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Onecomponent of North Carolina’ smotor carrier enforcement program
isfocused on overweight trucks. The aim of this enforcement program
istoprotect thestate' sroadway infrastructure, and assuch it isimportant
toidentify thosefacilitiesand roadway segmentsthat are most susceptible
to damage from overweight vehicles. For that purpose, a quantitative
road vulnerability index (RV1) wasdeveloped. Vulner ability isexpressed
asafunction of truck volume, pavement condition, and bridge condition.
By weighting these factors, one can assign vulnerability valuesto road
segments statewide. Vulnerable road segments are then mapped in the
same geogr aphicinformation system (GI S) environment used to capture
and display motor carrier enforcement activitiesfor overweight violations.
In addition to providing information to aid in the spatial assignment of
weight enfor cement activities, the RVI uses Gl Sdata asa useful tool for
thevisual analysisand integration of roadway maintenanceand oper ations
concernsacross various divisions of the North Carolina Department of
Transportation.

Federal funding for the FMCSA Motor Carrier Safety Assistance
Program and FHWA -funded size and weight enforcement programs
requiresthat state efforts be datadriven. To that end, the Institute
for Transportation Research and Education at North Carolina State
University produces web-based decision support tools, web map
products, and custom on-demand data analysis in support of both
programs. These products and services are made available to the
North Carolina State Highway Patrol’s Motor Carrier Enforcement
group to aid in its efforts to meet its defined goals. This paper out-
lines the creation of one of those support tools for the size and
weight enforcement program. The goal of the size and weight pro-
gram is to “preserve our Nation’s infrastructure and to keep trucks
and buses moving efficiently,” asmandated by FHWA (1). Theroad
vulnerability index (RVI) ispart of aspatial decision support system
being developed to support the size and weight enforcement group
initsendeavor to reduce the impact of heavy trucks on critical road
infrastructure.

FHWA estimates that truck traffic will more than double nation-
ally during the next 20 years (2). In addition to an expected increase
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in truck traffic, the American Trucking Association has been advo-
cating for larger, more productive trucks, in both size and weight
(3). It iscritical that state departments of transportation and their
motor carrier enforcement components understand the relationship
between truck size and truck weight to ensure that a state's infra-
structure is not unduly damaged by these more productive vehicles
and that their operation does not increase safety risks to other
motorists.

Inasmuch as motor carrier enforcement resources (manpower) are
limited, efforts need to be spatially targeted to areas of greatest con-
cern. In the case of truck weight enforcement efforts, this means
those roads and other facilities (such as bridges) that are most vul-
nerable need to be clearly identified. In the scope of this paper, vul-
nerability is defined as the susceptibility of pavement and bridge
structural integrity to damage caused by oversize or overweight
truck traffic. The development of a statewide RV1 is responsive to
the Motor Carrier Enforcement group’ s need for thislevel of spatial
specificity.

Thecurrent version of the North CarolinaRV | iscomposed of three
indices: relative truck exposure index (RTEI), pavement condition
rating index (PCRI), and bridge severity index (BSI). Each of these
individual indices was derived from data included in severa geo-
graphic information system (GIS) layers obtained from the North
CarolinaDepartment of Transportation (DOT). Expertsin the pave-
ment management unit, traffic survey group, and bridge management
unit at the North Carolina DOT were consulted to ensure that the
approach taken would result in the most accurate statewide map of
vulnerable road segments.

The RVI is being devel oped to provide the ability to overlay the
spatial attributes of weight enforcement activity with the spatial
attributes of vulnerable road infrastructure. This overlay process
will permit weight enforcement personnel to better plan for the
effective deployment of limited personnel and the use of portable
scale capabilities. These layers are currently deployed as web maps
and will beincluded as part of alarger effort to devel op aweb-based
spatial decision support system.

RVI MODEL DEVELOPMENT

As mentioned previously, three components currently make up
the RVI:

e RTEI,
e PCRI, and
e BS.



