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Model for Determining the Optimum
Rehabilitation Cycle for Concrete

Bridge Decks

M. C. VorsTER, T. BAFNA, AND R. E. WEYERS

The optimum rehabilitation cycle for concrete bridge decks is
determined by calculating the average annual cost of patching
the deck for a number of years and then rehabilitating it to extend
life but not enhance the original functional chatactetistics. The
model used to carry out the necessary calculations is based on
the fact that every operation performed on the deck gives rise to
a stream of future maintenance obligations. It relies on five user-
defined inputs and makes specific provisions for the fact that
patched areas fail in terms of a deterioration profile different
from that exhibited by the original deck. A spreadsheet is de-
veloped to perform sensitivity analysis studies using different val-
ues for the user-defined inputs. The results are tabulated. It is
found that physical life as defined by the deck deterioration pro-
file and economic life as defined by the rehabilitation cycle must
be balanced to achieve the best results. The limitations of the
model are discussed. The user is cautioned about the use of rel-
atively simple models in a complex environment.

The repair-or-replace decision must be taken at some point
in time for every physical asset that deteriorates with age (7, 2)
Concrete bridge decks are no exception. Maintenance per-
sonnel are constantly seeking that elusive point in time when
the increasing cost of patching a deteriorating deck becomes
more expensive than rehabilitating the whole structure.

A solution to the problem is based on work performed
under the Strategic Highway Research Program. The ap-
proach used is based on methodologies developed for quan-
tifying the economic life of construction equipment (3,4).
Modifications have been introduced to accommodate the spe-
cial conditions found in bridge maintenance, and the model
that has been developed is unique in this regard.

The average annual cost of patching the deck for a given
number of years before rehabilitation and then rehabilitating
it is used as the principal value function in the model. This
function is defined as follows:

n=N-1
Acy = ( > Pc,_, + Rd,,)/N 1)
n=1

where

Acy = Average annual cost of patching the deck for N
years and then rehabilitating it,
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Pc, _, = Cost of patching the deck in each period before
rehabilitation,
Rd, = Cost of rehabilitating the deck after n periods,
and
N = Number of years for which the average annual

cost of patching and rehabilitating the deck is to
be calculated.

The value of Ac, varies for assumed values of N; the optimum
rehabilitation cycle is defined as the value of N that produces
a minimum value for Acy,.

DEFINITIONS

Replacement and maintenance have been defined as essen-
tially the same process depending on the definition of the
operating unit (5,6). In this case the operating unit is defined
as a single bridge and thus patching and rehabilitating the
deck become two alternatives in a spectrum of available bridge
maintenance options. The terms are defined as follows:

1. Patching. Patching is the process whereby small localized
areas of deterioration in the deck are repaired by removing
the deteriorated concrete and replacing it with a substitute
material. The objective is to reinstate the surface character-
istics of the deck as far as possible. There is no intention of
extending the life of the deck in any way and there is no en-
hancement of the original functional characteristics of the deck.

2. Rehabilitation. Rehabilitation is the process whereby large
areas of chloride-contaminated or deteriorated concrete and
reinforcing steel are systematically removed from the deck
and replaced. The objective is to reinstate the deck to an as-
new condition with regard to performance and life by re-
moving chloride-contaminated concrete and arresting corro-
sion. Enhancing the original functional characteristics of the
deck is not intended and the original geometry of the structure
remains essentially unchanged.

The main considerations leading to replacement have been
classified as excessive maintenance, declining efficiency, in-
adequacy, and obsolescence (7). Patching or rehabilitating
all or part of a deck addresses the first two of these factors;
the latter two require replacement or reconstruction and thus
fall outside the scope of this paper.
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STRUCTURE OF THE MODEL

The model is based on the fact that every operation performed
on the deck gives rise to a stream of future maintenance
obligations. The amount of maintenance work that must be
done in each period depends on the area of the deck, either
new or patched, and the portion of this area that will dete-
riorate and become a candidate for maintenance in the period.

The situation for the original bridge deck may be described
as follows:

Moy = A X P(N) (2)

where

Mo,, = Maintenance obligation arising from the original
deck for the period ending at Year N,

Area of the deteriorating deck, and

Portion of the original deck that deteriorates in the
period ending at Year N and contributes to the
stream of future maintenance obligations.

