54

14 0.88 0.70 0.51

16 0.86 0.68 0.47

18 0.85 0.65 0.4

20 0.83 0.63 0.42

Source: Reference (9)
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conditions are a two-lane roadway, ten-foot lanes, obstructions on both sides
within,ﬁ-feet, and five percent trucks over rolling terrain.

-~ As previously stated:

Capacity = 2000 vph x W x T x A

)

2000 vph x .62 x .83 x .84

u

Thus: Capacity
or 864.5 vehic}és per ho&r A f1gure of 850 vehches per haur on a two—lane |

, rura? roadway is suggested for p!ann1ng purposes.

For mu1t11ane highways and freeways, the assumed cond1t10ns are a four-
lane undivided h1ghway,{10~foot 1anes, and 5 percent trucks over rolling terrain.

As previoasiy stated:

"

Capacity = 2000 vph x N x W x T x A

i

Thus:  Capacity = 2000 x 1.0 x 0.80 x 0.87 x 0.84

or 1169 vehicles per lane per hour. Akplanning figure of 1150 vehicles per
lane per hour is suggested for multilane highways both divided and undivided,
even though a'divided highway wou1d‘have a higher capacity. 'The’differenceiis

small and does not warrant special consideration.

Intérruptéd Flow Computational Procedures for Capacity

Capaczty and ]evel of -service on urban streets where 1nterrupted f?ow
GXIStS are predomanant1y related to the 1ntersect1on " The reason, of course, is
because time sharing of the area common to both approach roadways significantly
reduces the capability of a street to handle traffic flow. Further, thé capacity

for interrupted flow is built almost entire]y‘around-signa]ized intersections.
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The following procedure has been simplified for planning ﬁurposes. - Those
desiring a more rigorous approathfshouid refer to References (10 and 11) which
are the basis of the procedure used here or‘reference ( 9) which provides an

alternative method.

~ An approximate expression for the number of vehicles that can move into

an intersection from one approach movement is:

(CAP = 1203 x G x N/C-
Where: | |
G is the am0uﬁf‘of green time fdr a particular evacuation appfoaCh
movement. ’ -

N is thé number of approach lanes going in tﬁe“dfrection of the evacu- -
ation route, and f - |

- C is the cycle Tength.

The'eXpression is derived as follows. The reader can refer to References
(10 and 11) for a detailed explanation. The number of vehicles, NV, that can

move from one approach movement is:

g
NV = 9 X 3500
where S is the saturation capacity fTew‘bf the approach in vehicles per'hour
and g is approximately equal to the actual gréen, G, in séConds.

The number of vehicles that can'enter the intersection’per‘hour;from the

approach, the capacity CAP, is

CAP = NV x §%99

‘where C is the cycle length in seconds, or:
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CAP = G x S x 3600
3600 x C
{his cap = & X 5

It we add an adjustment for ambient conditions equal to 0.84, then:

G xS

CAP = 0.84 C

Table A-7 provides the appropriate saturation flows to solve for cépacity.
MQWQver, Table A-7 is in through car units and 1tAis netéssary to adjust
tor trucks, buses and turning vehicles. Table A-8 provides appropriate adjust-

Went factors.

Table A-7: Saturation Flow Data

Lane Width 9! | 10" to 12'
Lane Type : Saturation Flows Through Car Uﬁits/hr.
Through & Through 1600 1750
' Right
Through Left ’ 1550
Left ‘ 1700

Source: Reference (10)

Table A-8: Through Car Unit (T.C.U.) Factors

One truck or bus = 2.0 passenger cars (p.c.)

3.0 T.C.U.'s

One left turn (p.c.)

]

One right turn {(p.c.) 1.25 T.C.U.'s

One through (p.c.) 1.0 T.C.U.

Source: Reference (10)



To simplify the expression for planning purposes, we will aSste a~tWO-
| lane approach, no.special turning ]anes; 5 percent trucks, 5 percent left turns,
s,pe}cent right turns, and 16 foot Tanes. - ‘
| The appropr1ate left ]ane saturation f]cw is 1550 T.C.U. 's per hour.