Each of theseindiceswas created separately, attached to the North
Carolina DOT state-maintained road layer, and then combined to
create the final RVI. This combination was accomplished with a
variety of toolsin Esri’s ArcGl S desktop software and then auto-
mated with the use of the ArcGIS ModelBuilder. The RVI was
computed with the formula bel ow:

aRTEl +BPCRI +yBS|
o+B+y

RVI =

@

where

o = weighting coefficient for component RTEI,
B = weighting coefficient for component PCRI, and
v = weighting coefficient for component BSI.

Equation 1 was applied to the road network for the state of North
Carolina. However, the figures displayed in this paper are a subset
of that statewide output. To illustrate the approach, arepresentative
geographic area has been chosen that includes the following counties:
Guilford, Alamance, and Orange. Theresult illustrateswhat the size
and weight enforcement group will use to aid in its enforcement
planning. The methodology presented for this representative area
may be applied to any geographic area.

Thefollowing sections provide adiscussion of the major elements
and integration of the RV and adescription of theway in which the
baseline values of o, 8, and y will be determined.

Relative Truck Exposure Index

The RTEI isameasure of how vulnerable aroad is judged to be in
regard to the truck traffic that the road carries. Initially, only truck
counts were used to determine the RTEI. However, given the large
difference in magnitude between the volume of truck traffic on
Interstates and that on morerural North Carolinaroutes, the I nterstates
were more likely to be vulnerable regardless of the other components
of the RVI. Therefore, another method was needed to obtain amore
accurate depiction of vulnerability. As a result the method that
was chosen considered the ratio of truck counts to truck capacity.
The RTEI was determined by taking aratio of truck countsto truck
capacity on aroute in a county. The formula used to calculate the
RTEI for all road segmentsin the database is

RTEl = - )
V,

t

where T istruck count and v, is truck capacity.

Truck Counts

Truck countswere obtained from thetraffic survey unit at the North
Carolina DOT in the format of a GIS point shapefile. These points
represent a“limited number of traffic monitoring stations and were
collected on primary routes (Interstate, U.S. and North Carolina
Highways)” (4). The count stations were located at points where
the primary routes intersect with “state, county and certain urban
boundaries’ (4). The nature of these points limits the breadth
of the network used in the RV1 in that not all state routes in the
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state have a documented truck count. Any routes in the state that
did not have an associated truck count station were removed from
thefinal result. Inthe future, the North CarolinaDOT will tag each
road segment with an estimate of the truck traffic. At that time,
the RVI will berecal culated to include those segmentsin the final
vulnerability index.

Because of thelocation of the truck count stations, some routes
in a county may not have a truck count station assigned to them.
However, there may be a truck count station just across the county
line. This factor led to defining primary and secondary truck count
stations. If atruck count station was|ocated inside acounty boundary,
it wasdefined asaprimary truck count station. If atruck count station
was|ocated within one-half mile of acounty boundary, it was defined
as a secondary truck count station to allow for consistency along
routes that cross county boundaries. There are instances in which
multiple primary truck count stationsexist for aroute. In those cases,
an average of the truck counts was taken. The only time that a sec-
ondary truck count station was used was if no primary truck count
station could be identified.

Another factor taken into consideration was the designation(s) of
routes. Thereareroutesthat have multiple route designations, where
two routes meet and become coincident for some distance. Thisfactor
made it necessary to create multiple county—route fields to handle
those cases in which aroute has primary, secondary, and tertiary
designations.

Truck Capacity

Equation 3 is the base formula used to determine the truck capacity
and was obtained from the Highway Capacity Manual (5). Because
trucks are the emphasis of thisanalysis, modificationsto the passenger
car equivalent flow rate formulawere made. Theformulato determine
the passenger car equivalent flow rateis

\Y,

vV =— 3
POPHF = f = f,, ®

where

V, = passenger car equivalent flow rate for peak 15-min period
(pc/h),
V = demand volume for the full peak hour (veh/h),
PHF = peak hour factor,
fe = grade adjustment factor, and
fuv = heavy vehicle adjustment factor.

