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ABSTRACT: The Regional Transportation Commission (RTC) of the Washoe County in Ne-
vada uses the information provided by their pavement management system (PMS) to make in-
formed decisions about the maintenance and rehabilitation of their existing pavement network.
They use the MicroPAVER® software and the Pavement Condition Index (PCI) to assess the
pavement’s condition and for predicting its maintenance and rehabilitation needs. Current pre-
diction models for PCI have induced inaccuracy in the prediction of pavement future conditions.
Additionally, the current models do not account for changes in PCI whenever maintenance is
applied to the pavement. To this end, RTC sponsored this study to re-evaluate their current PCI
prediction models. New performance models were also developed. Finally, a benefit-cost analy-
sis was performed to determine the effectiveness of slurry seal application on pavement per-
formance. The main objective behind such analysis was to determine the best timing for apply-
ing a slurry seal.

1 INTRODUCTION

The Regional Transportation Commission (RTC) of the Washoe County in Nevada, U.S., uses
the information provided by their pavement management system (PMS) to make informed deci-
sions about the maintenance and rehabilitation of their existing pavement network. The Washoe
County Engineering Department (WCED) is responsible for the unincorporated roadways por-
tion of Washoe County in the northwest region of the state of Nevada. These roadways include
over 1,000 miles of paved and unpaved roads within the county, which generally begins in Lake
Tahoe, extends just south of Reno to Fernley then north to the Oregon state border (Washoe
County, 2007).

The Washoe County Engineering Department uses the MicroPAVER® software developed by
the US Army Corps of Engineers and the Pavement Condition Index (PCI) procedure to assess
the pavement’s condition and for predicting the network’s maintenance and rehabilitation needs
(Shahin, 2007). The PCI is a numerical rating index of the pavement’s structural and surface op-
erational condition ranging from 0 for a failed pavement to 100 for a pavement in excellent con-
dition. The PCI provides an insight into the causes of distress and relates to load and/or climate.
The WCED maintenance and rehabilitation matrix is based on the PCI value.

The accurate prediction of pavement performance is important for efficient management of
the transportation infrastructure. A significant budget savings can be obtained by the reduction
of the prediction error of pavement deterioration. Such savings will be of a great value espe-
cially with the escalating crude oil prices which are leading to significant increase in asphalt
binder prices. Currently, WCED uses the PCI models shown in Table 1 to predict pavement per-
formance of roads in Truckee Meadows and Incline Village areas of Washoe County as a func-
tion of pavement age. Incline Village is located near Lake Tahoe at an elevation of 7500 feet
while the Truckee Meadows represents the rest of the county which is at 3000 feet lower eleva-




tion than the lake. These models were developed by the engineering department about 15 years
ago and never been revised since then.

Recent changes in asphalt binder properties, traffic volumes, traffic weights and tire pressure,
and construction techniques induced inaccuracy in the prediction of pavement fulure conditions
based on the currently used RTC prediction models for PCIL. Additionally, the current models do
not account for change in PCI whenever a shurry seal maintenance freatment is applied to the
pavement.

To this end, and recognizing the importance of the pavement performance prediction models
for a complete pavement management system, RTC sponsored this study {o re-evaluate the cur-
rent PCI prediction models for Truckee Meadows and Incline Village. The new developed mod-
els were assessed based on the statistical concept of the minimum residual values. Additionally,
a cost-benefit analysis was performed to evaluate the impact of slurry seal and time of appiica-
tlion on the overall pavement performance as measured by the PCI value,

2 RTC PAVEMENT MANAGEMENT SYSTEM

The MicroPAVER pavement management software system used by the Washoe County Engi-
neering Department was developed by the US Army Corps of Engineers (USACE) in the late
1970’s. The system is supported, maintained, and periodically updated by the US Army Engi-
neer Research and Development Center — Construction Engineering Research Laboratories
{CERL) (Shahin. 2007}.

The program was originally developed as a means for the USACE to inventory and manage
the maintenance, rehabilitation, and reconstruction of the extensive number of pavements under
their jurisdiction including airfield, roadway, and large pavement surfaces such as parking lots.
Current versions of the software include functions to inventory pavement assets, maintain his-
torical records of treatments and performance, monitor pavement performance utilizing visual
inspection criteria, as well as predict future performance by utifizing the past performance char-
acteristics as well as mathematical prediction models that can be specifically calibrated to a re-
gion or agency (Shahin, 2007).