The series P(1), P(2), . . ., P(N), which describes the dete-
rioration profile for the deck, is defined such that

A
P(N)

2 P(n) =1 &)

The deck deterioration profile plays an important part in de-
termining the maintenance workload and is discussed again
later. Figure 1 shows an example of how a stream of future
maintenance obligations is generated from an assumed deck
and deterioration profile. The fact that patched areas fail in
terms of a deterioration profile different from that exhibited
by the original deck means that patched areas must be iden-
tified and the stream of maintenance obligations arising from
the need to repatch a previously patched area must be de-
termined. This is done as follows:

Mpx, = Apx X Ppx(n) o= 1;2; swng N 4

A
~uf— Area of original Deck.

Stream of future Maintenance
Obligations arising from
Deterloration in the Deck.

N P(N) Mo A x P(N) = Mo.
5 5% 10
10 10% 20
15 15% 30
20 20% 40
25 25% 40
30 0% 60

FIGURE 1 Maintenance obligations
generated by deck. The stream of future
obligations is the product of the area and the
portion that deteriorates.
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where

Mpx, = Maintenance obligation arising from the need to
repatch Patch x in the period ending at Year n,
Apx = Area of Patch x, and
Ppx(n) = Portion of Patch x that deteriorates in the period
ending at Year n.

The series Ppx(1), Ppx(2), . . ., Ppx(NV), which describes the
deterioration profile for the patches, is defined such that

n=nN

3 Ppx(n) = 1 ©®)

The patch deterioration profile is different from the deteri-
oration profile for the original deck but is common to all
patches of a given type and age. It is discussed again later.

The total maintenance obligation in Period N arising from
the need to patch the original deck and repatch the patches
is given by

Mty = Mo,y + Mpy (6)

where

Mt, = Total maintenance obligation for the period ending
in Year N,

Mo, = Maintenance obligation for the period ending in
Year N arising from the original deck (see Equa-
tion 2), and

Mp, = Total maintenance obligation for the period ending
in Year N arising from all repatching.

n=N
Mpy = 3 Mpx, ™

Figure 2, which expands on Figure 1, shows how Mt, may be
calculated for an assumed deck area, deck deterioration pro-
file, and patch deterioration profile.

The cost of patching the deck in each period before re-
placement was defined as Pc,,_, in Equation 1. This may now
be written as

Pey_, = Mty X Cp (8)

where Cp is the unit cost of patching a portion of the deck.
The cost of rehabilitating all or part of the deck was defined
as Rd, in Equation 1. This term may now be written as

Rd, = Ar x Cr, %)
where
Ar = Area of deck to be replaced (yd?),

Cr,, = Unit cost of replacing the deck after n years ($/yd?).

If Pcr,, is defined as the ratio of the unit cost of patching to
the unit cost of rehabilitating and put equal to Cp/Cr, then
Equation 1 may be written as follows:

n=N-1
Acy = CrN< > Mt,_, x Per, + Ar)/N (10)
n=1
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A
~@}— Area of original Deck.

Stream of future Maintenance
Obligatlons arising from
Deterioration in the Deck.

N P(N) Mo A x P(N) = Mo.
5 5% 10 Area to be Patched Is
Lo n sum of deck patches
10 10% 20 and repatching.
e [ Mt = Mo + IMpx
15 15% 3o 3 8
e
S
20 20 L E 8 1 N Stream of future Maintenance
Obligations arislng from
% 2% ® 8 T Deterioration in Patches.
Based on area of Patches and
» ne @ B Patch Deterioration Profile
L ‘ ‘ Mpx = Apx x Ppx

FIGURE 2 Maintenance obligations generated by deck and
patches. The stream of future obligations arises from the deck and

the need to repatch the patches.

This equation is used to calculate the optimum rehabilitation
period in the sensitivity analysis performed later.

USER-DEFINED INPUTS

The model requires a number of user-defined inputs. These
are discussed in this section to provide a full understanding
of what is needed to use the model

1. Area of Deteriorating Deck, A. This parameter is rel-
atively straightforward with the provision that areas not heav-
ily trafficked or subject to chloride contamination should be
eliminated.

2. Area of Deck to be Rehabilitated, Ar. This parameter
equals the area of the original deck if a systematic milling
hydrodemolition or deck rehabilitation option is selected as
the deck replacement strategy. If removal of contaminated
concrete and reconstruction to an as-new condition does not
cover the full area, then Ar is less than A.