Assumptions were made to simplify Equation 3. Both the PHF
and the grade adjustment factor ( fg) were assumed to be 1.0. The
peak hour truck count was not known because the truck countswere
collected during a 48-h period. Also, the grade of a road segment
was not taken into consideration in this version of the RVI. The
heavy vehicle adjustment factor, f.,,, becomes 1/E; in Equation 4,
assuming that the proportion of trucks and busesis 1.

Roadsin North Carolinaare classified into one of three categories:
divided centerline (DCL), four-lane (4L), and two-lane (2L). The
passenger car equivalent flow rates for each of these types of roads
were obtained from the Highway Capacity Manual (5). Thetable
below showsthe flow rate for each type of road, assuming aL evel
of Service E (LOS E) and a free-flow speed of 60 mph. LOSE is
defined as operating at capacity:
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Road Category A deviation of 12.51. For thisfigure and all subsequent figures, lower
2L 1,700 values correspond to more vulnerable road segments.

4L 2,200

DCL 2,400

The formula used to calculate the truck capacity is shown in
Equation 4.

v, = My * 24 (4)

T

where

V; = demand volume of trucks per day,
A = number of lanes, and
E; = passenger car equivalent for trucks.

The passenger car equivalent, Er, is determined by the terrain on
which the road was constructed. The table below shows the types of
terrain and their corresponding passenger car equivalent factor:

Pavement Condition Rating Index

Thetwo pavement condition attributesthat are considered to be highly
correlated with the vulnerability of aroad to overweight trucks are
alligator cracking and rutting.

Alligator Cracking

The pavement management unit at the North CarolinaDOT defines
alligator cracking as “aload associated structura failure” (6). An
example of aligator cracking isshownin Figure 2 (6).

Four fieldsin the pavement condition survey (PCS) layer were used
to determinethe overall aligator cracking score. They are ALGTR_
NONE, ALGTR_LOW, ALGTR_MDRT, and ALGTR_HIGH. The
method by which the aligator cracking component was cal cul ated
was obtained from the pavement management unit at the North

Terrain =%
Level 15
Rolling 25 CarolinaDOT.

Mountainous 45

The type of terrain on which a road segment is constructed is
contained in the road network shapefile obtained from the North
Carolina DOT. Once the truck capacity was calculated, the RTEI
was calculated with Equation 1.

The values of the RTEI are in the range [0.000156, 0.401016].
These values were scaled to a range of [0,100] with the following
linear transformation:

RTEIl

Rutting

Rutting is defined as having “a surface depression in the wheel
path(s) or at the edge of pavement” (6). Figure 3 shows an example
of rutting (6).

A field called RUT_CD inthe PCSlayer was used to calculate the
rutting component. Thetable bel ow shows how the rutting component
was scored:

100~ max (RTEI) *100 Rutting Code Score
None (N) 100

The transformation that was used places segments more vulnerable Low (L) 0

to truck traffic at the lower end of the scale. Figure 1 shows a map g/'e?/:re; a(tg)(M) 48

of the scaled RTEI for the three county examples. The classification
scheme used in the map is based on standard deviations from the
mean. The mean value of the scaled RTEI is91.52 with a standard

In addition to these two distresses, if an overall pavement rating
isbelow 50, then multiple distresses are involved and the pavement

o ————————— -
! ’ ALAMANCE /
’ GUILFORD
I L
/ ORANGE /
RTEI T

N 053 | ,j
N 54-66

67-79

80-92

> 92

FIGURE 1 Examples of RTEI for three counties in North Carolina.



