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STATISTICAL SELECTION OF DETERIORATION FACTORS
IN RC SLAB OF URBAN EXPRESSWAY

D. MIZUTANIYT and K. KAITO

! Sudent, Graduate School of Engineering, Osaka University, Japan
?Associate Professor, Graduate School of Engineering, Osaka University, Japan

ABSTRACT

Precedents for statistical selection of deteriorafactors in RC slabs of urban expressway have not
been accumulated very much. In this study, theastfocus on the deterioration of RC slab in
urban expressway and clarify its deterioration psscusing statistical methods. In this study, the
detailed visual inspection data of RC slabs ingzketach panel which compose a single RC slab
are adopted. The authors employ the Markov detdi@mr hazard model as a concrete method to
select deterioration factors and to estimate theeeted lifespan of each panel. Regarding to
deterioration factors, 15 kinds of characteristaciables are considered as candidates of the gctor
and by comparison afvalue and AIC, the factors having the significamerpretability can be
selected. In addition, by estimating the Markovedetation hazard model, Markov transition
probability can be estimated. Then, using the Mark@ansition probability and Monte Carlo
simulation, the expected lifespan of each RC stable calculated. By using the result of this study
when we determine the number of panels per a R§; $la number of construction joint panels and
the characteristic variables, expected deteriangigth of the RC slab can be obtained.

Keywords. RC slab, statistical deterioration prediction, kar deterioration hazard model.

1. INTRODUCTION

In this study, the authors especially focus on R® among various infrastructures with highway.
Up to now, regarding to RC slab, many experimentatiand analyses have been carried out.
However, results of these experimentations andyaaalwere reflected in design of RC slab and
were not reflected in management of RC slab vetgnotiue to difference between experiment
condition and service condition. In the case of aggment of RC slabs, for safety and comfort of
drivers and local residents, daily inspections eaeried out and vast inspection results are
accumulated. Regarding to statistical deterioraicediction methods using these inspection data,
Markov deterioration hazard model (Tsuda et al.620@as developed and they conducted the case
study using the inspection data of RC slabs in oftiNew York. However, case studies applying
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Figure 1: Visual inspection data and its deterioration process.

Markov deterioration hazard model to RC slabs awe in number. Therefore, in this study, the
authors apply Markov deterioration hazard modeth® inspection data of RC slabs with urban
expressway and conduct calculation of expectedslif@ns, selection of deterioration factors and
determination of optimal model in practical busmes

2. MARKOV DETERIORATION HAZARD MODEL

2.1. Preconditionsfor modelization

Visual inspection data of RC slabs are generalbluiated as discrete data, such as that shown in
Figure 1. In the figure, the vertical axis is tlmndition state of the luminaire, with conditiontsta

as the sound condition. As deterioration procedasspnumber increases. Statis the serviceability
limit state. In the figure, the condition state whas fromi-1 toi at timez.;, and fromi to i+1 at
time z;. This transition of states can be observed comlyiethen using monitoring system such as
sensors. On the other hand, timgandzs (=za+2) are when visual inspections were carried out. As
we can clearly see, the information regarding tbterbration process that can be obtained from
visual inspections is that the condition state as timeza, the first inspection, andat timezg, the
second inspection.

Now, consider the transition of states betweentime points. The state at timgis h(z»), and the
state at timers is h(z). If h(za)=i and h(zg)=j, the Markov transition probability is
Probjh(zg)=j|h(za)=i]. The condition for this Markov transition probhdyi is that the state is at
time za, and the conditional transition probability thia¢ tstate will bg at timezg can be defined as:

Probh(rg) = | [(7,) =11 =7 (1)

Naturally, if the inspection intervals differ, thensition probability will also differ. The Markov
chain model satisfies the Markov property thatardtess of the time at which the state transitions
fromi-1toi , the probability of the transition taking placetWween timea and timerg depends only
on the condition state at timg



2.2. Markov deterioration hazard model

The deterioration process of RC slab can be exgdessperposing hazard models. When it is
assumed that hazard rate does not depend upormpdimiey; and has constant valég(>0) on each
state, the Markov property of deterioration procafsRC slab can be expressed, using exponential
hazard rate, as:

