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Modeling of Life-Cycle Costs of Pavement Rehabilitation 

FRIEDRICH W. JUNG 

ABSTRACT 

The rehabilitation of pavements can be regarded as a cycle of gradual depreci
ation and subsequent replacement of the capital invested in the pavement layers 
of roads. The capital recovery cost is functionally related to the strength of 
the pavement and the life-cycle length between rehabilitation measures, which 
is the basis for annual-worth cost analysis of any rehabilitation measure. 
Whereas the cost of such measures is composed of a fixed term and a term that 
varies with overlay thickness, the life-cycle length is dependent on the ac
ceptable minimum performance or serviceability level and the strength of the 
rehabilitated pavement structure. These relationships and a financial equation 
for annualized costs are the ·basic modules of the proposed modeling. The prob
lem of salvage value is illustrated but can be avoided by applying the repeata
bility assumption of financial analysis. This means, with regard to pavements, 
that the same measure of rehabilitation must be used at the same trigger point 
of acceptable minimum performance. Based on the author's earlier modeling of 
the AASHTO Road Test and Brampton Road Test data, and on inventory data col
lected and modeled in Ontario, a form for the life-cycle length function has 
been derived and discussed. Ontario 1984 cost data were used to give an example 
of calculation of annualized costs. If user costs are not included in the anal
ysis, more frequent single overlays would appear to be economical compared with 
multicourse overlays and less frequent rehabilitations. 

The rehabilitation of pavements can be understood as 
part of the financial management of highway invest
ments. Each section of a road periodically deter io
r ates and must subsequently be restored to its full 
level of service. What is being restored is a cer
tain amount of depreciated capital. Depreciations 
can occur through obsolescence when roads are re
routed or become redundant as a result of, for ex
ample, a loss of traffic. Depreciation in the con
text of pavement rehabilitation, however, is mainly 
physical (i.e., a decrease in performance or ser
viceability because of the deter ior.ation of surface 
layers and/or support structures). 

CAPITAL INVESTMENT AND DEPRECIATION 

This concept of capital depreciation of pavement in
vestment is shown in Figure 1. It is shown that 
total cash flows for rehabilitation can· be at dif
ferent levels--suff iciently high (X) to maintain the 
value of investment, or lower (Y and Z), resulting 
in a smaller or larger loss of value (A2 and A3) dur
ing a certain period of time (N). The diagram in 
Figure 1 is valid with regard to all levels of plan
ning, from local to regional or national road net
works. 

The actual life-cycle costs (X, Y, or Z) for a 
planning horizon, N, depend on the pavement perfor
mance as a function of time. The use of performance 
indicator curves in life-cycle cost analysis has 
been proposed and discussed before (.!) , most re
cently in Sheflin (~) and Baladi !ll· It is neces
sary to look at this in more detail with respect to 
the concepts of financial analysis. 

Periodic capital investment and annual depreci
ation in correspondence to performance curves is 
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shown in Figure 2. In this figure, capital recovery 
(CR) costs are calculated for two cases, A and B, 
using compounding factors as defined in De Garmo 
<!>· Complete depreciation of the rehabilitation 
capital spending at year zero, say, 110,000.00, is 
reached at performance cost index (PCI) = 40, after 
12 years. Early rehabilitation after 10 years (A) 
results in a salvage value of, say, 25,000.00 and 
postponed rehabilitation would lead to a negative 
salvage value (or additional cost) of 35,000.00 (B). 
The actual figures are not significant as they are 
used only to illustrate and clarify the concepts of 
depreciation and salvage value of a rehabilitation 
expenditure. 

The modeling of life-cycle costs, as presented 
here, deals with one pavement section of known per
formance character is tics. However, it is generally 
true for any section that pavements, and other major 
parts of the transportation infrastructure, after 
being constructed, go through cycles of gradual de
terioration and periodic rehabilitation. Any measure 
of rehabilitation, such as a bituminous overlay, can 
be regarded as a capital expenditure to replace a 
depreciated asset. The "when and how to replace" de
cision is similar to that of a firm when it must de
cide on the replacement of machines in its shop, or 
of trucks in its fleet. A life-cycle cost analysis 
can help to find the most economical replacement 
schedule. 

