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EVALUATION OF SERVICE LIFE OF CONCRETE PAVEMENT
BY MONTE CARLO SIMULATION

By J. Rafael MONTANO M.*, Masashi KOYANAGAWA** and Tadashi FURKUDA***

Service life of concrete pavement is influenced by uncertainty factors inherent in
pavement conditions. This study describes a method of Monte Carlo simulation to
evaluate the service life of concrete pavement taken into account these uncertainty
factors, Results of the simulation illustrated in this study showed that the probability
density function of service life can be expressed by a Beta distribution and the reliability
of concrete pavement can be evaluated by this simulation method.
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1. INTRODUCTION

In recent years, researchers in the United States intended to apply stochastic reliability theory for
uncertainty factors to pavement design. Thus this reliability theory has been introduced into the pavement
design of the AASHTO Guide” revised in 1986.

The reliability concept applied into pavement design is defined as the survival probability that the
pavement structure will perform its intended functions under environmental conditions within its design life
period,

In conventional concrete pavement design, the service life has been calculated deterministically for
design conditions, Darter?, Kher? and Witczak? investigated uncertainty factors within the design
variables and consequently these studies became a background of the revised AASHTO Guide,

In Japan, the method in the appendix of the Manual for Design and Construction of Concrete Pavement®
has been used as standard. This method is a mechanical technique based on stress analysis of pavement
structure, whereas in contrast, the AASHTO Guide is an experimental design based on the AASHO Road
Test. Consequently, in order to introduce the reliability theory into the pavement design in Japan, it is
necessary to develop a method different from those established in the United States,

Generally, variations in an estimation of service life of concrete pavement can be attributed to external
conditions (i.e. traffic and thermal effects) and internal conditions (i.e. structure and material
conditions) . Since the purpose of this investigation is to study the variations that exist in the deterministic
design, the authors adopted the Monte Carlo simulation method in order to evaluate stochastically the
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reliability of concrete pavement. Subsequently the simulation was carried out by generating random
numbers for the external and the internal conditions.

2. SIMULATION

The simulation was carried out fundamentally following the procedure in the appendix of the Manual with
some modifications based on the study by the authors®. The design of the Manual considers that concrete
slab failure occurs at its longitudinal joint edge. However, according to this study, slab failure is greatly
influenced by its width and traffic volume, Especially in the case of slab width 3. 00-4. 00 m and high volume
of commercial vehicles, slab failure occurs at its transverse joint edge. Consequently calculation of fatigue
damage in this study is based on cracking at its transverse joint edge.

(1) Traffic effects

Density distribution of wheel load was obtained from the Table1 Cumulative Frequency of Wheel Load.

i - i ini _ Wheel | Input Data of | Output Data of
surveying results for D-traffic by the Ministry of COHStI’l.lC B e | o .
tion (Table 1)?, and the density distribution of wheel passing () (%) (%)

. . . b 1 60. [500 60.1499

position was obtained from the surveying result by the 3 735300 73,9997

8 3 84.4200 84.4197

authors (Table 2) . i L] 91.5800 981.5796

The cumulative distribution function (CDF) for the right 5 95.2200 gg.i}’g;
. . . . [ 97.4800 .

wheel passing position is approximated as follows : 7 98.8500 98.8501

x x—7.73\2 8 99.4900 99.4801

— — AR LA T P P, g 98.8000 99.7900

Filx) 0'48£ exp[ 0'5( 0.83 ) ]dx (1) 10 99.9330 99.9200

h 12 93.9970 99.9900

where 1 100. 0000 100.0000

x . right wheel passing position measured from left
slab edge, in the case of the slab being divided into ten equal units (5=x=10).
Flexural stress is calculated at the most frequent passing position, This flexural stress decreases when
wheel passes away from the position. The decreasing rate r,is expressed on the basis of the experimental
result by Iwama® as follows

re=exp [_0.32 (x_7‘73)2] ......................................................................................... ( 2 )

(2) Thermal effects

The distribution of temperature difference between top and bottom of concrete slab is given in the
Manual. The distribution is approximately expressed by the following CDF :

In the case of negative temperature differences ($<10°C)

F1(t)=3.25><10'7ll[t0'7s(10— t)"”]dt .......................................................................... (3)
In the case of positive temperature differences (#=<22°C)

t
F1(t)=1.45><10_6£ [t0-06(22_t)3‘85]dt .......................................................................... (4)

Table2 Cumulative Frequency of Wheel Passing Positions (WPP) and Temperature
Differences (TD).