2.1 Pavement categorization

The data used in this study was obtained from the Washoe County Engineering Department’s
maintenance program, and thus included all of the roadway pavements under their jurisdiction.

Each of the individual Networks were further categorized into Branches, the second most
general level in the MicroPAVER system. Each Branch designation generally identified an indi-
vidual street or roadway. Each Branch is further categorized by a Section number, which is
again sequential within the Branch, These sections may be distinguished for several reasons in-
cluding differences in construction geometry including section thicknesses or materials, con-
siruction dates, or traffic patterns.

Each Section is then separated into muitiple Sampie Units, which are most utilized during the
condition survey process as discussed in the following sections, The Sample Units are approxi-
mately the same size in terms of square footage of pavement surface area within the Section.

2.2 Data collection

Prior to any data collection procedures each portion of the roadways to be included must be uni-
quely identified with network, branch, section, and sample unit designations. Each level of iden-
tification typically provides smaller areas and more specific functional definitions with a single
street generally being designated as a branch containing multiple sections and sample units with-
in those.

The data coliection portion of the MicroPAVER program is generally comprised of two main
functions: historical records and condition surveys. The historical records can be further defined
as the chronological assembly. of the construction, maintenance, and rehabilitatien procedures
that have been conducted on a particular section and sample unit.



The condition surveys are usually conducted by performing visual inspections on a given per-
centage of the available sample units. Typically, ten percent of the sample units are inspected;
however there are other methods to determine the number of sections required if historical in-
spections have been conducted. These alternative methods generally determine the number of
sample units or replicates required to obtain a 95% confidence interval for the data collection,
based upon information obtained from previously conducted condition surveys for a given net-
work,

The various types of distress, extent and severity used by Washoe County are defined in the
Asphalt Distress Manual, Pavement Distress Identification Guide for Asphalt-Surfaced Roads
and Parking Lots (Army Corps of Engineers, 1997).

In order to establish the desired historical performance records, the cendition surveys are
generally conducted on the same sampie units each time. The frequency of the inspections often
depends upon the rate of pavement deterioration, which can be linked to traffic loading, envi-
ronmental conditions, and the pavement condition itself. WCED typically conducts condition
surveys on the sections used in this analysis approximately every other year.

2.3 Data processing

Once the information is accurately gathered, checked, and entered into MicroPAVER, the
analyses can be performed by calculating the Pavement Condition Index (PCi). As stated previ-
cusly, the PCI is a numerical indicator used to describe the condition of the pavement, The PCI
values range from [00 for a newly constructed roadway without any distresses to a value of 0 at
the extreme low end for a scverely distressed and failed pavement. The PCI values are calcu-
lated for each section not each individual sample unit, Each PCI value is calculated by the Mi-
croPAVER sofiware. A description of the calculations and the methed for performing the caleu-
lations manually can be found in Appendix X3 of ASTM D6433 Standard Practice. The
treatments analyzed in Lhis paper were based upon the resulting PCI values for the respective
lest scetions.

3 PAVEMENT PERFORMANCE PREDICTION

Currentlty, WCED uses the PC1 models shown in Table 1 to predict pavement performance as 2
function of pavement age. This research effort re-evaluated the models based on the RTC PMS
data and accordingly new models are developed. Selected pavements sections were either a re-
construction or an HMA overlay

3.1 Evaluation of current PCI prediction models

First, the current PCI models were checked against the actual PCI values for the reconstructed
and the HMA overlayed flexible pavement sections that were not subjected to any maintenance
activities during the analysis period. After a general examination of the county’s pavement man-
agement system, all of the sections shown in Table 1 were utilized in this analysis (a total of §72
pavement sections). The selected roadways were limited to the Truckee Meadows and Incline
Village Areas of Washoe County.



Table 1. RTC current PCI prediction models and setected pavement sections.

. Number
Arca Ro_?ld classif- 1y PC] model of sec-
cation .
flons
Arterial TM-A  100-2.28424ge-1.40284ge™+0.16764ge*-0.00554g¢” 18
TIUEKEE  Coliector TM-B  100-4.10884ge-0.53384ge?+0.072 1 Age®-0.00224ge” 17
Residential T™M-C  100-4.1088.4ge-0.33384ge”+0.07214ge’-0.00224ge” 555
Arterial INV-A  100-6.344ge-0.18884ge’+0.042364ge™+0.001074ge”
; 100-7.6104.4ge+1.17024ge’-
Incline - 8
vilage  oreeer VB g 116040000352 1ge 2
Residential  INv-c  100-0-565|dge- 258
0.03374ge™4+0.010224g¢’+0.000934g¢”
3.1 Triuckee Meadows

The current prediction curves over estimate the rate of reduction in the PCl values with time.
Similar trend was determined for the other road type. Therefore, similar figures were developed
for the other road-types, however due to the space limitations such figures are not shown in this
document.