PERFORMANCE LEVEL AND LIFE CYCLE 

As long as pavement performance is maintained within 
acceptable limits, there is no need to consider the 
benefit side of the economic equation because any 
advantage gained through performance differences is 
uncertain and probably small. Thus, the economic 
study may be confined to minimizing the cost. How
ever, it is important to annualize the cost over the 
true life span or cycle and, in such studies, it is 
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customary to assume that expenditures and perfor
mance cycles are repeated. As in the case of any 
capital asset, this means that the depreciated part, 
after its life span, has to be replaced by a new 
part of equal first value. In this way, present 
worth or equivalent annual worth costs can be calcu
lated, which depend on the life span and its corre
sponding or related degree of deterioration in terms 
of performance (the "PCI-drop") • 

Because future decisions on the timing and the 
particular measure of rehabilitation are uncertain, 
lifecycle costs should be based on the same PCI
drop, and on the same kind of rehabilitation measure 
after each replacement period. This corresponds to 
the well-known repeatability assumption in financial 
analysis. 

The relationship between first cost, c, and the 
ensuing performance cycle is shown in Figure 3, 
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- -- - - - - -- -- 25,000,- OOLLA:_t __ -

Example A 
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I Example B 

lcapital recovery cost of C.R.B. =(110,000 -llA/P,12%,141+135,000 -llA/F,12%,14) 
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NEGATIVE 
SALVAGE VALUE B 
-35,000,- DOLLARS 

' ' 

15 
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f<'IGURE 2 Complex example of investment depreciation and capital recovery costs. 
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FIGURE 3 Repeatability assumption for matching cash flow and performance cycle. 

which also show.s how the cycle is assumed to repeat. 
Only the first shaded terms are used in the analy
sis. Note that the life cycle, N, in conjunction 
with the performance trigger point, YL, is the 
most important technical parameter of this cost 
study, rather than the exact shape of the perfor
mance curve. If an analytical expression of the per
formance curve is given, then the value N can be 
calculated (5). 

Thus, in - assuming consistent periodical perfor
mance drops and jumps, there is a first-level opti
mization that is related to the choice of PCI-jump 
or magnitude of allowable deterioration and its re
lated rehabilitation cost, c. Note that this choice 
of deterioration jump and rehabilitation measure en
tails a choice of life-span or life-cycle length, N. 
Also note that salvage values, as shown in Figure 2, 
do not play a part in this approach to modeling. 

The methods of pavement rehabilitation range from 
relatively inexpensive treatments, such as hot-mix 
patching or single-course overlays, to heavy expen
sive treatments, such as multicourse overlays with 
crack sealing and padding. In general (i.e., all 
other circumstances being equal) , the heavier treat
ments last longer. This entails a second level of 
optimization that is related to the choice of 
stronger and weaker designs as shown in Figure 4. 
This choice again influences the life-cycle length. 

PAVEMENT STRENGTH AND REHABILITATION COST 

One of the most important technical facts to be con
sidered is that the life-span, N, is a function of 
the added pavement strength after rehabilitation. 
Depending on the strength of the overlay, the life
span or life-cycle length, N, can be shorter or 
longer than the length of the previous cycle, as is 
shown in Figure 4. Again, the actual shape of the 
performance curve is not imper tan t, except that it 
determines the trigger point, YL, and the cycle 
length, N. Further, even with this in mind, the re
peatability assumption is applied to the future, as
suming the same treatment is repeated with the same 

ensuing life span as the current one, so that the 
concepts shown in Figure 3 remain valid. 

In studying data on various rehabilitation costs, 
c, it is certain that such costs are also a function 
of pavement strength. At this point, it is advanta
geous to remember the concept of equivalent thick
ness <.~.l· Depending on the material, various courses 
of overlay have thicknesses that could be converted 
into an equivalent surface course thickness, t, by 
an equivalency factor, e. This idea requires further 
study. 