3. Deck Deterioration Profile, P(N). This parameter de-
pends on a number of factors including the original design,
quality of the original construction, past and future patterns
of chloride contamination, location of the bridge, and traffic
patterns. Three possible profiles based on prior research (8)
are shown in Figure 3 where the ordinate represents the cu-
mulative percentage of the deck that has deteriorated at the
end of each 5-year period. The profiles may be classified as
follows:

Deterioration  Deterioration Reaches
Commences
Profile  (years) 30% (years)  80% (years)
A 5 15 22
B 5 22 32
(6 5 32 47

4. Patch Deterioration Profile, Ppx(N). As with the deck
deterioration profile, this parameter depends on the methods
and materials used for patching and the quality of workman-
ship. Little research is available on which to base values for
the profiles and three different profiles are shown in Figure

A
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FIGURE 3 Deck deterioration profiles. Cumulative deterioration reaches 30 percent
after 15, 22, and 32 years for Profiles A, B, and C, respectively.
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4 where the ordinate again represents the cumulative per-
centage of patched area that needs to be repatched after the
end of each S5-year period. The patch profiles may be sum-
marized as follows:

50% of 100% of
Patches Patches
Deteriorated  Deteriorated

Patch Type  (years) (years)

1 3 5

2 4 10

3 13 20

5. Unit Cost Ratio, Pcr. This parameter reflects the ratio
of the unit cost of patching to the unit cost of replacing. It is
affected by the methods and materials used for patching as
well as the cost of removal.

SENSITIVITY ANALYSIS

A spreadsheet was developed to perform the calculations
needed to determine the value of Ac, for various values of
N under different conditions. Table 1 presents the nine studies
conducted with the corresponding values assumed for the user-
defined inputs.

The spreadsheet and graph from Study 5 is given in Figures
5 and 6 as examples of the results obtained. A full set of
output graphs is shown in Figures 7—-15.
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The output graphs indicate how the average annual cost of
patching the deck for N years and then replacing it varies
with time to produce a minimum point that defines the op-
timum rehabilitation cycle. The cumulative deterioration pro-
file for the deck is also plotted on the graph and thus it is
possible to determine the following three important values
from each of the sensitivity analysis studies:

1. The minimum value for the average annual cost, Ac*.

2. The optimum rehabilitation cycle N*.

3. The cumulative percent deterioration in the deck when
the optimum point D* occurs.

These values are presented in Table 2, which forms the basis
of the analysis that follows.

ANALYSIS OF RESULTS

1. Differences in Patch Cost Ratio. The patch cost ratio
(Pcr) for each patch type was varied by 20 percent above and
below the median value assumed for each patch type (0.8,
1.0, and 1.2 for Types 1, 2, and 3, respectively.) Table 2
indicates that this choice had no effect on the timing and little
effect on the magnitude of the minimum point. The optimum
replacement cycle is thus not sensitive to minor variations in
the cost of patching at or around the optimum cycle time.

100 /u /ﬂ
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e g // i
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ue @ / / —8—— Patch Type A
i [ K /
‘: ; 50 / /} / ——{— Patch Type B
1ro40 / / / ——&—— Patch Type C
v a
et 0 / /
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% d . / / -

0 4

0 5 10 15 20

Time Elapsed

FIGURE 4 Patch deterioration profiles. Cumulative deterioration reaches
100 percent after 5, 10, and 20 years for Patch Types 1, 2, and 3, respectively.