The overall fits of the current PCI models were checked using the calculated residual values.
The residual vafue is the deviation of a particular observed PCI value from the model predicted
PC1 value. The smaller the variability of the residual values around the prediction line relative to
the overall variability, the better the prediction. A perfect fit would have a residual value of zero.
Any kind of trend in the shape of the plotted residual values would be the indication of a high
variability in the residual values, hence a worse prediction. The discrepancy between the meas-
ured PCI values and the prediction models is measured by the sum of squared residuals (SSR)
vatue. An SSR value close 10 zero indicates that the model has accounted for almost all of the
variability with the pavement dge variable specified in the model. Equation I shows the SSR
medel. The actual difference in the number of pavement sections in each road class is accounted
for by dividing the SSR with the total number of surveyed sample units (§SRR}. The SSRR ma-
thematical expression is given by Equation 2.

Similarly to the SSR, the mean square error (MSE) is another way to quantify the amount by
which an estimator differs from the true value of the guantity being estimated. The MSE ma-
thematical expression is give by Equation 3. A good fit is revealed by smaller values for both
the SSRR and the MSE.
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where, y, is the observed response, y, is the predicted response, # is the number of studied sec-

lions, and DFE is the ervor degrees of freedom.

Table 2 summarizes the SSR, SSRR, and the MSE values. Table 2 shows that the PCI model
for collector roads predicts more accurately the PCI values over the pavement in-service life
than the PC] models for arterial and residential roads. The prediction curve for the residential
roads was highly inaccurate with large statistic values.



3.1.2 Inciine Village

The prediction models for the Incline Village (INV) undérestimate the rate of reduction in the
PCI values. Table 2 summarizes the SSR, the MSE, and the SSRR statistic values, Table 2
shows that the PCI prediction medel can predict the PCI values for collector roads more accu-
rately than the model for residential roads.

3.2 Development of new PCI prediction models

In this analysis, the measured PCI values are used to generate new pavement performance pre-
diction models for the RTC pavement sections using a best (it polynomial curve. Additionally,
the accuracy of the new developed prediction models is compared fo that of the currently used
RTC prediction models. All the sections used for this part of the study did not have any mainte-
nance activities during their in-service life.

Equations 4-6 show the new polynomial performance prediction models for 'TM which relate
the PCI value to the pavement age for arterials, collectors and residential roads, respectively.
Equations 7 and 8 show the new polynomial performance prediction models for INV collectors
and residential roads, respectively. The precision of the new performance models in relation to
the actual data is described using the R” estimate, the mean square error (MSE), the sum of
squared residuals (SSR), and the ratio of the SSR 1o the total number of surveyed sample units
(SSRR) for each road class and are summarized in Table 2. R” estimates between 0.780 and
0.942 were found for the various model fits. An R? close to 1.0 indicates that the model has ac-
counted for almost atl of the variability with the pavement age variabie specified in the model.
Additionally, all three models showed good fits by having SSRR statistic vatues less than 45.

Table 2. Statistics for the current and new prediction models of the Truckee Mcadows and the Incline Vil-
lage arcas.

Model fit Sum of Number of  Mean
Area Roadclass D (R s_guarcd re- sar:npl_e square er- SSRR
siduals {SSR)  units (M) ror (MSE)

Current prediction models

Arterial TM-A - 12892 115 3223 Lz
gg‘:\fskee M Collector  TM-B - 3262 48 3262 68

Residentiat TM-C - 17964131 2933 204138 6125
Incline vil- Collector ~ INV-B - 9534 71 4767 134
lage Residential  INV-C - 200636 1140 2389 176
New prediction models

Arterial T™M-A 0928 2357 112 589 21
gg‘\f:‘ee MEA Collector  TM-B  0.942 754 45 503 17

Residential TM-C  0.867 118303 2933 1344 40
Incline vil~ Coliector INV-B 0.902 1016 71 508 14
lage Residential INV-C  0.780 50923 1140 606 43