Cost data from 1984 have been processed in this 
way and are shown in Figure 5. In this diagram, the 
solid lines represent the cost as a function of bi
tuminous layer thickness. The dashed line is an at
tempt to establish such a function based on equiva
lent surface layer th i ckness. In this case, the 
granular bases can be included with an assumed 
equivalency factor of e = 1/3. 

The general form of a cost-thickness relationship 
is probably the usual combination of fixed and vari
able cost, as shown in Figure 5 (broken line) • Al
ternatively, the function could be processed as a 
table of benchmark costs for different measures re
lated to discrete overlay thicknesses and other fea
tures. In general, it should be relatively easy and 
straightforward to determine the functional rela
tionship between costs and overlay thicknesses for 
bituminous layers, although such cost functions are 
subject to change with time and regional conditions. 
However, it is more difficult to estimate the life
cycle length, N, as a function of thickness, t, even 
if the PCI-jump is fixed. 

The Ontario Pavement Analysis of Cost (OPAC) per
formance prediction model, developed from 1974-1976 
(~),can be used to calculate the life-cycle length, 

N, as a function of overlay thickness, t, and the 
minimum acceptable level of performance, YL· Al
though this prediction model is limited, one must 
recognize that such a model is needed to determine 
the relationship between the strength, t, of an 
overlay and the ensuing life span, N, for a chosen 
lower limit of performance, YL· Figure 6 shows the 
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FIGURE 4 Alternative rehabilitation treatments and their effect on 
performance. 

result of a calculation for two different designs of 
a secondary road, with a silt (1) and a soft clay (2) 
as subgrade. The lower limit of performance has been 
chosen alternatively as YL = 45 and as YL = 55. As 
expected, the life cycles are longer for YL = 45, 
the lower of the two limits. In the relevant range 
between 40- and 150-mm overlay thickness, the curves 
can be expressed approximately by a function of the 
form 

in which A and b are constants dependent on the 
chosen YL value and other conditions. 

ECONOMIC MODEL 

The relationships described so far, and shown in 
Figures 3 to 6, can be expressed as a simple eco
nomic model by the following set of equations, which 
are all to be understood as simple prototypes of 
various parts or modules of the model: 

C = Cc + Cvt (1) 

N = A th; < 25 years (2) 

Q C • i • (1 + i)N/[(l + i)N - l] + M (3) 

where 

Cc constant rehabilitation cost, per km (2 
lanes); 

Cv variable rehabilitation cost, per km, per 
mm; 

t = equivalent surface layer thickness of reha
bilitation overlays in mm; 

c rehabilitation cost, first cost, per km (2 
lanes); 

M 

N 
i 

Q 

A,b 

annual maintenance cost, per km (2 lanes); 
life-cycle period, in years; 
combined interest rate, in percent/100 (real 
interest rate and rate of inflation); 
annualized life-cycle cost or annual worth 
cost, per km, per 2 lanes; and 
constants for function N =A tb. 

By neglecting the annual maintenance cost, M, and 
assuming an interest rate of zero, the annualized 
life-cycle cost is simply Q = C/N. For the variable 
part of C only, the following simple relationship 
can be derived: 

(4) 

[Note that the fixed or constant cost, Cc, is only 
constant with respect to the thickness, t, as an 
independent variable. In reality, Cc and, to a 
lesser extent, Cv, are functions of other condi
tions such as contract size (number of kilometers), 
and remoteness of location.] 

For this case, according to Equation 4, the an-
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nual life-cycle cost increases with t, for b < 1; 
and it decreases with t, for b > 1; whereas it is 
indifferent for b = 1. When an interest rate is in
troduced, using Equation 3, the life-cycle cost in
creases even more with thickness, t, as higher in
terest rates favor solutions of lower first cost, C. 
The conclusion is that expensive multicourse over
lays are economical only if the parameter b is dis
ti~ctly larger than one. 

The calculations based on the OPAC model are sum
marized and plotted in Figure 6. The curves show 
that b is most probably smaller than one, at least 
for all the curve!! !!hown in the figure. This woulu 
mean that inexpensive, single-course overlays com
bined with shorter ensuing life cycles are more eco
nomical, but only if user costs are small enough to 
be neglected. 