FIGURE 2 Example of severe alligator cracking.

isconsidered to be aproblem. The overall pavement rating used was
obtained from the North Carolina DOT PCS layer. The alligator
cracking and rutting components were calculated on a scale of
0to 100 and then weighted by the overal rating if it was less than or
equal to 50. Thefollowing formulatakesthisfactor into consideration
and is applied to al road segments in the database:

A+ R>k RTG

oy [ RTG<50
PCRI = ®)
A; R if RTG > 50

where

A = aligator cracking score, defined on ascale of 0to 100;
R = rutting score, defined on a scale of 0 to 100; and
RTG = pavement condition rating calculated by North Carolina
DOT, defined on ascale of 0 to 100.

Using the function above to calculate the PCRI results in a
“discontinuity.” For example, if two segments have similar alligator
cracking and rutting scores and overall ratings on opposite sides
of 50, the resulting PCRI for the two segments will be vastly
different. This issue will be addressed at a future date. Figure 4
shows a map of the scaled PCRI for the three county areas. The
classification scheme used in the symbology isthe same asthe one

FIGURE 3 Example of severe rutting.

Transportation Research Record 2235

used in Figure 1. The mean PCRI value is 89.92, with a standard
deviation of 20.76.

Bridge Severity Index

The BSI was calculated from two components found in the bridge
Gl Slayer obtained from the North CarolinaDOT. Thefirstiswhether
abridge is structurally deficient, functionally obsolete, or both.
According to the bridge management unit at the North Carolina
DOT, abridgeis* considered structurally deficient if significant |oad
carrying elements are found to be in poor condition due to deterio-
ration or the adequacy of the waterway opening provided by the
bridgeisdetermined to be extremely insufficient to point of causing
intolerable traffic interruptions”’ (7). The bridge management unit
definesafunctionally obsolete bridge as “ one that was built to stan-
dards that are not used today” (7). If a bridge is determined to be
structurally deficient, it is given avalue of 100. If abridge is only
functionally obsolete, it is given avalue of 33. If abridge is neither
structurally deficient nor functionally obsolete, it isgiven avalue of 0.
The second component of the BSI is how far the bridge’ s posted
weight isbelow 45 tons. Thelower abridge’ s posted weight, themore
vulnerable it isto oversize or overweight trucks. The weight score
was then transformed to a scale of 0 to 100 with the following for-
mula: 100 W/max(W,). A weighted averageisthen taken of the two
components to obtain an individual bridge’ s bridge rating (BR).

BR, = 0.2D; + 0.8W, ©

where

BR; = bridge rating for bridgej, defined on ascale of 0 to 100;
D, = bridge distress score for bridge j, defined on a scale of
0to 100; and
W, = weight score for bridge j, defined on ascale of 0 to 100.

The bridge distress value, D;, and weighting used in calculating
the BR were recommended by an expert with the bridge maintenance
unit at the North Carolina DOT. Once the BR has been calculated
for each bridge, BSI was calculated for each road segment. Oncethe
data setswerein the proper format, the following formulawas used
to calculate the BSI for every road segment:

BR,
BSI = max(BR)+ ¥ ——L
Sl m:':lx( )+ j;ax o @

where
mjax(BR) = maximum bridge rating for each segment;

BR; = bridgerating j;
j=1,...,n;and
n = number of bridges.

Theformulaused to calculate the BSI ensuresthat all bridgesplay a
rolein determining the vulnerability of aroad segment while empha-
sizing the maximum bridge rating for that road segment as the most
important factor. The BS| wasthen scaled with atransformation that
was similar to that used for the RTEI:

BS

100- ——F——=
max (BS)

+100

Theresult of thisscaling isthat lower values are considered to indi-
cate more vulnerability than are higher values. Figure 5 showsamap
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FIGURE 4 Examples of PCRI values for three counties in North Carolina.

of the scaled BSI for the three county areas. The classification is
the same as in Figure 1, with amean value of 89.06 and a standard
deviation of 12.51.