TABLE 1 VALUES ASSUMED FOR USER-DEFINED INPUTS

Deck Rehabilitated Deck Patch Cost Ratio Per
Study Area Area Profile Type e
Number A) (Ar) P(N) Ppx(N) From To
1 100 100 A 1 0.64 0.96
2 100 100 A 2 0.80 1.20
3 100 100 A 3 0.96 1.44
4 100 100 B 1 0.64 0.96
5 100 100 B 2 0.80 1.20
6 100 100 B 3 0.96 1.44
7 100 100 C 1 0.64 0.96
8 100 100 C 2 0.80 1.20
9 100 100 C 3 0.96 1.44
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User A 100
Defined Ar 100]
Inputs P(N) N 5 10 15 20 25 30 35 40 45 S0 55
P 1 2 4 17 25 25 20 6 = Deck Profile B
Ppx(N) N 5 10 15 20 25 30 3s 40 45 50 55 60
Ppx 55 45 = Patch 2
Per 08 1 1.2
DECK __ |< PATCHES |
1 2 3 4 s 6 7 8 9 0 11 12
N A | M1 ] M2 ] M3 | Mea | M5 | Mi6] Mi7 | M8 ] M9 | MIO] Mcil] Miiz] Mt | IMt AN | AcN | AcN
P(N) | Mo Mpx| Mpx|] Mpx| Mpx| Mpx| Mpx|] Mpx| Mpx| Mpx| Mpx| Mpx| Mpx =| Per=| Per=
" . - . ’ " . . . . . 0.8 1 1.2
0 100
1 1
5 1 1 1 200 | 200 | 200
2 2 0.55 *
10 2.55 2.55 355 10.1 10.1 10.1
4 4 045 | 1.4025
15 5.8525 5.8525 | 9.4025 6.9 6.9 70
17 17 0 1.1475 | 3.2189
20 21.366 21.366 | 30.769 54 5.5 5.6
25 25 0 0 2.6336 | 11.752
25 39.385 39.385 | 70.154 5.0 52 55
25 25 0 0 0 9.6149 | 21.662
30 56277 56277 | 126.43 52 5.7 6.1
20 20 0 0 0 17.723] 30.952
35 68.675 68.675 | 195.11 5.7 6.5 72
6 6 [} 0 0 25.325| 37.772
40 69.096 69.096 | 2642 64 74 B4
0 0 0 0 0 30.904 | 38.003
45 68.907 68.907 | 333.11 6.9 8.1 9.3
0 0 0 0 0 31.093 | 37.899
50 68.992 68.992 | 402.1 7.3 8.7 10.0
0 0 0 0 0 31.008 | 37.946
55 68.954 68.954 | 471.05 T2 9.1 10.6
0 0 0 0 [al 31.046 | 37.924
60 68.971 | 68.971 | 540.03 79 9.5 111

FIGURE 5 Analysis of costs for Deck Profile B and Patch Type 2. The optimum rehabilitation cycle is 25 years.

20 1 !‘\ 100 cumutative %
c18 g0 Deterioration.
° 16 \ / 80
: \ ¥
t 14 \ / 70 —{—— Pcr=8
P 12 x | & 60 [ .o Per=1
e 10 ~‘\’ A)/?/"II,/T,_._.—4
d 8 \ =4 _._(}—-—"m 40
vy N ==
e

4
a
g ._4—42 / N

0 ¥ + 0

0 5 10 15 20 25 30 35 4 45 50 55 60
Time Elapsed

FIGURE 6 Average annual cost and cumulative deterioration profile for deck
Profile B and Patch Type 2. The optimum rehabilitation cycle occurs after 25 years
when the deck is 49 percent deteriorated.

The graphs do show that relative patch costs are important
when the optimum period is exceeded.

2. Differences in Patch Type. The three different patch types
assumed in the sensitivity analysis studies differed from one
another in terms of both their deterioration profiles and their
cost ratios, as summarized in the column headings of Table
2. The values obtained indicate that neither Ac* nor N* changed
when the patching type differed for a given deck specification.
This result arises from the fact that the three patch types
assumed all have the same benefit-to-cost ratio as defined by

their deterioration profile [Ppx(N )] and patch cost ratio (Pcr).
The results obtained thus illustrate the use of the model to
quantify the elusive relationship between service life and cost
for various alternative patching methods.

