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ABSTRACT

PURPOSES : This study is aimed at development of a stochastic pavement deterioration forecasting model using National Highway
Pavement Condition Index (NHPCI) to support infrastructure asset management. Using this model, the deterioration process regarding life
expectancy, deterioration speed change, and reliability were estimated.

METHODS : Eight years of Long-Term Pavement Performance (LTPP) data fused with traffic loads (Equivalent Single Axle Loads; ESAL)
and structural capacity (Structural Number of Pavement; SNP) were used for the deterioration modeling. As an ideal stochastic model for asset
management, Bayesian Markov multi-state exponential hazard model was introduced.

RESULTS : The interval of NHPCI was empirically distributed from 8 to 2, and the estimation functions of individual condition indices (crack,
rutting, and IRI) in conjunction with the NHPCI index were suggested. The derived deterioration curve shows that life expectancies for the
preventive maintenance level was 8.34 years. The general life expectancy was 12.77 years and located in the statistical interval of 11.10-15.58
years at a 95.5% reliability level.

CONCLUSIONS : This study originates and contributes to suggesting a simple way to develop a pavement deterioration model using the
total condition index that considers road user satisfaction. A definition for level of service system and the corresponding life expectancies are
useful for building long-term maintenance plan, especially in Life Cycle Cost Analysis (LCCA) work.
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Table 1. Research Contents and Procedure

Steps|  Content Description

— Developing 8 years time—series data from
2007~2008 (crack, rutting and IRI)

— Calculation of NHPCI, ESALs, SNP by
section and year

LTPP data
processing

Analysis on the|— Analyzing basic statistics and distribution

2 NHPCI information by NHPCI level
LTPP data
— Setting LOS rating system (A~E) with
Development | current maintenance criteria of Korean
3| of level of National Highway
service — Developing maintenance criteria by using

the NHPCI

— Data reprocessing from continuous data
(NHPCI) to discrete condition data based

Analysis data on LOS standard

rocessin ; ) )
4 pan d datag - Removing outlier(measurement error; i.e.
fusion inversed condition), maintained condition

(year after maintenance) and incomplete
monitoring data

Development |- Development of Bayesian multistate
5 |of deterioration| Markov hazard model (using Matlab)
model — Empirical study

— Estimation of life expectancy by condition
state (drawing deterioration curve)

— Estimation of statistical interval of life
expectancy

Result and
feedback
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Fig. 1 Probability Density of NHPCI Data
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Table 2. Characteristic of Individual Condition Indices by the NHPCI Level

6~7 7~8 8~9 9~10

PO Standard deviation Statistical intervals (1—sigma level; 68%)

NHPC] desti){y Crack (%) Rut (mm) IRI (m/km)

| | ikm) | G | mm | ik | MIn | Max | Min | Max | Min | Max
0~1 0.000 - - - - - - - - - - - -
1~2 0.000 - - - - - - - - - - - -
2~3 0.003 57.54 | 10.25 3.91 20.86 | 6.78 3.22 36.80 | 7828 | 351 | 16.99 | 0.71 71
3~4 0.018 25.59 8.91 443 13.93 | 4.26 243 1.74 | 3944 | 468 | 1315 | 201 | 6.85
4~5 0.121 14.04 8.12 3.31 768 | 276 1.02 6.40 2167 | 538 | 10.86 | 229 | 4.32
5~6 0.445 5.10 714 2.75 387 | 2.36 0.61 1.25 896 | 479 | 949 214 | 3.36
6~7 0.387 1.69 5.50 21 1.77 1.85 0.44 0.00 344 | 366 | 7.35 1.67 | 255
7~8 0.026 0.49 3.23 1.57 0.66 | 1.33 0.27 0.00 1.15 1.91 454 | 130 | 1.84
8~9 0.000 - - - - - - - - - - - -
9~10 0.000 - - - - - - - - - - - -

o

=288 =23 - M19¥ HM5E

3



£80.00
70.00 .
60.00 =
. y = 461.4g0%%
_. 50,00 P e
g RZ = 0.9858
T 4000
~ 3000
".
20.00 F
'.'.
10.00
s
A nn = B &
0 2 4 & 8
NHPC
(a) Crack
200
i &
LY ¥ =-1324x+ 1315
w... R? = 0.9657
8.00 ]
= e
E 600 s
=) e
o v
400 .
®
2.00
o 2 4 & 8
NHPC
(b) Rutting
5.00
450 o
400 ¥ = 9.3905e 02
3.50 'z‘- R2 = 0.9947
T 300 :
< 9.
£ 250 "
E 2.00 L
50 ]
0.50
o 2 4 8 8
NHPC
(c) IRI