Integration of Individual Components

Once each of the individual indices was calculated, they were
combined by using the following formula and applied to each road
segment:

oRTEIl + BPCRI + yBSI

RVI =
oa+B+y

®)

Tobegin, o, B, and ywere assumed to be 1. Theinitial RVI value
that results from that assumption is shown in Figure 6. The mean
value of theinitial RVI is90.22, with a standard deviation of 9.20.

e

GUILFORD

|
|
o
L_

N 053

=
N

Lower values represent road segments that are more vulnerable to
overweight trucks.

Baseline RVI

In the previous section, the initial RVI was calculated with the
coefficients of each of the component indices assumed to be 1.0.
Determining the rel ationship between each of theindices’ coefficients
isamatter of expert judgment. Before thisrel ationship can be decided,
any biasin the model needs to be removed. The baseline RVI will
provide a starting point at which the three component indices con-
tribute equally to the RVI. Oncethat is done, the coefficients can be
modified from the baseline RV on the basis of advice from experts
in each of the three component fields.

To determine the bias in the model, a correlation analysis was
performed. A paired correlation between each of the component
indicesand the overall RV value was computed. Table 1 showsthe
results of this paired correlation anaysis:
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FIGURE 5 Examples of BSI values for three counties in North Carolina.
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FIGURE 6 Examples of RVI values for three counties in North Carolina witha = g =y = 1.

From Table 1, the amount of variation in the RVI explained by
each of theindividual indices can be determined. Equation 9 shows
the results of squaring the correlations found in Table 1.

Rl =.245

R =.213

Roq = .525 9)
where

Rig = variancein the RV explained by the BS,
Rire = variancein the RVI explained by the RTEI, and
Récr = variancein the RV explained by the PCRI.

The percentages of the variation in the RVI explained by the BSI,
RTEI, and PCRI are 24.5%, 21.3%, and 52.5%, respectively. To
ensurethat thevariationinthe RVI isequally explained by each of the
indices, an optimization was performed to minimize the following:

€= (sz ~ Prrei )2 + (pRTEI ~ Preri )2 (10)

where

e = variable that holds value of calculation on right side of
equation,
pes = correlation between RVI and BSI,

TABLE 1 Paired Correlations Between BSI, RTEI,
PCRI, and RVI

BSI RTEI PCRI RVI
BSI 1
RTEI 0.088359 1
PCRI —0.00895 —-0.07198 1
RVI 0.495071 0.46147 0.724567 1

prrel = correlation between RVI and RTEI, and
prcri = correlation between RVI and PCRI.

The baseline coefficientsthat result from minimizing Equation 10
are shown below:
a=1.14
B=0.77
v=1.09 11

If the baseline coefficients shownin Equation 11 are plugged into
Equation 8, the baseline model is obtained.

RV = 1.14+ RTEl + 0.77; PCRI +1.09: BSI (12)

Now that the bias has been removed from themode!, the coefficients
can be modified to reflect the opinions of experts. Figure 7 shows
a map of the baseline RV, with a mean value of 90 and standard
deviation of 8.54.

SENSITIVITY ANALYSIS

To see how stable the model was to small perturbations of the
component indices, a sensitivity analysis was performed. For
the sensitivity analysis, each of the component indices was per-
turbed by 5%. Results of the sensitivity analysis are shown in
Table 2.

The RVI used to determine the sensitivity of the model
was calculated by using the means of each of the component
indices and is denoted as RVI,. When one looks at the percent
differences between the RV calculated as a result of perturbing
one of the component indices and RVI,, the model appears to
befairly stable.
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FIGURE 7 Examples of baseline RVI values for three counties in North Carolina.

CONCLUSIONS

Although the RVI remainsin a very preliminary state of develop-
ment and application, the value of the effort to thispoint isin having
demonstrated how truck exposure data, pavement condition data, and
data on the structural and functional attributes of bridges might
be combined into a single index of road vulnerability. It is not
the responsibility of motor carrier weight enforcement personnel
to assess vulnerability but rather to direct their efforts in ways
that might contribute to lessening the impact of overweight trucks
on clearly vulnerable roads and facilities. The ability to map the
RV values of road segments statewide with a graphic Gl S-based
interface to these data provides the potential for improved weight
enforcement planning.