Therefore 1550 equa}s the number of through cars, 0.95V, p!us the ad;usted
| number of left- turn1ng cars, 0. OSV X 3 00 plus the adausteé number of trucks,
0 05V x-2.00. The number of veh1c1es, v, is 1292. ’

S;m1}ar1y for ‘the right 1ane the saturatxon flow of 1750 equals 0. 95V +
(G;OSV X 2.00) + (0.05V x 1.25). The number of,vehicles, V is 1573. ‘Therefore,
the avéragé for the two Tanés is 1432 vehicles perihaur.f‘sdbstituting;insthe')

capacity fcrmd1a yields:

it

CAP = 0.84 3 x 1432

1203 9

it

~or:  CAP

The cr1t1ca1 1ntersectzon is that 1ntersect1on hav1ng the 1owest N, times G,
d1v1ded by C value. Several add1t1ona1 factors,must be conszdered.; Has a spe-
cial hurricane evacuatioﬁ timing plan been developed7 wili the‘traffic signal
~ be operated during an evacuatwon? Will the po1ice override the 51gna? tzmlng |
or manually direct traff1c? ‘ , ‘

If the 51gna1 is turned off, the green time effectivéiy becomes 100 percent.
If,tﬁe signal timing is_chaﬁged; so is the ‘green time for any approach and bosé
sibly the cycle 1ehgth. However, the'green time cannot exceed 100 pércent and‘is
less than 100 percent when time is é?]ocated‘td two or more'appfoaches due td‘1oss
time (the yellow intervai) when chénging‘from one approach to another.

If we further assume that two two~way streets 1ntersect there are no spe-
c1a1 turning phases (e g. left turn green arrow), a 60-second cycle length, and

time is equally apportioned between the two streets, the capacity‘would’be:;
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CAP = 1203 x 25 x N/60
or 501.2 vehicles per lane per hour. A figure of 500 vehicles per lane

per hour would not be unreasonable in an urban area.
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APPENDIX B

Model Hurricane Windfield

“The gfaph in Figure B-1 is a‘made1 of sustained wiﬁds‘in a 910 millibar hur-
ricane with a radius of 30 nautical mf?es and moving at 14 knots. Actua}~recckﬁs,
of winds of hurricanes show great variation with time and not the smooth in-
erease shown in the model. Mdst of thé'wihd during a:hurkicane evacuation is
Tikely to occur in squalis with much higherjgusts than indicated on the gfaﬁh
of sustained winds. The 20 knot winds in the eye and on the periphery of hur-

“ricanes should NOT be used for planning purposes.

80

140 b
207
wo b
2
g
>
(=S
£
80 -
'3 .
2
"
g
=
&0
a0t
20
0 L. 1 ) 2 i A i 1 s
500 400 300 200 Y 100 200 300 400

{-35) {-28) {-21) {-14) {-7) n (14} {21y - (a)

Distance(Time} from Storm Landfall in Mautica) Miles{Hours)

Source: National Hurricane Center

Figure B-1 Model wind profile for 910 millibar hurricane moving at 14 knots
and having an eye diameter of 30 nautical miles.
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Figure B-2 is the same size storm as Figure B-1, but moving at half the
speed. Although the slower storm has the same peak winds, its effect is felt

much sooner in time.

‘ 160 ¢ ’ . ;
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00

Wind Speed in Knots

40

i b i i 3. ! 1
-258 200 -150 -100 -50 o 50 100 150" 200
{-35) (-280  2) (-14) - o ey (21 (28

Distance{Time) from Storm Landfall in ﬁantica\ Hﬂes(ﬂoars)

Source: National Hurrwcane Center

Figure B-2 Model wind prof11e for a 910 millibar hurr1cane movxng at 7 knots
and having an eye diameter of 30 nautical miles.
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APPENDIX C

Storm Surge Model

The National Hurricane Center uses two compufer models-~SPLASH I and SPLASH
I1-- to predict storm surge (hurricane,tides). SPLASH I is generally usg@ for
hurricanes making landfall, while SPLASH II was designed for hurricanes ;ara11e1-
ing the coast. However, only SPLASH II provides the tide versus timé output
required for fhis study. Therefore, SPLASH II was used for all hurricane tracks
in this study. | '
| Nineteen computer runs were made along 14 tracks as incicated in the'maps
in Figure C-1. Storms with central pressures of 910 and 950 millibars were
simulated. Ten runé moved the hurricane onshore perpendicular to the coast1ine‘
at 5 different ‘locations indicated as tracks 1 to 5 in Figure C-1. Two different
storm intensities where used along each of the five tracks and given the suffix
A for 910 millibar storms and the suffix B for 950 millibar storms.
| Eight runs (numbered 6-13 in Figure C-i) moved the hurricane para11e1ihg
the coast, the point nearest the coastline. Tracks 6 and 7 répresent a storm
having a 930 millibar central pressure at 10 which increases to 950 mi]]fbars
at T24. Tracks 8 through 13 have a 940 millibar central pressure at T0 and
a 960 millibar central pressure at T,,.