Input Data Output Data

Cumu. T > CC) Cumy . Cumu. Freq. of TD (%)
Freq. wpp #? Freq. of

% X Positive Negative WPP (%) | Positive Negative
10 6.67 0.56 0.05 10.05 10.0008 10.0000
20 7.04 1.12 0.52 20.10 20.0010 20.0006
30 7.30 1.72 0.83 30.15 30.0004 30.0004
10 7.52 2.39 1.12 40.20 40.0006 40.0010
50 7.73 3.14 1.41 50.25 50.0002 50.0006
80 7.94 4.02 1.71 60.30 60.0004 60.0000
70 8.16 5.07 2.05 70.35 70.0000 69.9998
80 8.43 6.44 2.44 80.40 73.9998 79.9996
90 8.79 8.50 2.95 90.45 83.9998 89.9998
100 10.00 15.43 3.70 100.00 100.0000 100.0000
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where
t : absolute value of temperature difference (°C).
(3) Fatigue strength
Fatigue analysis is based on the experimental result of the study by the authors'®, According to the
result, cycles to failure for a respective stress level S are log-normally distributed with a mean A and a
standard deviation ¢. The relationship between A and S is expressed as follows :
S=1.0867 —0.0236 A vererererrnneesratettnttrte ittt ettt a et e ettt aees (5)
where
S : stress level representing the ratio of repeating
Table3 Mean, Standard Deviation and Minimum

flexural stress to its static flexural strength. )
Cycles to Failure,

Furthermore, stress level S can also be expressed as a

. R Stress | Mean of Standard Minimum

function of its respective minimum cycles to failure Npyn. Level | log-Normal | Deviation | Cycles

= B 0402 TN (INooes ) oeeeerenenrmoenenenrenenennans S A 4 Nmin

$=1.1014—0.0402 In {Nmn) (6) 550 57580 1563 561

Then, by applying equations (5) and (6), their respec- 0.85 9.108 3.273 315

. 1 d £ t 1 ls that h t tested 0.80 12.648 3.556 1574
tive values A and Ny, for stress levels that have not teste 0.75 18.267°7 | 3.556% 630037

n be estimated, Table 3 shows approximated values 0.70 [ 16.230 3.752 23343
ca . abe3~ PP A .é‘ 0.65 | 18.504°1 [ 3.752¢" 7530037
and N, for their respective stress levels. Subsequently in 0.60 | 20.623°7 | 3.75227 | 26110003

the simulation, the log-normal distributions in Table 3 gives (1) Calculated from Equation(5)

(2) Assumed Values

the number of cycles to failure for their respective stress (3 Caloulated from Equation(6)

levels.

(4) Filter

A simulation operation was carried out for annual traffic volume in consideration of periodic thermal
condition, and this operation was repeated 200 times. Hence, the whole simulation needs a considerable
time of computer calculation, Then, the simulation applies a filter that takes account of stress levels
greater or equal to 0. 60. The stress levels that not taken into account are negligible in fatigue analysis.