3. Differences Between Deck Profiles. The three different
deck deterioration profiles assumed produced different values
for Ac*, N*, and D*. For Profile A, the minimum cost is
relatively high (6.2 to 7.3); it occurs at 20 years when deck
deterioration has reached 70 percent. This case is clearly in-
feasible, as the physical life of the deck from a safety and ride
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FIGURE 7 Average annual cost and cumulative deterioration profile for Deck
Profile A and Patch Type 1. The optimum rehabilitation cycle occurs after 20 years
when the deck is 71 percent deteriorated.
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FIGURE 8 Average annual cost and cumulative deterioration profile for Deck
Profile A and Patch Type 2. The optimum rehabilitation cycle occurs after 20 years
when the deck is 71 percent deteriorated.
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FIGURE 9 Average annual cost and cumulative deterioration profile for Deck
Profile A and Patch Type 3. The optimum rehabilitation cycle occurs after 20 years
when the deck is 71 percent deteriorated.
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FIGURE 10 Average annual cost and cumulative deterioration profile for Deck
I'rofile B and Patch Type 1. The optimum rehabilitation cycle occurs after 25 years
when the deck is 49 percent deteriorated.
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FIGURE 11 Average annual cost and cumulative deterioration profile for Deck
Profile B and Patch Type 2. The optimum rehabilitation cycle occurs after 25 years
when the deck is 49 percent deteriorated.
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FIGURE 12 Average annual cost and cumulative deterioration profile for Deck
Profile B and Patch Type 3. The optimum rehabilitation cycle occurs after 25 years
when the deck is 49 percent deteriorated.



20 T—8— 100 ;
c18 |—) %ﬂ ol
%16 \ 80
t14 \ - y 70 | —O—— Per=.64
P B \ / 60 | —e Per=8
e 10 \‘ { 50 '
¥ 8 40 —— Per=1.44
Y6 \’\\ / 30 | —®— 3IpN)
° 4 = i 20
: 2 ,]V 10

0 ! 0

0 5 10 15 20 25 30 35 40 45 50 55 60

Time Elapsed

FIGURE 13 Average annual cost and cumulative deterioration profile for Deck
Profile C and Patch Type 1. The optimum rehabilitation cycle occurs after 30 years
when the deck is 28 percent deteriorated.
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FIGURE 14 Average annual cost and cumulative deterioration profile for Deck
Profile C and Patch Type 2. The optimum rehabilitation cycle occurs after 30 years
when the deck is 28 percent deteriorated.
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FIGURE 15 Average annual cost and cumulative deterioration profile for Deck
Profile C and Patch Type 3. The optimum rehabilitation cycle occurs after 30 years
when the deck is 28 percent deteriorated.



70

TABLE 2 TABULATION OF RESULTS
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Paich Type |
100% deteriorated in' 5 yrs

Faich Type 2
100% deteriorated in 10 yrs|

Patch Type 3
100% deteriorated in 20 yrs

Deck specification. Median cost ratio = .8 Median cost ratio = 1.0 Median cost ratlo = 1.2

Ac* | N*yrs | D*% Ac* [ N*yrs | D*% Ac* | N*yrs [ D*%
Deck profile A Low Per| 6.2 20 70 6.4 20 70 6.5 20 70
30% Detedorationin 15yrs | Med Per| 6.5 20 70 6.8 20 70 6.9 20 70
High Pcr| 6.8 20 70 Tl 20 70 73 20 70
Deck profile B Low Per| 4.9 25 50 5.0 25 50 5.0 25 50
0% Deteriorationin 22 yrs | Med Per | 5.1 25 50 52 25 50 5.2 25 50
High Pcr| 5.3 25 50 55 25 50 5.5 25 50
Deck profile C Low Pcr| 3.8 30 30 a9 30 30 3.8 30 30
30% Dererioration in 32 yrs | Med Per 4 30 30 4.0 30 30 3.9 30 30
High Pcr| 4.1 30 30 4.1 30 30 4.1 30 30

Different deck profiles produce different values for Ac*, N* and D*

quality point of view would have passed by the time deteri-
oration reaches 70 percent. The rehabilitation decisions would
thus be driven by physical rather than economic factors, with
the period being limited to approximately 15 years, at which
time deterioration would have reached or exceeded 30 per-
cent. The resulting cost would be well above the minimum cost.

For Profile B, the minimum cost is lower (4.9 to 5.5) and
it occurs at 25 years when deterioration is about 50 percent.
Physical life would again govern, with safety and ride quality
dictating the rehabilitation decision. In this case, the cycle
would be around 23 years at a cost slightly above the economic

mint
H 03

nm
wuiii.

Profile C presents a well-balanced picture. The costs are
low (3.8 to 4.1) and the optimum point occurs at 30 years
when deterioration is also about 30 percent. This case means
that economic and physical life are essentially the same and
the two work together to achieve a good result. A rehabili-
tation cycle of about 30 years would optimize both the physical
and the economic aspects of the decision.