The final track, number 14 on Figure C-1 moves a storm with a central
pressure of 940 millibars across Galveston Island from the south. The éye of
all 14 storms have a radius of 15 nautical miles. A 950 millibar hurricane is
a category 3 hurricane and a 910 millibar hurkicane is a category 5 hurricane.
.Categories 3, 4, and 5 are all considered to be major hurricanes.

The results of the computer simulation is shown for selected location
along the Texas Gulf Coast in Figure C-2 through C-5. Several qualifications

must be noted. The projections are for a single point along the coast. The
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computations are valid estimates on the open coast only. Broken features (bays,

~ estuaries, intracoastal waterways, etc.) are NOT incorporated in the model.

"The onset of tides 2 to 4 feet above nofma?,‘which can cut off some evacu-

ation routes, can frequently occur along the Texaé Coast 36 hours or more before

Jandfall with large, slow moving,hurricanes, and 18-24 hours before landfall

w1th large, faster mov1ng hurr1canes.

The purpose of the proaectxcns se?ected 1s not to p1ck peak surge values,
~ but to estimate the twme versus surge relationship for several storms. Due
~to the severe limitations of the estimates, they must be used with exfréme

caution. In all cases, they are oh?y a indication of what might happen, not

necessarily what will happen.
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APPENDIX D

ﬁéﬁgﬁitz Reduction Due to,Accidents'

The foTTéﬂ“ﬂﬂg PYGLod iy was used to estimate capacity‘reductians due to

AT &}(ﬁugh the

accidents. re are several 1nherent problems with the process used,

“nat cap

it is the bes” b dune with ava11ab1e data.

5 ASSHI

First, 1% "} that the evacuation route is 10 miles. 1ong with 80

" ral a ‘
percent being © /"2 "7 percent urban. The capacity of the rural section is

assumed to be /900 Vehic jes,

per hour and the urbanyseétibn'is assumed to have
of 7 H0 vehiq | V ' N

a capacity 2% per hour. Thesé capacities both assume 3 lanes and

nearly ideal soditions,

o senl rates

The acci” “ for Texas h1ghways in 19?? was 57 15 rural and 151 OO

;urban,ihjury g,,ident. ey IOG m)]]ion vehicle miles. 1t 15~assumed that'1n3ury

re ’fh‘? Om}' f}{;@m

accidents a that are severe‘enOugh to cause significant traffic

The fact thay, 0fc1dent rates 1n the rain are high is not conswdered.

problems.
| The numbst OF rura) accidents per hour on the hypothetical roadway system
~is 6000 vehir 165 PEF hour tinec @ nitas times 57.16 divided by 100 million, or

1 0.03 acc1den” per ho“”

For the urban.section, theynumber}qf accidents per
hour s 5250 1 1mes 2 Lhies - 151 divided by 100 million, or 0.016 accidents per

‘ hour | | | |
Studies oM the Gulf ?Feeway in chston (17) indicate an accident reduces
"capac1ty to /H percent Qf normal if one of the three lanes 15 blocked. Detection
takes 1 minul# e to thy existence of televxsion surveillance on the Gulf Free-
way, It is #l) tHeipated that detection would also be quick during an evacuation,

Location, diapatvh and gy

avel to the scene required 11 minutes. ‘CTearTng the
s ' \‘!4 »

accident rﬁﬂ*‘ Mnutes and investigation required 24% mwnutes It is as-

sumed that 13 t19t on \ou1g pe forgone during evacuation. Durung the 16

wrren
minutes from M €@ to clearance, capacity was reduced 51 percent frem 92.7
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'vehicles/minute to 45.3 thicles/min.

Given the above data and assumption, the capacity réductioﬁ due to accidents
on the rural portion‘is 0.03 accidentS/hour times 16 minutgs/accidents times
1 hour/60 minutes times 51 percent reduction in capacity, or 0.41 percent.

For the urban portion, the capacity reduction is 0.016_times.16»times 51 divided
by 60, or 0.22 percent.

To indicaté the sensitivity of the resd]t to the assumption, the reduction
was recomputed with the accident rate doubled. The result is a doubling of the
reduction in capacity to 0.82 percent in the rural section and 0.44 percent in
the urban section. It is therefore suggested that accidehts of a routine nature

" be ignored in the analysis.
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APPENDIX E

Texas Vehicles Per Capita

Registration Rutos Trucks .3x Trucks
Year Autos Trucks Population| Per Capita | Per Capita | Per Capita

1970 5,092,881 | 1,467,205 11,198,655 0.455 0.131 10.039
1976 6,534,582 | 2,265,787 | 12,486,900 0.523 0.181 0.054

Source: U.S. Census Burea and State Department of Highways and Public Transportation
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