A (Yi ) =6 (2)
At this time, the probability;(y;) that the life expectancy of states more thary; can be expressed,
using hazard ratg(y;)=6;, as (Lancaster 1990):

F (yi ) = eXF(_ HI Yi ) 3
Therefore, the probability;i(z) that the state will bé at inspectiorta, as well as at the following
inspectionrg (=zat2) can be expressed as:

7L; (Z) = exp(— 6 Z) (4)
Moreover, the probability;j(2) that the state will beat inspectiorta andj at inspectiong (=zat2)
can be expressed as (Tsuda et al. 2006):

7(2) =Y =2 - expl-6,2) (5)
! k:ilr;!em_ek -k O _ek ‘

m+1
And, due to the Markov probability’s condition,(z) can be:

-1

7, (2)=1-3 m,(2) 6)
j=i

By using the Markov deterioration hazard model, tected remaining duratioRMD; of

deterioration from when the state first reach&s when it reaches the nextl can be expressed,
considering Equation (2), as:

RMD, = J.: El (Yi )in = J-: exd_ ey, )dyi :% (7)

2.3. Estimation of Markov deterioration hazard mode

When theK number of inspection samples can be obtained R&rslab, the inspection same
(k=1,... K) includes two inspection timeg andzg (=zat+2), the observed statéérn) andh(zg). Now,
based on the observed inspection information, thendy variablecii,-" (i=1,...)-1; j=1,...;
k=1,...K) is defined as:

(8)

521 when h(r,)=i,h(ry) =
"0 otherwise



Table 1: Notation of condition states

State Rating Physical meaning
D 1 There is no damage and deterioration or they arermely slight and it is
not necessary to record them.

C 2 There is damage and deterioration and it iessary to record them.

B 3 There is damage and deterioration and it ies&ary to repair them.
There is conspicuous damage and deterioratioheif are left as it is,

A 4 they proceed to critical damage and deterioratiah@Eompt
consequential damage. It is necessary to immeylidés! with them.

S 5 There is possibility that they hinder traffic aralse injury of third party.

It is necessary to urgently deal with deterioratow damage.

Moreover, the characteristic vector which influencketerioration rate of RC slab is expressed as
X*=(x%,... xu"). However,x (m=1,... M) is themth observed characteristic value of inspection
samplek. Now, the information of samplecan be arranged a&=(g;%, Z, x). Also, the hazard rate

6, depending upon the characteristic vector of RG st be expressed as:

g =x“p;’ ©)
However,3 (8=£1,...,m) IS row vector of unknown parametgr(m=1,...,M), and the symbol
“’ 7 signifies transposition. At this time, if theumberK of deterioration phenomenon are multiple
independent, the log likelihood function Wip)], which expresses the joint occurrence probabilit
of all inspection samples, can be defined as:

| -1

LB =3 3> ¥ Infr, (2, x* 1 8] (10)

i=1 j=i k=1
By using the maximum likelihood estimation, the nokwn parameters which maximize the log
likelihood function In[(8)] can be estimated.

3. EMPIRICAL STUDY

3.1. Outlineof visual inspection data

In this study, the authors carry out selection efedoration factors and statistical deterioration
prediction using the inspection data of RC slabsiripan expressway. The characteristic of the
inspection data in this empirical study is that thwserved condition states are recorded in not each
RC slab but each panel which configures RC slab.

Table 1 shows the evaluation criteria for the 5dibon states: D, C, B, A and S, in the visual
inspection of RC slabs. The best condition staf®, igshich moves to C, B, then A as deterioration
proceeds. Especially, state S needs urgent measutrdbere is no samples having state S in this
study. Therefore, the ratings for this paper aessified as shown Table 1. : D as rating 1, C as
rating 2, B as rating 3 and A as rating 4. Whenr#timgs are classified in four steps, the hazare r

of rating 1, rating 2 and rating 3 (excluding rgtih) can be defined with the Markov deterioration
hazard model.