CONCLUSIONS

The model presented has been kept simple to develop the
concepts and present the methodology. It can be expanded
to include many more aspects but apparent quantitative pre-
cision in the model should not override the many nonquan-
tifiable factors that affect bridge maintenance decisions. The
following factors should be noted:

1. Reduced Ride Quality. No allowance has been made for
the fact that the ride quality of a deteriorated or repeatedly
patched deck declines. This is a legitimate user cost that could
or should be factored into the cost of patching the deck.

2. Functional Obsolescence. No account has been taken of
the fact that deck replacement often provides an opportunity
to renovate or upgrade the functional aspects of the bridge.
This is a complex analysis; suffice to say here that a knowledge
of the optimum rehabilitation cycle assists in the timing and
quality of the renovate decision.

3. Time Value of Money and Inflation. These factors have
been omitted in the model so as not to clutter the computa-
tions. Their inclusion is a relatively simple process; the net
present value of a stream of future costs can be calculated in
the place of arithmetic totals; uniform annuities at the as-

sumed interest rate can replace the average annual cost cal-
culations. The replacement cycle is changed by a small amount,
but the concept will not alter. Assumed increases in the cost
of future patching and deck replacement can also be included
to improve the quality of the answer.

These limitations should be seen in relation to problems as-
sociated with defining and quantifying the five user inputs
described earlier. Experience leads to a better knowledge of
both the inputs and the limitations.

The model has indicated that it is possible to determine the
optimum rehabilitation cycle for concrete bridge decks under
a set of conditions described by five user-defined inputs. This
cycle determines the economic life of the deck, which can be
compared with the physical life of the deck as determined by
the cumulative deck deterioration profile. Two issues are
important:

1. When physical life is less than economic life then costs
are high compared with the situation found when physical and
economic life are well balanced.

2. This balance can only be achieved when the quality of
construction and maintenance on the deck is such that less
than 30 percent of the deck requires patching in the first 30
years of its service life.

The relative cost of patching may not affect the situation
before the optimum cost point. This conclusion must be tem-
pered by the fact that all the patch types assumed in the
sensitivity analysis studies had essentially the same benefit-
to-cost ratios as defined by their deterioration profiles and
patch cost ratios. This condition changes as the benefit-to-
cost ratios change; the value of the model in quantifying these
changes should be noted.

Three major points must be stressed:

1. Every operation performed on the deck gives rise to a
stream of future maintenance obligations. These obligations
cannot be denied and must be met timeously.

2. Quality in the design construction and maintenance of
concrete bridge decks is required to balance physical and
economic lifc and to achieve the best results.

3. Bridge maintenance decisions are extremely complex.
Models such as the one presented should not limit the bounds
of the decision; the results they produce must be seen as
guidelines for improved field decisions. Analysis certainly has
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a place in the process, but it must complement rather than
replace experience.

REFERENCES

1. R. L. Ackoff, E. L. Arnoff, and C. W. Churchman. Introduction
to Operations Research. John Wiley, New York, 1957, pp. 477-
516.

2. B. V. Dean. Replacement Theory. Publications in Operations Re-
search, Vol. 5, 1957, pp. 330-362.

3. M. C. Vorster. A Systems Approach to the Management of Con-
struction Equipment. University of Stellenbosch, Stellenbosch,
Republic of South Africa, 1981, pp. 10-76.

71

. J. L. Riggs. Economic Decision Models. McGraw-Hill, New York,
1968, p. 211.

. R. L. Ackoff and M. N. Sasieni. Fundamentals of Operations
Research. John Wiley, New York, 1968, pp. 204-229.

. B. Rapp. Models for Optimal Investment and Maintenance Deci-
sions. John Wiley, New York, 1974, p. II-1.

. H. G. Thuesen and W. J. Fabrycky. Engineering Economy, 3rd
ed. Prentice-Hall, Englewood Cliffs, N.J., 1964, p. 112.

. R. E. Weyers, P. D. Cady, and J. M. Hunter. Cost-Effectiveness
of Bridge Repair Details and Procedures, Part 1: Final Report.
Research Project 84-11. Office of Research and Special Studies,
Pennsylvania Department of Transportation, Harrisburg, 1987.

Publication of this paper sponsored by Committee on General Structures.