POl m (00 = 00083 4ge” - 0.21634ge® = LEBIGBIge™ = LIZ7Age (4)
Bt 100 — Q0033 4ge” + 008734007 — 0.5124ge° ~ Q4084 ge (5)
PCl= 100 - 001014ge” = 0.25724ge® - 1L.95374ge” ~ Q16844Ags (g
PCL= 100+ 0.0016Age” — 0.03%144g0% — 2.34321¢ (N

PCE= 100 — 0.904ZAge" -~ 0,11914Age® — 0.832%4ge” — 2.0416age (8)



Tahle 3 shows the percent of reduction in the SSRR statistic of the current RTC prediction mod-
els when compared to the SSRR of the new developed PCl medels. 1t shows that a significant
increase in the model prediction accuracy is achieved with the new PCI prediction models com-
pared o the current RTC prediction models. The most improvement was achieved in the PCI
prediction of pavement sections from residential roads.

Table 3. Statistics for the Truckee Meadows and Incline Village areas.

Number of SSRR 2% reduction

Areca Treatment Road Class Sections BTG NEW in SSRR
Truckee Reconstrucﬁon Aﬂe]"lal 18 I 12 2! - 8]%
Meadows or HMA Over-  Collector 17 68 17 - 75%

lay Residential 553 6125 40 - 99%
Ineline Vit- Reconstruction  Collector 24 134 14 - 90%
i or HMA Over- . . g
age lay Residential 258 176 45 - 74%

3.3 Modeling performance of pavements with shurry seals

As mentioned before, the new PCI prediction models were developed from a group of pavement
sections that have not been subjected to any maintenance treatment during their performance
life. In this part of the research, the new developed PCI prediction models are checked against
pavement sections that were slurry sealed during their in-service life 1o assess their applicability
and the needs 10 develop separate models for the performance of slurry seals.

The developed new PCI models were found to be inaccurate in predicting the PCI values of
the pavement sections after a slurry seal application. Table 4 shows the precision of the devel-
oped PCI models for TM residential roads and INV residential and collector roads without
maintenance activities in relation to the actual data before and afier slurry seal application in
terms of the S8R, MSE, and SSRR. The data in Table 4 show that, before the application of
slurry seal, the developed PCI models predict very well the measured PCI values of the analyzed
pavement sections (SSRR values less than 12). Additionally, when the PCY values of the pave-
ment sections after slurry seal were included in the analysis, an increase in the SSRR values was
observed indicating a reduction in the models’ accuracy. Therefore, a separate model needs to
be developed to predict the PCI values of the pavement sections afler slurry seal application.



Table 4. Statistics for the Truckee Meadows and Incline Village roads with slurry seal application,

Number Time range

Area Road class Paw::ment of sec- of analyzed  SSR MSE SSRR

sections )
tions data

Slurry 0-2 years 610 1280 12
scaled af~ 38
ter 3 years 0-9 years 5308 11122 58
Slu;‘rﬂ - 0-4 years 906 1993 10

Truckee seaeea- 0-12years 7258 14211 21

mead- Residential —e 3 years y

ows Slurry 0-G years 1421 2700 &
sealed aft 142
ter 7 years 0-11 years 13376 28758 49
Slurry 0-8 years 1978 20064 6
sealed af- 87
ter 9 years 0-12 years 57307 124929 150
Slurry 0-2 years 37 44 1
sealed af- 7 .
ter 3 years 0-12 years G823 14328 94
Stuarry 0-4 years ¢l 119 19
sealed af> 11 0-12 7192 15823 82

- ears
Colleclors ter 5 years 4 i

Slumry 0-6 years 1954 170 29
sealed af- 18 ”
ter 7 years 0-12 years 7874 17291 87
Slurry 0-8 years 1488 1381 18
sealed af- 21

Incline ter 9 years 0-12 ycars 14038 29480 135

viltage Slurry 0-2 years 653 1685 10
sealed af- 16 .
ter 3 years 0-9 years 3632 7652 33
Slurry 0-4 years 1728 3628 21
sealed af- — 36 0-9 6590 12903 47

-9 years
Residential ter 3 years Y

Sturry 0-6 years 1199 2518 12
sealed af- 24 .
ter 7 years 0-11 years 14308 30762 68
Slurry 0-8 years 5527 12160 23
sealed af~ 26
ter 9 years (-12 years 7587 16540 28