Equation 1 represents the relationship between 
the first costs of rehabilitation measures and the 
strength or thickness of overlays, Equation 2 is a 
prototype for the relationship between the strength 
or thickness of ove r lays and the life-oyolc length, 
which is significant as it is also a function of the 
chosen lower limit of performance (YL). Equation 3 
is the known formula of financial analysis. 

With reference to Figure 6 and Equation 2, the 
optimization on the two project levels can be under
stood as follows. For Level 1, depending on the 
choice of the lowest allowable limit of performance 
level (YL or PCIL) , there are shorter or longer life 
cycles, N, which influence the compounding factor 
(Equation 3) and the present or annual worth cost. 
For Level 2, depending on the shape of the curves in 
Figure 6 (being concave when looking from below) , 
the exponent, b, is smaller than one. Therefore, the 
annual worth cost increases with increasing thick
ness, t, at least for the cases presented here and 
calculated by the OPAC method, This leads to an op
timization along the constraint boundary of minimum 
overlay thickness. An example follows. 

With reference to the examples presented in Fig
ure 6, costs are calculated for a subgrade modulus 
of Mg = 2700, the 762-mm subbase on clay subgrade. 
Optimization is achieved by minimizing the annual 
worth costs, Q, based on Equations 1 to 3. The con
straints can be visualized as the minimum acceptable 
level of performance and as the smallest possible 
thickness of overlay as follows: 

1. min YL = 45 (upper curves in Figure 6) 
2. min t = 40 mm (1.5 in.) 

The combined interest rate is assumed to be 11 per
cent. The following equations apply: 

c (10 + a.so t) x 1,000 (refer to Figure 5) 

N 3.65 t0.357; for YL 45 min YL } (Curve-fitted 
from 

N 3.94 t0.265; for YL 55 min YL Equation 6 . ) 

Q C x 0.11 x l.llN/(l.llN - 1); for M = 0 

Annual worth costs, Q, have been calculated for 
various overlay thicknesses, t, and the results are 
presented in the following table. 

YL = 45 min YL YL 55 > min YL 

t Q N Q N 
(mm) ($ Canada) (Years) ($ Canada) (Years) 
40 4,350.00 13.6 4,964.00 10.5 
50 4,901.00 14.8 5,609.00 11.1 
75 6,286.00 17.0 7,207.00 12.4 

100 7,668,00 18.9 8,780.00 13.4 
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For this secondary road of lower traffic volume, 
a rehabilitation strategy of low, minimum-performance 
limit (YL = 45) seems to be economical, gaining in 
1 ife-cycle length without too much additional dete
rioration. However, there is no gain in economy by 
going beyond a minimum layer thickness (40 or 50 mm) 
when applying an overlay at the chosen trigger point 
of YL = 45. The economy of a stronger overlay may 
improve when user costs are taken into account be
cause the optimum solution of t = 40 mm entails more 
frequent construction work (lane closures) and 
rougher driving conditions (~). 

COMPARISON WITH PERFORMANCE PREDICTION IN PARS 

It has been demonstrated that the life-cycle, N, can 
be expressed as a function of overlay thickness (or 
strength) by Equation 2, as follows: 

where A and b are dependent on the performance trig
ger point, YL, and where b is less than 1. This 
was based on a model derived from the AASHTO Road 
Test and Brampton Road Test data (~). Later, in the 
development of the PARS model <2) 1 pavement perfor
mance was modeled differently, using inventory data 
collected in Ontario during or before 1978. The same 
form of function as expressed by Equation 2 can be 
derived from the PARS modeling. In accordance with 
an unpublished report, the PARS performance modeling 
has the following formula: 

Y = 95 - K xa t-b' Tc 

where 

Y performance condition rating (PCR or 
PCI), 

K = coefficient, 
X ~ time in years after rehabilitation, 
t thickness of overlay in mm, 

95 ~maximum Y, 
T = traffic in terms of annual average 

daily traffic (AADT) , and 
a,b',c constants. 