Table 2: Data specifications

Start of service 1975-2007
Inspection years 2004-2010
No. of inspection data 71,455
No. of construction data 40,387
No. of repair data Total: 849, simultaneous rep&@8 and individual repairs: 541
No. of panels 39,429
No. of samples 55,802
Average inspection intervals 13.11 years
Posterior state
1(D) 2(C) 3B) | 4A
1(D) | 41,157 11,106 932 280
Sample breakdown oo state 2(C) . 1.650 304 17
3(B) - - 330 16
4(A) - - - 10

Table 3: Candidates of characteristic variable x

No. ltems X Dummy variable
1 Minimum slab sickness (mm) X"
2 Length of span (m) X,
3 Length of bridge (m) X,
4 Cumulative usage count of antifreez{ x,*
5 |Annual average usage count of antifre x;°
6 Cumulative heavy traffic %;°
7 Annual average of heavy traffic | x,’
. g| 1 Ordinary RC
8 Material X o Lightweight RC
o 1 Monolithic structure
9 s %o Isolation structure
. . " 10| 1 River
10 Under girder bridge condition X0 Except river
11 1 Up and down line
1 .
11 Division of up or down line 0 Erechutihickdoilliie
ol 1 Ramp
210 Except ramp
. 12 1 Construction joint
12 Joint of concrete X1 0 Ordinary part
513 1 Before 1984
1
13 Division of start of service 0 OanfanciIe
13 1 Before 1993
210 On and after 1993
14 1 45 million or more
tlo Less than 45 million
o . : 1 | 30 million or more and less than 45 million
14
067 | It @ IS (T VRIS 2% 0 | Less than 30 million or 45 million or more
w14 1 | 15 million or more and less than 30 million
% | 0| Less than 15 million or 30 million or more
. 5] 1 Visual inspection at close
15 MTEIPEHIE (e X 0 Visual inspection from a distance

The data specifications used in the empirical seadyshown in Table 2. The RC slabs used in this
study started service between 1975 and 2007. Hualinspections of each panel were carried out
between 2004 and 2010 and the number of their ida?l,455. Also, the construction data of



Table4: Top ten t-values

Characteristic variable Statd-value | Estimated value gf
X110 2) length of span 1| 43.366 2.479
Xir 3) length of bridge 1| 43.314 1.734
Xuit 12) joint of concrete 1| 38.965 1.019
X1 | 4) cumulative usage count of antifreeze 1 -34.412 -1.065
Xoi? 12) joint of concrete 2| 33.823 1.872
xlyll“ 13) division of start of service 1 -32.074 -0.848
Xi1 9) structural type 1| 27.053 0.490
x.1 | 5) annual average usage count of antifree2 | 24.256 5.097
Xz | 14) division of cumulative heavy traffic| 1 -22.366 -0.507
X1 1) minimum slab sickness 1 22.320 2.935
Table5: AIC
No. Characteristic variables AIC
12 Joint of concrete 74,180
3 Length of bridge 74,725
2 Length of span 74,831
13 Division of start of service 75,378
4 Cumulative usage count of antifreeze 75,509
9 Structural type 75,742
1 Minimum slab sickness 75,973
14 Division of cumulative heavy traffic 76,119
8 Material 76,167
11 Division of up or down line 76,286
5 | Annual average usage count of antifre¢z#&6,293
15 Inspection method 76,322
6 Cumulative heavy traffic 76,349
7 Annual average of heavy traffic 76,428
10 Under girder bridge condition 76,446
Only constant term 76,526

40,387 panels can be obtained. Regarding to thetremtion data, they are added to the estimation
samples as the rating is 1 when the panel weretrootesd. Moreover, 849 repair data can be
obtained: the number of simultaneous repairs is8@Bthe number of individual repairs is 541. In
this study, the authors assumed that the rating&o$labs just after repair are 1 and, regardieg th
individual repairs, the ratings of RC slabs jusfobe repair are 3: 849+541=1,390 data can be
added to the estimation samples. When the estimatimples are made using these observed data,
55,802 samples on 39,429 panels can be obtained.mAstioned in Section 2.3, each
inspectionsample includes information on the twsusai inspection results, ), inspection interval

(2), and characteristic variabl)( The average inspection interval is 13.11 yeard dable 2
includes the breakdown of samples for each pastaies.