4 BENEFIT OF SLURRY SEAL APPLICATION

A benefit-cost analysis was performed to determine the effectiveness of slurry scal application
on pavement performance. The main objective behind such analysis was to determine the best
timing for applying a slurry seal. The overall benefit of the application of the slurry seal was as-
sessed by measuring the area between the performance curve of the slurry seal and the HMA
averlay after 3, 5, 7, and 9 years, respectively. Additionally, the benefit area was divided by the
number of years between the slurry seal application and the last surveying date, Such value,
called Particular Benefit (PB), is a better tool to more accurately assessing the slurry seal contri-
bution fo the pavement performance. Finally, the benefit/cost ratio was determined as the PR di-
vided by the cost of a lane mile of slurry seal. This result was muitiplied by 1,000 for easier in-
terpretation. Table 5 shows the benefit/cost analysis for the Truckee Meadows and Incline
Village slurry sealed pavermnent sections for the mentioned time of application, The cost per lane
mile ol a 24 width slurry seal was calculated to be $16,160.

Equations 9-10 show the mathématical mode} for benelit, particular benefit and the. ratio
among those parameters, respectively.



Benefit = Area under the curve of the improved model with slurry seal — Area under the
curve of the improved medel without slurry seal (9

Particular Benefit =[Benefit / Number of years between the slurry seal application  and
the end date}* 1000 (10)

Particular Benefit/Cost =Particular benefit’/Cost of a tane mile of slurry seal {1y

The best timing for applying a slurry seal was related to the highest PB and PB/Cost ratio,
Therefore, the slurry seal application with the largest value of both indicators was considered as
providing the highest benefit to the pavement performance. In the case of Truckee Meadows, the
best PB and PB/Cost was found for the slurry seals applied after three years of construction
(PB= 23.5 and PB/Cost = 1.5). In the case of the collector roads in Incline Village the best PB
and PB/Cost was found for the slurry seals applied after three years of construction (PB=32.5
and PB/Cost=2.0}. In the case of the residential roads in Incline Village, the highest benefit was
found for the slurry seals applied aiter three years of construction (PB = 12.8 and PB/Cost =
0.8). Finally, in both cases, the next timing of siurry seal application that provided the overall
largest benefit was found to be after five years of construction. In general, it can be concluded
that the sturry seals constructed between three to five years afier the HMA overlay placement
provided the largest benefit to the pavement performance.

Table 5. Benefit/cost analysis for the Truckee Meadows and Incline Village roads with slurry seal appli-
cation.

Area uader

Area under
the curve for
the curve for . .
the im- the im- Particular Particular
Area Road class Year proved Benefit benefit
proved del with- (PB) benefit/cost
model with mo
shurry seal out slurry
seal
3 516.8 446.4 70.4 23.5 1.5
Truckee Residen- 5 577.3 46230 115.0 23.0 1.4
Mead- tial
OWS 7 3058 315.8 79.9 It.4 0.7
g 258.5 182.5 76.0 8.4 0.5
3 7.2 613.8 G7.4 32.5 2.0
5 526.5 441.8 87.7 t7.5 1.1
Collectors
7 36%.3 288.8 86.4 1{.5 0.7
Incline g 219.8 156.9 62.9 7.0 0.4
Village 3 498.8 460.5 38.3 12.8 0.8
Residen- 5 3126 290.7 21.% 4.4 0.3
tial 7 332.7 266.0 66.7 95 0.6

2 238.8 i85.5 53.3 5.8 0.4




5 CONCLUSIONS

The Regional Transportation Commission (RTC) of the Washoe County in Nevada uses the in-

formation provided by their pavemeat management system {PMS) to make informed decisions

about the maintenance and rehabilitation of their existing pavement network, Since RTC recog-
nized the importance of keeping its performance models updated, new performance models were
developed based on current data from their PMS data. The following conclusions were made:

— The statistical method of the residual vaiue has been shown as a useful tool to assess the
goodness of the current and the new RTC performance models.

— In general, the current RTC-prediction curves under estimate the rate of reduction in the PCI
values while a better prediction is achieved with the new developed models. Such conclu-
sion was verified with the statistical analysis of the sum of squared residual values.

— The best timing for the slurry seal application was assessed through a benefit-cost ratio.
Such analysis showed that the shurry seals applied between 3 and 3 years after the HMA
overlay placement provided the largest benefit to the pavement performance.

— The developed models are going to be verified against the PMS data of the cities of Reno
and Sparks, Nevada that are in the same area of the RTC-managed roads,
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