(5) Random numbers

The multiplicative congruential method'” was applied to generate uniformly distributed random numbers
between () and 1 by the following recursive calculation of the residues of modulus m :

1= ax{mod m) ..................................................................................................... ( 7 )
where

a, m . nonnegative integers
Zies - (i+1) th generated random number.
Normalizing these numbers by the modulus m :
XL

R RN (8)

u;(i=1, 2,+--, n) constitutes a set of random numbers uniformly distributed between ( and 1. Since

these random numbers are cyclic in a period less than m, simulation requires a large m value.
On the other hand, the correlation coefficient o between x; and x,., is expressed as follows :

1l . a
P =E iﬁ ............................................................................................................... ( 9 )
Consequently, in order to have non-repeated random numbers in the simulation, modulus 7 is adopted as
follows :
M= VaTI=929 071 00220720230 «eetttimnteettimmt ittt sttt st 10)
where

V, : daily traffic volume of D-traffic (=12727 vehicles)
T : 365 days

I : operation repetitions of simulation (=200).
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In this study g=5" was adopted”, Then the correla-
tion coefficient between x, and x,,, is given by Eq. (9)
as 0=(.0455, which means the random numbers are

¥
Combined Flexurai
Stress Matrix(CFSM)
7

statistically independent,
(6) Process of simulation
The simulation procedure was proceeded as the flow [Randon Numb‘;r Generation |—X
chart shown in Fig. 1. An example of the analysis by this j’ R1.R2.R3.R4
simulation process is described for the following design [Condition Determination ]
cml::lii:liolns :f 1 f 350 000 kg/cm? T
odulus of elasticity of concrete ---- E= g/cm ¥
Poisson’s ratio of concrete--------..... u=0.22 l Fa“gu faloulation
Flexural strength of concrete --------- 0=45.0 kg/cm?
Coefficient of thermal expansion of
CONCIELE +revevvrrrrrecnuerirniiiueonnnns a=10X10"%/°C
Concrete slab thickness-«-+---+vve-..o. H=25.00cm
Modulus of subbase reaction:--:---- K:s=5.0 kg/cm?
Design life --veveereeeseeeeminriniininen.. 20 years

Based on the above design conditions, a combined Ve ¢ Gaily Traftic

flexural stress matrix (CFSM) for wheel load, wheel [V)'O%um:;f
. -lraftic
passing position and temperature differences is formu- T : 365 Days
lated, Then, filter is applied to the CFSM, and stress FhroraL * 20 YearsX(CFD
levels less than (.60 are rejected.
Next, a set of random numbers are generated for the Fig.1 Flow Chart of Simulation Process,

random variables R,, R,, R,;, R, and R;. The function of
each random variable in the simulation process is as follows :
R, : to determine whether the temperature difference is positive or negative
R, : to determine the temperature difference
R; : to determine the wheel load
R, . to determine the wheel passing position
Rs ! to determine the number of cycles to failure

The random variables R,~ R, determine a respective combined stress by the CFSM, hence stress level
is determined. Here, filter is applied again and stress level less than 0.60 is rejected.

After stress level is determined, the number of cycles to failure is obtained by the application of random
variable R; to the relationship between stress level and cycles to failure given in Table 3. Finally fatigue
damage of concrete slab is determined.

Since thermal effect has a return period of one year (T=365days), the simulation operation was
carried out for one year of daily traffic volume of D-traffic (Va) . Hence each operation consists of N=V,
X T iterations. Therefore, total fatigue damage of one simulation operation is expressed by the cumulative
fatigue damage after N iterations. Furthermore, fatigue damage of concrete slab for 20 years of design
life was assumed to be equal to 20 times the total fatigue damage attained in one operation. The simulation
operation is repeated 200 times,

3. SERVICE LIFE EVALUATION

(1) Data verification

Firstly, in order to verify the input data, a comparison was carried out between the input and the output
random variables for each CDF. Comparison for the distributions of wheel load is shown in Table 1, and
comparisons for the distributions of wheel passing position and temperature difference are shown in
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Table 2. The result of the comparison shows good agreement between the input and the output variables,
and consequently it can be considered that the simulation performed satisfactorily.

(2) Fatigue damage distribution

In order to examine the influence of the number of operation repetitions I on the distribution of fatigue
damage, results of simulations with 50, 100, 150 and 200 operation repetitions were examined (Fig. 2~5).