3.2. Establishment of characteristic variables

In Markov deterioration hazard model, the influeméecach factor upon deterioration process of
RC slab can be evaluated quantitatively by embegtiia factors as the characteristic variables. In
this study, the number of candidates of charadtensriables is 15 items (19 kinds) as shown in



Table 6: Estimation result [8 joint of concrete]

Rating| Constant term Joint of concret Expecteq lite span [years]
; 12 12 Construction .
' Bo Ba ey Ordinary part
' joint

-4.034 1.019

1 (-412.155) (38.965) 20.399 56.486
-4.579 1.872

2 (-129.529) (33.823) 14.983 97.397
-3.177 -

3 (-52.439) ) 23.972 23.972

Table 3. Regarding to Table 3, 7 items paintedaredquantitative variables which can be observed
as continuous value and one item has one kind afackeristic variable. In quantitative variables,
for subsequent analysis, all quantitative varialdes normalized so that the maximum of each
variable becomes 1. On the other hand, 8 itemkifids) of characteristic variables which painted
blue are discrete variables. Regarding to discrat@bles, the dummy variables are set as Table 3
shows.

3.3. Estimation of 15 kinds of hazard models

The 15 kinds of Markov deterioration hazard moaels be defined to each characteristic variable
shown in Table 3. The hazard rate of each model mrexpressed, using Equation 10, as:

. 1 j# 111314
6; :ﬁij,o +Z/))ij;mxij,m , M=:2 j=1113 (D)
= 3 j=14

And, 57 (=3ratings*19 parameters) kinds of unknoparameters were estimated, and the
parameters havingvalue higher than 1.96 (significance level is 5#b)absolute value can be
applied. The higher the absolute value tofalue is, the higher the parameter has statistical
interpretability. In Table 4, the variables haviog ten value of absolute valuetefalue are shown.
After the determination of characteristic variablsigt-value, Akaike information criterion (AIC)

can be implemented in order to compare the optignali each model. AIC can be defined as:
AIC =-2In(L) + 2k (12)

AIC is defined using the likelihood and the number of unknown parametershe smaller AIC is,
the more the model is optimal from the perspectisésnumber of unknown parameters and
goodness of fit between the observed data and tideimTable 5 shows AIC of all 15 kinds of
Markov deterioration hazard models. The charadterisriable “12) joint of concrete” has the
minimum AIC and the model including it is the opalmodel in the models considering only one
item. Moreover, both of the parameters of the dattarstic variable “12) joint of concrete” in
rating 1 and rating 2 have top tewalues shown in Table 4 and they have high inetgtmlity.
Now, Table 6 shows the estimated parameters othheacteristic variable “12) joint of concrete”
as one example. Because both of the paramgtels and g, :*? are positive values, the panel in
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Figure 2: Change of expected deterioration paths dueto number of construction joints.

construction joint deteriorate fast. However, tlegameterss % of rating 3 has t-value less than
1.96 in absolute value and is rejected.

3.4. Evaluation unit and expected deterioration path

In order to visualize the estimation result, th@ented life span is calculated using the estimated
parameters in Section 3.3. In this study, the edton unit is each panel of RC slab. Figure 6 also
shows the estimated life spans. Moreover, by ugirgestimated parameters, the Markov transition
matrix can be calculated. By Monte Carlo simulatissing the Markov transition matrix, the
random numbers from the distribution of the expetdifie span can be generated. In this study, the
life span of each RC slab (each span) can be eaérliusing the random numbers. When one RC
slab includes the plural panels and the stateeoptinel most proceeding deterioration is the state
the RC slab, the expected deterioration path df &€ slab can be expressed. Figure 2 shows the
changes of the deterioration paths due to therdiffee of the number of construction joint when
one RC slab includes 17 panels.

4. CONCLUSIONS

In this study, by using Markov deterioration hazarddel, the authors carried out the selection of
deterioration factor and the estimation of the expe life span of urban expressway. Especially,
focusing whether construction joint or not, the mfitative evaluation of deterioration processes
which was difficult hitherto. Regarding to the catates of characteristic variables which is not
judged statistical significance, by accumulating itspection data hereafter, there is possibitiay t
they will be judged significance, hence it is dalle that continuous acquisition of inspection data
will be carried out.
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