Fig. 2 Relationships between the NHPCI and Condition
Indices
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Fig. 3 Maintenance Criteria of Korean National Highway
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Table 3. NHPCIs by Maintenance Criteria of Korean
National Highway

Maintenance | Maintenance criteria | NHPCI by condition indices

level Crack | Rut | IR | Crack | Rut IRI

Preventive | 10.0 | 10.0 | 3.0 555 3.19 545

General 20.0 | 150 | 35 483 N/A? 448

Emergency | 30.0 | 20.0 | 4.0 438 N/A 3.86

Note: 1) Optimal point was IRl 3.8m/km (Do et al., 2007)
2) Not available (Maximum rutting of the lowest grade
(NHPCI 2~3) was 10.25mm)
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Table 4. Definition of the LOS Rating of NHPCI

LQS Description| NHPCI Note
rating
A Excellent | Over 7 Best condition gfter maintenance
or (re)construction
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C Fair 6~5 |Preventive level
D Poor 5~4 |General or emergency level
E | Very poor | Under 4 |Over maintenance level
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Fig. 4 Condition Change in Markov Chain
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Fig. 6 Condition Changes with Discrete Condition
between Two Inspection Points
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Fig. 7 Deterioration Curve of the NHPCI

Table 59| EXZAINE ¢AH 02 AHEH wEa)
% ESAL LOS 485 &B, CollAe] okt Argof
gt AgHaeE SAET B, 237 e SNP+=
E‘: SwolA AEAE YEY 7121 = Sltk, NHPCIO
LOSevE w4 7|d+H2 A=0.884, B=7.654,
C=12.924, D=16.78d 2. & UEl} B5F o] 5| 1}
ol AR 7HESEE A d °‘E}(Flg 7 =x). o

71H, QRE AHel fAHS T1ES DEFO
AR SN PT YAARS TEGC 2 Aggonz eI B /e 12,9240
OJFAAA(F-& AT FAES, $FEE A7, =2 BT 4 Qlrh ol 7]EAFDo et al., 2012)
Table 5. Parameter Estimation of BMH Model for Deterioration Modeling of NHPCI
Life Cum. life
iti Unknown parameters Explanatory Hazard expectancy expectancy
Condition lstate variables function
(LOS-rating) (year) (year)
Bio Bim1) Bime) fla) sz 91'5) Ris) Z{_l Ri
0.13155 o 3
1 (A) (=0.00018)" 0.0686 0.536 1.14 0.88 0.88
-2.057 0.32967
2 (B) (0.002075) (0.001114) 0.0686 0.536 0.13 7.65 8.52
-1.5141 0.48682
3(C) (0.041937) (~0.04081) 0.0686 0.536 0.23 4.40 12.92
-1.3509
4 (D) (~0.01983) 0.0686 0.536 0.26 3.86 16.78

Note: 1) Geweke's Z—score, tolerance interval [-2,+2]
2) Deleted parameter due to inversed relationship

3, 4) Network average ESAL and SNP, Normalized by (0,1] respectively

5, 6) Refer to Eq. (16), (17) respectively
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Table 6. Statistical Intervals of Life Expectancy by
3-sigma Rule (68-95.5-99.7)

LOS Minimum Maximum Bench
rating| 3-¢ | 2-0 | -0 | 1-0 | 2-0 | 3-0 |mark
‘| — — — — — — —

2 036 | 046 | 063 | 124 | 186 | 278 | 0.88
3 704 | 744 | 793 | 9.25 | 10.26 | 11.55 | 8.53
4 110.42 | 1110 | 11.93 | 14.09 | 1558 | 17.47 |12.93
5 | 1245|1355 | 14.96 | 18.96 | 22.10 | 26.35 | 16.79

—e—Benchmark

~e--1-sigma(min)
e 1-sigma(max)
~ = -2-sigma(min)
- * -2-sigma(max)

—s- -3-sigma(min)

Condition State
(LOS rating)

—s- -3-sigma(max)

25 30

Life expectancy (years)

Fig. 10 Statistical Interval of Life Expectancies by
3-sigma Rule (68-95.5-99.7%)
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