The means, the standard deviations, and the coefficients of variation for each distribution of fatigue
damage are summarized in Table 4. Besides these parameters, Table 4 summarizes the coefficients of
skewness-g, and the coefficients of kurtosis-8,2. Table 4 shows that the standard deviations and the
coefficients of variation are not influenced by the number of operation repetitions, However, the
parameters 3, and 8, became stable after 150 operation repetitions. Then the distribution of fatigue damage
of 200 operation repetitions was used to evaluate the distribution of service life,

(3) Service life distribution

According to the result of this simulation, there were lower and upper limits in the service life of the
pavement, Therefore a right skewed Beta distribution was chosen as the probability density function of the
service life. On the basis of the relationship between service life and fatigue damage, Fig, 6 was obtained
from Fig.5.

The following equation was obtained from the condition that the statistic Z(nt e,/ e; becomes
minimum, where n, and e; are the frequencies determined by the simulation and an assumed Beta
distribution at the j-th increment of service life year. According to Chi-square (}?) test™®, the equation is
accepted at 59 of significance level.

% %
(1 15+
M -
10 — Mean= L _—1
Mean=0.98] 10 N n Mean=0.984
z $.D.=0.206 3 $.0.=0.207
S g
= =)
: g
& &
S 51
o 1 1 ! ° ! 0 1
0 0.5 . 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
Fatigue Damage Fatigue Damage
Fig.2 50 Operation Repetitions of Simulation. Fig.3 100 Operation Repetitions of Simulation,
% %
15} 15
r
e ] Hean=0.979 L or Hean=0.972
Z S.0.=0.208 2 H $.0.=0.205
S 3]
g g
o <
e -
S 5k
0 ! [ 1 0 ! il I
4 0.5 10 1.5 2.0 0 0.5 1.0 1.5 2.0
Fatigue Damage Fatigue Damage

Fig.4 150 Operation Repetitions of Simulation. Fig.5 200 Operation Repetitions of Simulation,
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Table4 Statistics of Simulation,

Repetitions of Mean Standard Coefficient
Simulation F.D. Deviation | of Variation| @, B,
50 0.981 0.206 0.210 -0.012] 2.218
100 0.984 0.207 0.210 0.165] 2.552
150 0.979 0.208 0.213 0.364 | 2.645
200 0.972 0.205 0.211 0.322] 2.579
f( t)=1.64X10—23(r_12)2.337(62_ 1)12.077 %
.............................. (11) 15 F‘ 95% Confidence Interval
where
7 - service life of concrete pavement ex- oL [_ Heans22. 165
pressed in years . ( $.0.=4.822
o L~
According to Eq. (11), the survival probability 8
of concrete pavement within a design life period of E J
20 years is calculated to be 56.5%, and the r
confidence interval of design life with a level of H
significance of 5 % is between 14. 5 and 33. 0 years. il
0 1 '
0 10 20
4. CONCLUSION Service Life(t) “ Years
The purpose of this study is to establish an Fig.6 Service Life Distribution.

appropriate method by Monte Carlo simulation to
evaluate the service life influenced by the uncertainty factors inherent in concrete pavement.

The following conclusions can be drawn from this study.

(1) Monte Carlo simulation was carried out considering variations of traffic and thermal effects as
external factors, and variations of flexural fatigue of concrete as internal factors, since these factors were
considered as influential in the estimation of the service life of concrete pavement. The results show that
the standard deviation and the coefficient of variation are not influenced by the number of operation
repetitions, however, stable results are obtained after 150 operation repetitions.

(2) According to the simulation method described in this study, service life distribution (i. e. density
function of survival probability of concrete pavement against time) was expressed by a right skewed Beta
distribution, The reliability of concrete pavement can be evaluated by the service life distribution.

In order to design concrete pavement from an economical standpoint, uncertainty factors inherent in
concrete pavement should be evaluated. The Monte Carlo simulation can be considered as an effective
method for this purpose, In this study, main uncertainty factors in concrete pavement have been
considered, however, other uncertainty factors need to be considered in further study,
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