Although thisisonly one piece of information, the size and weight
enforcement group now has an additional tool that can helpitin
determining how best to allocate limited enforcement resources.
Given these limited resources, the number of vulnerable road seg-
ments may need to be reduced. To do that, aminimum truck count
threshold was determined on atroop-by-troop basis. For the troop
that containsthe three countiesused in this paper, the minimum truck
count threshold was determined to be 1,000. Figure 8 shows those
road segmentsthat are highly vulnerable (RVI < 73) and al so meet
the minimum truck count threshold. A value of 73 represents the
highest valuein the lowest stratification using standard deviations
from the mean.

TABLE 2 Sensitivity Analysis Using a Delta of 5%

Percent
RTEI PCRI BSI RVI Difference
u 91.52 89.92 89.06 90.22
Wrre + 5% 96.10 89.92 89.06 91.95 1.93
Wrery + 5% 91.52 94.42 89.06 91.37 1.28
Wes) + 5% 91.52 89.96 93.51 91.83 1.79

It remainsunclear to what extent spatially targeting weight enforce-
ment activities, in large part on the basis of bridge and pavement
conditions, will provide abenefit to achieving enforcement goal sthat
are more clearly driven by the presence of truck traffic (exposure).
Itisbelieved, however, that by adding measurableindices of bridge
and pavement vulnerability to a measurable index of exposure,
limited enforcement resources can more effectively be applied to the
complementary goal'sof maximizing the number of vehiclesweighed,
the effects of monetary sanctions for being overweight, and the
goal of infrastructure preservation. It remains to be determined
whether the present Gl S-based interface to these data will be of
more benefit to those staff membersin astate DOT having direct
responsibility for the condition of the roadway infrastructure or
to weight enforcement personnel in their effortsto preserve roadway
infrastructure through enforcement methods.

LIMITATIONS

Thereare severa limitationsto the size of the resulting road network
(i.e., number of routes and segments). For the RTEI, the network is
limited to those segments that have an associated truck count station.
Another limitation to the RTEI isthe number of lanes, whichisused
to calculate the passenger car equivalent flow rate. There are road
segments for which documentation for the number of lanesis either
missing or in error. For the PCRI, there are segments that have no
pavement condition rating information. These segmentswereremoved
from the final RVI network database.

FUTURE WORK

Thisis the first version of the RVI. One of the first things to be
addressed is the manner in which the PCRI isweighted. The step
function causes a discontinuity and needs to be addressed. Input
from experts at the North CarolinaDOT will be necessary to find an
appropriate way to weigh the aligator cracking and rutting scores.
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FIGURE 8 Example of baseline RVI values that also meet minimum truck count threshold

for three counties in North Carolina.

Oncethebasdine RV has been determined, ameeting with expertsat
the North CarolinaDOT will take place to discusswhat their opinions
are on how the coefficients of the model should be modified to reflect
the impact each of the individual components has on the RVI vaue.
Additional information currently under consideration for adding to
the RVI includes geometric design, lane width, and grade. The geo-
metric design aspect will be especially important in the mountainous
areas and will determine those roads in the state that do not have the
minimum curvature for some classes of vehicles to traverse the road
properly. In regard to lane width, that aspect becomes especialy
important if longer, “more productive” trucks become more prevalent.
The narrower alane is, the more likely it becomes that a truck will
require the use of the shoulder to traverse a road segment. That
factor will most likely have a greater impact in regard to smaller
highways, so care will need to be taken to ensure that this factor does
not overly influence the overall RVI. Lagt, including the grade factor
will increase the accuracy of the truck capacity component of the
RTEI.
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