(5) 

The coefficients and constants depend on the class 
or group of roads that are identified as exhibiting 
similar performance. 

For a certain chosen trigger point, Y = YL, as 
the lowest acceptable performance index, the life
cycle, X = N, can be calculated by the following 
equation, derived from Equation 5. 

N = [ (95 - YL)/K TC] (l/a) x t (b'/a) (6) 

J;quation 6 has the same form as Equation 2. Note 
that with regard to the coefficients 

A [ (95 - YL)/K ~] (l/a) (7) 

b b'/a (8) 

For example, the following coefficients were derived 
for the southwest and Central regions of Ontario by 
regression analysis of 1978 data for average perfor
mance as follows: 

K 4.8306 a = 1.0894 

c 0.2202 b' 0.6358 

If an AADT of T = 2, ooo i" M•Rumed, the following 
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FIGURE 7 Life-cycle versus overlay strength (thickness), PARS. 

values can be calculated for trigger points of YL 
40, 50, and 60: 

a) b = b'/a = 0.6358/1.0894 = 0.5836 

b) A40 [55/(4.8306 x 2000-2202)10.91793 2 .006 

A5o [45/(4.8306 x 2000-2202)]0.91793 1.669 

A60 [35/(4.8306 x 2000-2202)]0.91793 1.325 

Equation 2 may now be plotted for the preceding co
efficients to illustrate the trend of the life-cycle 
function with regard to the variable t and YL 
(refer to Figure 7). Life-cycle lengths according to 
this PARS model are longer, especially for multiple 
overlays. 

The life-span function N = A th, with b < 1, and 
A and b depending on the performance trigger point 
YL, traffic, and so forth, seems to be well estab
lished in its basic form or trend. Because of the 
limitations of the underlying data (OPAC, PARS), it 
is only valid for overlays between approximately 40 
and 150 mm. Below and above these limits, the life 
spans could be much shorter but not much longer than 
calculated. The OPAC model, with generally lower 
values of N and with smaller exponents, b, seems to 
be closer to reality, although this is still subject 
to further analysis of data. There are two kinds of 
analysis that should be further explored: 

1. Inventory data on performance should be pro
cessed by grouping road sections into more homoge
neous classes with identifiable strength and traffic 
characteristics, so that N and b can be determined 
with more certainty (less variance). 

2. Experimental data may improve structural per
formance prediction modeling beyond the present lim
itation of OPAC <i>· 

CONCLUSIONS 

An economic model for the life-cycle or annual-worth 
cost analysis of pavement rehabilitation of a par
ticular road section (project level) as outlined 
previously is based on several equations or func
tions as follows: 

1. First cost as a function of overlay strength 
or thickness (Equation 1). 

2. Life-cycle length as a function of pavement 
performance standard and overlay strength or thick
ness (Equation 2). 

3. Annual-worth cost (Equation 3). 

Optimization based on this model has been illus
trated by minimizing life-cycle costs, with con
straints on pavement performance level and overlay 
thickness, by specifying minimum values. 

Whereas a lowering of the performance trigger 
point and the ensuing increase in life-cycle length 
appears to be economical, it seems to be uneconomi
cal to increase the overlay thickness beyond a m1n1-
mum required design value. This is only true if user 
costs are negligible. 

The model of annual-worth cost analysis outlined 
in this paper depends on valid information on costs 
for various rehabilitation measures, preferably ex
pressed as a function of overlay thickness. More 
difficult to obtain is valid information on the 
life-span or life-cycle length as a function of 
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overlay strength or thickness, for selected, lowest
acceptable PCI-trigger points of rehabilitation. 
This requires a comprehensive performance prediction 
model similar to the one presented by the author in 
1975 (6). A computer pr09ram of this OPAC prediction 
model ;as used to illustrate the function N =Ax tb, 
The examples chosen were pavements of low strength, 
for which the model predicts better than for stronger 
pavements. 

Finally, the performance modeling of PARS (~) was 
used to determine the coefficients A and b in Equa
tion 2 (based on 1978 data), for average performance 
in the regions of Ontario. 
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